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Abstract In order to investigate the effects of the non-solvent species on the
formation mechanism of polyacrylonitrile (PAN) fiber in wet spinning, theoretical
ternary phase diagrams of water/DMSO/PAN and ethanol/DMSO/PAN systems
were constructed based on the extended Flory—Huggins theory. The cloud-points of
dilute PAN solutions of the two systems were determined by titration method and
those of concentrated PAN solutions from Boom’s linearized cloud-point correla-
tion. Binary interaction parameters were calculated and optimized to construct the
theoretical phase diagram. The obtained diagrams were used to investigate the
effects of the non-solvent species on the formation of PAN fibers. If the non-solvent
water is replaced with ethanol, the meta-stable two-phase region in the ternary phase
diagram increases. This favors the de-mixing of the filament via nucleation and
growth mechanism during the coagulation process, resulting in homogenous dense
PAN fibers with low porosity.

Keywords Phase diagrams - Fibers - Morphology - Non-solvent - Polyacrylonitrile
(PAN)
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Abbreviations

Polyacrylonitrile
Dimethyl sulfoxide
Linearized cloud-point
Nucleation and growth
Spinodal decomposition

PAN
DMSO
LCP
NG
SD

Introduction
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Polyacrylonitrile (PAN) fiber is the most important precursor for high performance
carbon fiber [1], which has a wide variety of applications in civil and engineering
fields, for example, in the aerospace and aviation industry. The performance of carbon
fiber is strongly sensitive to the microstructure of its precursor PAN fiber, which plays
an important role in the pre-oxidation and carbonization treatments [2, 3]. PAN fiber
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precursor is generally produced using wet or dry-jet wet spinning technology [4—10].
In wet spinning, after a spinning dope is extruded from spinneret, it enters into a
coagulation bath to form nascent fibers. In dry-jet wet spinning, the extruded spinning
dope first passes through a short air gap before entering into the coagulation bath. In
the coagulation bath, the PAN spinning dope is gradually solidified via phase
separation induced by a composition change resulted from the dual diffusions of
the solvent and non-solvent. Thus, the coagulation is the key process to control the
microstructure and mechanical properties of the resultant fibers. Due to the
coexistence of kinetically controlled dual diffusion and thermodynamically con-
trolled phase separation, the coagulation mechanism of spinning dope is very
complicated. The construction of a ternary phase diagram will be helpful to the
understanding of the thermodynamic phase behavior of the spinning dope during the
coagulation process and thus the clarification of the coagulation mechanism.

The phase diagram of a ternary system can be constructed via cloud-point
titration method if the viscosity of the solution is low. Unfortunately, polymer
solutions used for spinning are of high concentration and high viscosity. Therefore,
the Flory—Huggins theory of polymer solution, which was extended to ternary
systems containing non-solvent, solvent, and polymer by Tompa, is needed to
establish the phase diagram including the binodal curve, spinodal curve, and critical
point [11-13].

In this study, ternary systems consisting of PAN, dimethyl sulfoxide (DMSO),
and non-solvent (water or ethanol) were investigated. Cloud-point curve was
determined via combination of cloud-point titration of dilute PAN solutions with
Boom’s linearized cloud-point (LCP) correlation [14]. Binary interaction param-
eters of the systems were calculated from excess Gibbs free energy or solubility
parameters. The theoretical ternary phase diagrams were then numerically
calculated and optimized via comparison with the cloud-point curve. The effects
of the non-solvent species on the phase behavior of PAN spinning dope in the
coagulation medium and also the microstructure of PAN nascent fibers were
discussed based on the theoretical phase diagrams.

Experiment

Materials

PAN terpolymer (acrylonitrile:methylacrylate:itaconic acid = 95.6:3.4:1.0) was
purchased from Shanghai Petrochemical PAN Co. Ltd. with a viscosity-average
molecular weight of 7.8 x 10* g/mol. Dimethyl sulfoxide (DMSO) and ethanol of
analytical pure grade were purchased from Shanghai Boer chemical reagent Co. Ltd.
Deionized water was used in all the experiments.

