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S
ynergistic effects of dope non-solvent concentration and jet draw ratio of

poly(acrylonitrile) on as-spun fibre void structure and tensile properties were

investigated and rationalized based on a modified designing index, namely

CXη-1. The notations C, X, and η are the non-solvent diffusion coefficient normalized

by the solvent diffusion coefficient through the proto-fibre, a parameter defined by sol-

ubility differences among the system components and jet elongation viscosity, respec-

tively. An increase of dope non-solvent concentration enhanced CXη-1 leading to

minute porosity decrease. On the other hand, the simultaneous dope non-solvent con-

centration and draw ratio increases up to 5 vol% and 4, led to reduction of CXη-1 and

therefore to severe fibre porosity. The modulus-porosity relationship of the free drawn

fibres were best fitted with the Wang's second order equation E = E0e-(ap+bp ) (R2 =

0.96) and hence assigned to liquid-liquid de-mixing as the governing phase separation

mechanism. On the other hand, the mechanical behaviour/porosity of proto-fibre con-

taining non-solvent in their dope and drawn with the draw ratio value of 4 was best fit-

ted with the Eshprieg's first order equation, E = E0e-ap (R2 = 0.97)  and accordingly

assigned to the solid-liquid based phase separation. Where E0 and p are modulus of

the virgin sample and its porosity, respectively, while a, and b are the Eshprieg's and

Wang's equation constants.  

INTRODUCTION

Liquid-liquid and solid-liquid
phase separations are the most
important developed mechanisms
in polymer solutions experiencing
immersion precipitation process
towards membrane or wet-spun
fibre formation [1-3]. The evolu-
tion rate depends mainly on materi-
al and process based variables and
determines at least qualitatively the

product final properties and void
structure: finger-like versus sponge
-like. Addition of enough non-sol-
vent to dope solution, for example,
usually results in system transfer to
the biphasic region of the phase
diagram and accelerates its phase
separation to macrovoids or finger-
like channels formation [4]. Dope
containing less non-solvent in its

Available online at: http://journal.ippi.ac.ir 

2



one phase region of the phase diagram however, may
inhibit macrovoids through gelation [5]. Non-solvent
addition to dope solution simultaneously increases its
viscosity and affinity toward non-solvent medium.
The former forbids void nuclei growth while the latter
leads to phase separation acceleration. Kim et al. [6],
for example, reported sponge-like structure formation
in polyimide/ dimethylsulphoxide/water system in
spite of its high solvent/non-solvent affinity. They
ascribed their observation to the gel-point closeness to
the binodal curve of their system leading to its short
gelation time. According to the modelling and calcu-
lations by Yilamz et al. [7] and Tsay et al. [8], an
increase in solvent/non-solvent interaction parameter
(χ13) enhances the miscibility gap of the phase dia-
gram and leads to delayed demixing. On the other
hand, miscibility gap decreases via polymer/solvent
interaction parameter (χ12) and/or polymer/non-sol-
vent (χ23) interaction parameter increase activating
instantaneous demixing. Based on the aforementioned
qualitative data analysis, Ruaan et al. [9] proposed a
criterion denoted by φ for selecting solvent and coag-
ulation medium in view of macrovoid formation in
the wet phase inversion process: 

(1) 

where Δδp-s, Δδp-ns, and Δδs-ns are solubility differ-
ences among polymer-solvent, polymer/non-solvent
and solvent/non-solvent, respectively while δp is
polymer solubility parameter. By addition of non-sol-
vent to dope or solvent to coagulation medium, how-
ever, Δδp-s, Δδp-ns, and Δδs-ns are substituted with
Δδp-ms, Δδp-mns, and Δδms-mns, respectively where m
stands for mixed solvents or non-solvents. Using φ
criterion, Ruaan et al. [9] proceeded to predict cor-
rectly void structures in some wet phase inversing
systems while they also reported some discrepancies.
In addition, van de Witte et al. [10] obtained void
structures on the contrary with what was expected
based on solution phase separation time scale. In other
words, non-solvent addition into dope of their system
led to shorter delayed time contrary to what was anti-
cipated. It appears that the fibre or membrane struc-
ture formation through phase inversion precipitation
depends not only on phase separation time scale but
also on the granted time for its implementation