Determination of the cloud-point curve

The cloud-point data of dilute PAN solutions were experimentally determined by
titration method. A series of PAN solutions with concentration of 2.0, 3.0, 4.0, and
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5.0 wt% in DMSO were first prepared. The mixture of water/DMSO (70/30) or
ethanol/DMSO (70/30) was then slowly added into the PAN solution under
magnetic stirring by a microburette. During titration, the temperature of PAN
solution was kept at 25 °C. At the first sight of turbidity, the addition of the mixture
was stopped, which was followed by another 3 min of stirring. More mixture was
added if the solution turned to be clear again; otherwise, it was considered as the
cloud-point.

The cloud-points of PAN solutions with high concentrations were calculated
based on Boom’s LCP correlation for non-solvent/solvent/polymer ternary systems.

Preparation of PAN spinning dope

A certain amount of PAN terpolymer was dispersed in a mixture of water/DMSO
(5/95, v/v) in a glass bottle and allowed to successively swell at 50 °C for 2 h and
dissolve at 80 °C for 6 h under stirring. After that, the solution was deaerated at
80 °C overnight in a drying oven.

Preparation of PAN Fibers via Wet spinning

The fibers were spun via wet spinning with a self-built experimental spinning
apparatus. The dope with a PAN concentration of 22% was passed through a
spinneret of six holes (diameter of 0.15 mm) and entered into a coagulation bath
containing a mixture of water/DMSO (60/40, v/v) or ethanol/DMSO (60/40, v/v) at
25 °C. The gel fiber samples, just coming out of the coagulation bath, were washed
thoroughly with distilled water to remove residual DMSO. After rinsing, the fibers
were dried in air for 2 days at room temperature.

Characterization
Mechanical measurement

The mechanical properties of the nascent PAN fibers were measured using a XQ-1
tensile testing machine at a crosshead speed of 10 mm/min with a gauge length of
20 mm. In each case, 15 samples were tested, and the average values of tenacity,
breaking elongation, and Young’s modulus were obtained. The density of various
fibers was determined at 25 °C using the density gradient column method.

SEM analysis

The microstructure of the nascent fibers was examined using a scanning electron
microscope (S-3000N). The gel fiber samples were fractured in liquid nitrogen,
followed by drying overnight in a vacuum oven at room temperature. The samples
were coated with gold in a sputtering device before observation.
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Modeling
Binodal curve

According to the extended Flory—Huggins theory, the Gibbs free energy of mixing
for a ternary system is described as follows [12]:

AG

R—Tm =nIng, +nyInd, +n3lng; + gian Py + gi3nip; + gnmaps, (1)

where n; and ¢; are the number of moles and volume fraction of component i,
respectively, R is the gas constant, T is the absolute temperature, g; is
concentration-dependent binary interaction parameters between component i and
Jj- The subscripts refer to non-solvent (1), solvent (2), and polymer (3). In the present
study, only binary interaction parameters are considered; meanwhile, g;3 and g,3 are
assumed to be concentration independent.

According to the definition of chemical potential, the following three equations
are derived:

“ngy 1 ¢y *%db f%% T (g126a + 81363 (ha + by) *%823%%

RT
()
(2)
%ZIH%JFI_%_&‘JSI ¢3 < 812¢1+823¢3)(¢1+¢3)
Py — L, (‘2%) 5)

2’? =In¢;+1—¢;— %4)1 ¢2 ( 81301 + K823‘152) (¢1 + b2)
—7?812051%7 “)

where Ay; is the difference between the chemical potential of component i in the
mixture and pure state, V; is the molar volume of component i, u; = ¢1/(d1 + ¢»),

and u, = /(1 + o).