Recently, Arbab et al. [11] correlated the porosity and
tensile properties of their wet-spun poly(acrylonitrile)
fibre with a new index Xη-1. The new parameter was
defined by proto-fibre elongational viscosity, η, and
its thermodynamic affinity, X, towards coagulating
medium. Accordingly, they were able to predict the
porosity of fibres produced with a draw ratio of unity
by the new criterion [11]. Jet stretch in the coagulation
bath, however, may cause solvent outflow accelera-
tion and non-solvent inflow slow-down [1,12-14]. For
example, Sawai et al. [15,16] found strong structure
and properties dependence on draw ratio for their
poly(acrylonitrile) proto-fibres (fibres precursor). In
other words, draw ratio increase led to fibre orienta-
tion, density and modulus enhancement, all finally
approaching a plateau. Gupta et al. [17,18] also
reported the crucial role of drawing and its conditions
on fibre morphology development and final proper-
ties. They showed proto-fibre void enhancement in its
low winding speeds through facilitated mass
exchange with coagulation medium due to their long
exposure time. Nonetheless, too much of drawing in
the coagulation medium in some cases led also to
property decline. Trying to make structure-property
relationships, Sonnenschein [3] fitted the modulus-
porosity curves of their hollow-fibre membranes to
the Wang and Eshprieg's models and accordingly con-
cluded their morphological evolution mechanisms. In
other words, the Wang's second order equation fit on
the modulus-porosity curves in low porosity systems
with mainly cellular structures implies liquid-liquid
phase separation. On the other hand, the Eshprieg's
first order equation suits modulus-porosity relation-
ships of high porosity systems mainly formed via
solid-liquid phase separation. 

In this research work, the synergistic effects of
dope non-solvent concentration and jet draw ratio on
proto-fibre void structure and tensile properties was
investigated and compared with the estimations based
on the new proposed CXη-1 index.  

EXPERIMENTAL

Materials

Poly(acrylonitrile-co-methylacrylate) (94/6 wt%) was
received from Polyacryl Co. (Isfahan, Iran).
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Table 1. Recipes of spinning solutions (dopes) in vol%.

Dimethylformamide (DMF) (BDH, England) and dis-
tilled water were used as solvent and non-solvent,
respectively.

Copolymer Characterizations

Viscosity average molecular weight and molecular
weight distribution, PDI, of the copolymer were
measured by intrinsic viscosity of dilute solutions and
gel permeation chromatography (GPC model 150 C,
Waters Co.) in DMF at 30ºC, respectively. Fourier
transform spectroscopy (Nicollet 670) was also used
to verify the copolymer composition.

Fibre Spinning and Dope On-line Viscosity

Measurement 

Polymer particles with Mv = 70,000 g/mol and PDI =
3.2, were swelled for 24 h in 40ºC DMF and mixed to
homogeneous solution of 10% (by vol). In non-sol-
vent containing polymer solutions, however, 1.5, 3
and 5 vol% of the solvent were replaced with distilled
water (Table 1). The prepared dopes were pumped
(pumping constant of 0.5 mL/rev) through a single
spinneret (0.2 mm/hole, L/D = 1) into 1 m long tap
water coagulation bath at room temperature and
wound on a bobbin with draw ratios of 1, 2 and 4. On-
line dope viscosity was measured via reading the
spinneret back pressure and flow rate, with accuracy
of ±5%.

Porosimetry

Porosity of as-spun and dried (24 h at ambient tem-
perature) fibres was characterized by weight and
diameter measurements on at least 50×1 m long repli-
cates from randomly selected regions of wound fibres.
Fibre diameter was determined by optical microscopy
(Carl Ziess 533) while fibre porosity was calculated
using eqn (2):

(2)

where R, L, and m are fibre radius, length and mass,
respectively, while ρp is polymer density.