Based on the definition of the binodal curve where the chemical potential of the
polymer-rich phase and that of the polymer-poor phase reach equilibrium, there
exist equations as follows:

A/’ti.A == A,ui#B, l = 1,2, 3, (5)

where the subscripts A and B refer to the polymer-rich and polymer-poor phases,
respectively.
Also, there exists Eq. 6 according to mass conservation law:

> bia= ¢ip=1 i=123 (6)
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Equations 5 and 6 include five coupled nonlinear equations with six unknowns:

(,Z)I,A7 ¢2,A, ¢3,A7 ¢1,B, 9’-”2,3, and ¢3,B~

Spinodal curve

The spinodal curve of a ternary system satisfies the following equation [11]:

Gy - G33 = (Gn)’. (7)

The free energies G,,, Go3, and Gs; can be expressed as follows:
oottt w(82) n(55).
Gy = a — (g2 +g13) + %gzs + s (uy — 2u2) <c:1g_14122) + w1t <ddz_§%2>7 )
G33 = (; Vz/¢3 2813+2M2(1 —ul)(c:lil;) +u1ug<ddz—§%2> (10)

Still, the components of ternary system obey the mass conservation law:
ddi=1, i=123 (11)
Equations 7 and 11 include two coupled nonlinear equations with three
unknowns: ¢, ¢», and ¢3.

Critical point

The critical point composition meets the following equation [11]:
G2Gry — 3G23G23G33 + 3G33Gay — GG Gsz = 0. (12)

Equations 11 and 12 also include two coupled nonlinear equations with three
unknowns: ¢, ¢, and ¢3. Thus, assuming one of the unknowns as an independent
variable, the binodal curve, spinodal curve, and critical point can be calculated using
least square method [13] with the help of the nonlinear function of Lsqnonlin in Matlab.

Determination of the thermodynamic parameters

To construct a phase diagram numerically, binary interaction parameters of non-
solvent/solvent, solvent/polymer, and non-solvent/polymer are indispensable.

Non-solvent/solvent interaction parameter (g;;)

In this study, g, was calculated from the excess Gibbs free energy (AG®), which is
generally obtained from vapor-liquid equilibrium experiments [15-17].

AGE/RT = AGn/RT — (n11nny + ny Inny)
= —m ln(m + A12I’12) — Ny ln(n2 + A21n1), (13)

where A is the Wilson parameter.
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For a binary system:

AG,
RT =nln¢, +nlnd, + gpnip,. (14)
From Egs. 13 and 14, g, can be evaluated as follows:
1
g12 = ——— |1 ]I] —np ln(n1+A12n2 +n2ln——n21n I’lz—i—/\zﬂ’ll 15)
ni¢, ¢1 ) ¢, ( ) (

It is generally accepted that a good agreement between experimental and theoretical
miscible regions can be obtained when g, is considered to be concentration
dependent (i.e., g12(¢2)). There are two function forms of g;,(¢),) as suggested by
Tompa [11] and Koningsveld et al. [15], respectively. Here, Tompa’s polynomial
form (Eq. 16) was adopted.

212(dy) = ap + arpy + ar s + azs + agpsy + - (16)

For the water/DMSO binary system, the Wilson parameters Aj, and A,; (see
Table 1) were calculated from data of (A, — A;;) and (1,; — 4;;), which were
obtained directly from Gmehling and Onken [16], by the following equations:

Vo _Gn-np
A»=—¢ ® 17
12 V] e ) ( )
V1 (/21 /22)
Ay =— . 18
21 v, e ( )

After that, g1»(¢po) was successively calculated via Eq. 15 and fitted by
polynomial with four orders.

For the ethanol/DMSO binary system, as no vapor—liquid equilibrium data are
available, the excess Gibbs free energy (AGF) was obtained from activity coefficient
of the components (y;) according to Eq. 19.

AG® = RT(n;Iny, +nylny,). (19)

From Egs. 13, 14, and 19, g, can also be evaluated as follows:

812 = 114)2 (I’ll lngl +n1 lnyl —‘rﬂz ln@—l—nz 111'y2> (20)

The universal quasi-chemical functional group activity coefficient (UNIFAC)

method [17, 18] was employed to calculate the activity coefficients of ethanol and
DMSO. Also, the g,(¢,) was calculated via Eq. 20 and fitted in polynomial.

The concentration-dependent g, of water/DMSO and ethanol/DMSO systems is

presented in Table 2 and Fig. 1. As shown in Fig. 1, g, of both systems decreases

Table 1 Wilson parameter of water/DMSO system

Non- Solvent Vl/ Vz/ A]z — ;Ll|/ ;»2] — 222/ A]z A2|
solvent mL mol ™! mL mol ™! T mol™! J mol™!
Water DMSO 18 71.3 —241.52 —1665.98 5.9546 0.0152

Subscripts 1 and 2 denote water and DMSO, respectively
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Table 2 Concentration-dependent non-solvent/solvent interaction parameters (g,,) of water/DMSO and
ethanol/DMSO systems

System 812

Water-DMSO 0.1899 — 1.9256¢, + 4.6527¢5 — 5.1585¢3 + 2.0797¢3
Ethanol-DMSO —0.9119 — 0.1440¢, + 0.0023¢p5 — 0.0951¢3 + 0.0274¢3
Fig. 1 Concentration- 0.4

dependent g, of water/DMSO
and ethanol/DMSO systems

calculated from the excess Gibbs 0.0

energy of mixing

Water-DMSO

Ethanol-DMSO

0.0 0.2 0.4 0.6 0.8 1.0

with the increasing of DMSO fraction. Also, the g;, values are usually less than
zero, indicating the strong interactions between the components: both water and
ethanol form hydrogen bonds with DMSO [19]. Due to the strong non-solvent/
solvent interactions, the solvent coming out of the filament is more than the non-
solvent entering into the filament during the coagulation process. Thus, the PAN
concentration in the filament increases as the coagulation proceeds. The more
negative g, value of ethanol/DMSO system means that a larger increase of PAN
concentration during the fiber formation, thus, fiber with denser structure is
expected to be obtained.

DMSO/PAN (g,3) interaction parameter

The solvent/polymer interaction parameter (g,3) can be obtained by measuring the
activity of the solvent via a variety of methods including osmotic pressure [20], light
scattering [21], and gas—liquid equilibrium [22]. Also, Dong et al. [23] determined
g>3 of DMSO/PAN system at different temperatures by intrinsic viscosity
measurements according to a simplified Rudin model [24, 25]. Here, Dong’s
datum, i.e., go3 = 0.21, was adopted.

Water/PAN and ethanol/PAN (g;3) interaction parameters
The water/PAN interaction parameter can be evaluated via simple equilibrium

swelling method [26, 27]. However, due to the high volatility of ethanol, the
experimental error of the swelling method became fairly large for the ethanol/PAN
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Table 3 Three components of ¢ and molar volume of PAN, water, and ethanol

V/mL mol ™ 3/ cm™H? 3,/ cm™)%? o/ em™)%?
water 18.0 15.5 16.0 423
Ethanol 58.5 15.8 8.8 19.4
PAN - 217 14.1 9.1

The data were taken from [29]

system. Therefore, we evaluated g;; of ethanol/PAN system directly from the
Hansen solubility parameters (Eq. 21) [28], which are available in literature. In
order to construct phase diagram of the two systems under similar conditions, g3 of
water/PAN system was also evaluated from the Hansen solubility parameters.

g3 = a% [((m — 630)°40.25(81p — 635) +0.25(81 5 — 53,}1)2], (21)
where dg, 5p, and Jy, are the dispersion force component, polar force component, and
hydrogen bond component of the solubility parameter, respectively; o is the
correction constant.