Thermoporometry

Fibre thermoporometry was conducted using differen-
tial scanning calorimetry (DSC 2010, TA Instrument)
on water saturated samples. Three to six milligrams of
water saturated fibres were sealed and freezed to
-60ºC in the aluminium pan and then heated at a rate
of 1ºC/min. For instrument calibration, Indium (ΔHf =
6.8 cal/g, Tm = 156.6ºC) was applied, while alumini-
um pan itself was used as the reference. For each sam-
ple, the measurements were performed on three repli-
cates and the average results are reported.

Electron Microscopy 

As-spun and dried fibres were freeze fractured in liq-
uid nitrogen, coated with a thin layer of gold and
scanned with an electron microscope (Cambridge
ST360).

Tensile Measurements

Fibres of 2.5 cm in gauge length were clamped and
drawn with a rate of 25 mm/min on tensile machine
(Instron 5565) up to the rupture and their mechanical
characteristics were determined. For each sample at
least 15 replicates were characterized and the average
values are reported.

RESULTS AND DISCUSSION

Figure 1 shows the porosity of as-spun fibres versus
their dope non-solvent concentrations prepared by
different draw ratios. Non-solvent addition up to 
5 vol% caused minor porosity reduction in the as-
spun fibres prepared with a draw ratio of unity.
Porosity decline actually occurred through the num-
ber of extended finger-like channels from the centre to
the surface of the increased fibres and their decreased
widths [11]. Draw ratio enhancement to two, how-
ever, decreased the fibres porosity by as much as 15
vol%, while its rise to four led to a minute further
change (Figure 1). The non-solvent addition to the
dope reduces its solvent quality toward the Flory's
theta condition which increases solution entanglement
density. Accordingly, proto-fibre drawing concen-
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Figure 1. Fibre porosity percentage versus dope non-sol-

vent concentration prepared under different draw ratios 

(circles; draw ratio of unity, squares; draw ratio of 2, trian-

gles; draw ratio of 4).

trates the applied stress on solution physical links
(entanglements) and leads to the localization of poly-
mer lean phase nuclei formation [19]. In addition,
chain alignment in stretched theta condition proto-
fibre reduces its non-solvent inflow and increases its
solvent outflow rates [1]. This will decelerate polymer
lean phase nuclei growth and reduce the fibre porosi-
ty (Figures 2a-2d). In other words, as-spun fibre void
structure changed through the number of increased
finger-like channels and their decreased width by
simultaneous addition of 1.5 vol% of non-solvent into
the dope solution and application of draw ratio of four
on the jet as in Figure 2b. Porosity decrease was then
complemented with ligament thickness growth via
increasing the dope non-solvent concentrations to 3
and 5 vol%, as depicted in Figures 2c-2d. Cao et al.
[20] also studied morphology development of
poly(ether sulphone) hollow fibre membranes under 
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(a) (c)

(b) (d)

Figure 2. Cross-section morphology of  as-spun PAN fibres prepared by draw ratio of 4 containing different non-solvent con-

centrations: (a) 0 vol%, (b) 1.5 vol%, (c) 3 vol%, (d) 5 vol% (Magnification ×300).



Figure 3. Typical DSC endotherm of the as-spun fibre pre-

pared by draw ratio of 4 from the dope containing 5 vol% of

non-solvent.

shear and elongational flows and found chain orienta-
tion in both conditions and increased structural com-
pactness under the latter. 

Detailed void structure characterization of the wet-
spun PAN fibres prepared under different draw ratios
was also conducted by thermoporometry (Figure 3).
The fraction of nanometer voids in as-spun fibres was
quantified based on integrating the heat flow area of
water fusion with the melting temperature below 0ºC
[21]. DSC heat flow curves may also be sliced to
quantify the nanovoids cumulative percent according
to the well-known theories [21] as shown in Figure 4.
Dope non-solvent concentration increase and simulta-
neous jet drawing, shifted the cumulative nanometer
voids in the as-spun fibres to the lower sizes with nar-
rower distributions. On the other hand, image analysis
of the cross-section of as-spun fibres based on count-
ing black and white pixels and a written Matlab 
computer programme was used to quantify their

Figure 4. Cumulative void fractions versus nanometer void

size of the as-spun fibres prepared under different condi-

tions. 