According to Eq. 21 and the 6 data of water, ethanol, and PAN listed in Table 3,
g13 of water/PAN and ethanol/PAN systems were calculated without correction (i.e.,
o = 1) to be 2.29 and 1.61, respectively. The smaller g3 of ethanol/PAN system as
compared with that of water/PAN system also indicates a weaker coagulation ability
of ethanol.

Results and discussion
Cloud-point curve

According to the study of Boom et al. [14], if only liquid-liquid demixing occurs for
a non-solvent/solvent/polymer ternary system, the cloud-point composition of
polymer solutions should be fitted well with LCP correlation as Eq. 22; if both
liquid-liquid demixing and liquid—solid demixing occur simultaneously, the
disturbing of the latter would result in poor linear correlation of LCP curve:

w

" = pIn 2 +a, (22)
3

w3 w
where w; is the mass fraction of component i, and a and b are constants.

As shown in Fig. 2, the linear correlation coefficients (Rz) of LCP curves of both
water/DMSO/PAN and ethanol/DMSO/PAN systems are above 0.999, indicating
that only liquid-liquid demixing occurs in the two systems. In addition, as the non-
solvent water is replaced with ethanol, the value of b increases slightly, while that of
a (negative value) decreases substantially, suggesting that the coagulation ability of
ethanol is weaker as compared with water.

Figure 3 shows the experimental cloud-points and calculated cloud-point curve
based on Boom’s LCP correction of water/DMSO/PAN and ethanol/DMSO/PAN
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Fig. 2 LCP curves of water/ 3.0
DMSO/PAN and ethanol/
DMSO/PAN systems based on i In(w /w,)=1.1792In(w /w )-2.2914
Boom’s LCP correlation 24 , e "
R=0.9986 /
18- - Ethanol
z S
B 1.2 -/ o Water
=
O
061 " In(w/w)=12121In(w fw,)-3.1094
R’=0.9995
0.0 T T T T T
2.8 3.0 3.2 3.4 3.6 3.8 4.0
In(w,/w;3)
Fig. 3 Cloud-point curve with PAN
experimental cloud-points 0.00, 4 60
(white open circle) and :
calculated cloud-point curve
based on Boom’s LCP
correlation of water/DMSO/
PAN and ethanol/DMSO/PAN
systems Water ( 59 Ethanol 0.50
Cloud point curve
1.00 0.00
0.00 0.25 0.50 0.75 1.0&
DMSO onsolvent

systems. It is clear that as the fraction of PAN increases, the cloud-point curve turns
to be closer to the DMSO-PAN side, suggesting that less non-solvent, whether it is
water or ethanol, is needed to induce the phase separation of a spinning dope with
higher concentration. In addition, as compared with the water/DMSO/PAN system,
the cloud-point curve of ethanol/DMSO/PAN system shifts rightwards and moves
apart from the DMSO-PAN side, namely, the homogenous region becomes larger,
indicating less incompatibility between PAN and ethanol than that between PAN
and water. This also means that more ethanol as compared with water is needed to
induce the coagulation of PAN under same conditions. Therefore, under same
conditions of the coagulation bath (i.e., at the same DMSO concentration and the
same temperature of the coagulation medium), the phase separation of the spinning
dope is expected to be deferred, which will benefit to the formation of the fiber with
uniform microstructure.

Phase diagram of water/DMSO/PAN and ethanol/DMSO/PAN systems

The accuracy of theoretical phase diagram obtained via the numerical calculations
based on the extended Flory—Huggins theory strongly depends on the binary
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PAN
0.00,_; o0

Ethanol

s
,f;/ 0.=0.47
/

/ Cloud point curve

Water
o=0.70

0.00
DMSO 0.00 0.25 0.50 0.75 1.00 Nonsolvent

Fig. 4 Comparison of the theoretical binodal curve (dashed line) based on the extended Flory—Huggins
theory with the cloud-point curve (thin line) calculated based on Boom’s LCP correlation of water/
DMSO/PAN and ethanol/DMSO/PAN systems

interaction parameters. It was reported by Lindvig et al. [28] that the Flory—Huggins
interaction parameters estimated from the Hansen parameter can be optimized using
correction constant o in Eq. 21. As illustrated in Fig. 4, we can see that after
optimization of the g3, the calculated binodal curve agrees well with the cloud-
point curve. On this basis, we calculated the theoretical spinodal curve and critical
point of the two systems.

Figure 5 illustrates the theoretical binodal curves, spinodal curves, and critical
points of water/DMSO/PAN and ethanol/DMSO/PAN systems. As the PAN
fractions at the critical point for both systems are very low (less than 10%), far less
than the concentration of spinning dope (usually above 20%), hence, during the wet
or dry-jet wet spinning process, due to the dual diffusion in the coagulating bath, the
spinning dope will enter the meta-stable two-phase region between the spinodal and
binodal curves, and nucleation and growth (NG) phase separation occurs at the early
stage of fiber-forming process. The NG demixing mechanism will result in the
formation of two-phase structure with polymer-poor dispersed phase and polymer-
rich continuous phase. In this case, dense and homogenous fiber with small cavity
and good mechanical properties will be attained. If the rapid exchange between the
solvent and non-solvent turns the dope composition to the unstable two-phase
region below the spinodal curve, liquid-liquid phase separation will then take place
spontaneously. The spinodal decomposition (SD) demixing mechanism will lead to
the formation of an interpenetrating bicontinuous structure. In that case, the
resulting fiber is of loose structure with large cavities and poor mechanical
properties.

As indicated by Fig. 5, if the non-solvent water is replaced with ethanol, both the
miscible region and meta-stable two-phase region enlarge; meanwhile, the unstable
two-phase region diminishes. This also suggests that the dope composition during
coagulation may stay longer in the meta-stable region. Thus, NG demixing
mechanism is favored, and fibers with denser and more homogenous structure and
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Fig. 5 The theoretical binodal
curve (thin line), spinodal curve
(dashed line), and critical point
(open circle) of water/DMSO/
PAN (a) and ethanol/DMSO/
PAN (b) systems at 25 °C (filled
circle represents the
composition of the starting
spinning dope) based on the
extended Flory—Huggins theory

0.00

DMSOO.OO 0.25 0.50 0.75 1.00 Water
PAN
0.00, ;00
0.00
DMSOO.O(I 0.25 0.50 0.75 1.00 Ethanol

smaller porosity are expected to be obtained using ethanol as the non-solvent of the
coagulation medium.

Morphology and mechanical properties of PAN fibers

SEM micrographs of PAN nascent fibers prepared from water/DMSO/PAN and
ethanol/DMSO/PAN systems by wet spinning under similar conditions are depicted
in Fig. 6. The cross-sectional shape of PAN fiber (Fig. 6a, b) obtained using water
or ethanol as the non-solvent is elliptical and circular, respectively. The PAN fiber
prepared from water/DMSO/PAN system displays a gradual changing structure
(Fig. 6¢): a dense thin skin layer with no visible pores, an intermediate dense thin
layer with small amount of pores, and a thick core layer with loose network
structure and high porosity (Fig. 6e). This indicates NG phase separation occurs in
the outer part of the fiber; while SD phase separation in the inner part. For the fiber
prepared from ethanol/DMSO/PAN system, there is no visible skin—core structure
(Fig. 6d). Also, the inner part of the fiber is homogenous and dense with few of
pores (Fig. 6f), indicating that NG demixing mechanism remains throughout the
whole fiber.

Usually, due to the good compatibility between the non-solvent and solvent, as
well as the high solvent fraction in the starting spinning dope, the solvent diffusing
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Fig. 6 SEM micrographs of PAN nascent fibers prepared using non-solvent water (a, ¢, e) or ethanol (b,

d

out of the spinning dope stream is more than the non-solvent diffusing into the dope
stream during the coagulation process. The dope composition change follows the
route indicated by arrow 1 in Fig. 5a. Thus, NG phase separation occurs in the outer
part of the PAN fiber. For the water/DMSO/PAN system, as the composition of the
starting PAN spinning dope is located very close to the binodal curve, very minute
compositional change would cause the spinning dope stream enter into the unstable
region and demix via SD mechanism. Besides, the strong precipitation ability of
water causes a quick solidification of the outer part of the fiber, as that is where the
dual diffusion initiates, a thin dense skin layer will form. The skin layer will retard
the subsequent diffusion of DMSO out of the fiber. As a result, the composition
change of the spinning dope will follow the route indicated by arrow 2 (Fig. 5a), the
spinning dope would demix via SD mechanism and result in the formation of loose
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Table 4 Mechanical properties of nascent PAN fibers prepared using different non-solvents

Non-solvent PAN fibers
Density Tensile strength Breaking Young’s modulus
(g/cm3) (cN/dtex) elongation (%) (cN/dtex)

Water 1.12 0.53 108.16 7.21

Ethanol 1.17 0.75 142.13 9.75

network structure with lots of cavities. The evaporation of DMSO and water from
the inner part of the fiber causes a deformation in the cross-section of the fiber. As a
result, the fiber shape deviated from the circle.

For the ethanol/DMSO/PAN system, the large miscible area leads to a large
mixing gap between the composition of starting PAN spinning dope and the
theoretical binodal curve. This would retard the solidification of the outer part of the
fiber, thus the dual diffusion can occur smoothly throughout the whole fiber. As a
result, the composition change of the spinning dope always follows the route 1
(Fig. 5a). In addition, the large meta-stable region also diminishes the possibility of
SD phase separation of the spinning dope during the coagulation. Thus,
homogeneous and dense PAN fiber with circular cross-section was obtained. As
expected, the mechanical properties of the fiber prepared from the water/DMSO/
PAN system were poorer, due to its skin—core and high porosity structure (Table 4).
Also, the lower density of the fiber obtained using water as the non-solvent confirms
its porous structure. Using ethanol as the non-solvent, we could obtain PAN fiber of
homogeneous dense microstructure and circular cross-section, and this is the ideal
structure of PAN precursor for the production of high performance carbon fibers
[30].

Conclusions

For water/DMSO/PAN and ethanol/DMSO/PAN systems, cloud-points of dilute
PAN solutions were determined by titration method. The data were fitted well by
Boom’s LCP correlation, and the cloud-point data of PAN solutions with high
concentrations were calculated. The binary interaction parameters of water/DMSO
and ethanol/DMSO systems were calculated from the excess Gibbs free energy,
while those of water/PAN and ethanol/PAN systems from solubility parameters.
Both g, and g;3 of ethanol/DMSO system have lower values as compared with
water/DMSO system. Together with the PAN/DMSO interaction parameter
available in literature, the theoretical phase diagrams for the two systems were
determined based on the extend Flory—Huggins solution theory. After optimization,
the theoretical binodal curve agrees with the cloud-point curve. Using ethanol
instead of water as the non-solvent, both the homogeneous region and meta-stable
two-phase region become larger in the phase diagram. Fibers using ethanol or water
as the non-solvent of the coagulation medium were prepared under similar
conditions. Due to the strong coagulation ability of water, the minute gap between

@ Springer



1088 Polym. Bull. (2011) 67:1073-1089

the composition of the starting spinning dope and the binodal curve, as well as the
small meta-stable region in the phase diagram, the spinning dope first demixes via
NG mechanism and then via SD mechanism during the coagulation, resulting in
fibers of core-skin structure and poor mechanical properties. Using ethanol as the
non-solvent, the spinning dope demixes via NG mechanism throughout the whole
coagulation process, resulting in fibers of homogenous dense structure and good
mechanical properties. Thus, high performance PAN fibers can be prepared at a
fairly low DMSO concentration of the coagulation medium (i.e., 40%) using ethanol
as the non-solvent, dispensing with the gradient coagulation process.
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