micrometer voids (macrovoids) fractions with accura-
cy of ±5%  (Table 2). Finally, volume fraction of poly-
mer ligaments engulfing micrometer or nanometer
voids of as-spun fibres was calculated by subtracting
their total void volume from the overall fibre volume
(Table 2). Non-solvent addition into the dope and jet
free winding led mainly to the as-spun fibres microm-
eter voids decrease and nanometer voids increase as
presented in Table 2. Simultaneous draw ratio
enhancement to two or four, however, increased the
fibre nanometer voids and dense ligaments while
decreased their micrometer voids fractions. 

Proto-fibre or jet affinity towards the coagulation
medium was characterized by X parameter, solubility
differences among system components, while its on-
line viscosity was measured directly by spinneret
back pressure and flow rate readings (Figure 5) [11]:

(3)
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Table 2. Micrometer and nanometer void fractions along with polymer ligament fraction in as-spun fibres.

Non-solvent

concentration

in dope

solution (vol%)

Draw ratio of unity Draw ratio of 4

Ligament

(vol%)

Nanometer Micrometer Ligament

(vol%)

Nanometer Micrometer

voids (vol%) voids (vol%)

0

1.5

3

5

16.5

18

21

21.5

21

36

34

32.5

62.5

46

45

46

16

21

24

28

21

27

26

24

63

52

50

48



Figure 5. Jet on-line viscosity and affinity towards the coag-

ulation medium versus dope non-solvent concentration pre-

pared with draw ratio of unity (dark symbols) and draw ratio

of four (white symbols).

Non-solvent addition into the dope prepared under
draw ratio of unity increased proto-fibre on-line vis-
cosity and its affinity towards the coagulation medi-
um. Proto-fibre draw ratio increase, however, reduced
its on-line viscosity while increased its affinity
towards the coagulation medium (Figure 5).
Accordingly, Xη-1 increased and implied the
enhanced porosity while the reverse was found as
depicted in Figure 1. Apparent discrepancy can be
attributed to the more complex effect of proto-fibre
drawing on the system's thermodynamics which is
ignored so far. Proto-fibre drawing increases polymer
chains (trans) bond population leading to their seg-
mental orientation opposing their mixing with the
coagulation medium [16] as in Figure 6. While, jet
drawing effect on Δδ2

ms-ns was negligible, it
increased Δδ2

p-ms and decreased Δδ2
p-ns due to chain

orientation which enhances polymer cohesive energy
density. Using molecular weight between entangle-
ments of polystyrene (18700 g/mol) as a first approx-
imation, its end-to-end distance in oriented conforma-
tion was calculated about 90 Å. Therefore, (trans)
bonds in segments located between two consecutive
entanglements in relaxed and fully drawn states, draw
ratio of four, would be 67 and 100%, respectively.
Oriented segments between the consecutive entangle-
ments was also considered as crystallites, and 

Figure 6. Chain orientation and segmental packing under

dope drawing.

accordingly their estimated equivalent heat of fusion
per unit volume, was based on isotactic PS added to
the virgin polymer cohesive energy density to recalcu-
late its new δp [22-24]. Therefore, proto-fibre affinity
towards the coagulation medium in relaxed and drawn
states were calculated and divided by their on-line
viscosity to modify the Xη-1 designing indices (Table
3). Interestingly, Xη-1 modification due to jet drawing
went in the wrong direction. In other words, Xη-1

increased with jet drawing corresponding to the
porosity increase expectation. Therefore, another
important parameter may have played a crucial role so
far. Actually the diffusion coefficient of non-solvent
inflow normalized by the diffusion coefficient of sol-
vent outflow through the proto-fibre in the coagula-
tion medium has been nominated by many research
groups as a major void controlling parameter [1].

Chain orientation development during proto-fibre
drawing not only affects its on-line viscosity and
affinity towards the non-solvent but also changes its
Dnon-solvent/Dsolvent ratio. Non-solvent diffusion  coef-
ficient, Dnon-solvent, was estimated to decrease to half
under draw ratio of four based on Hou et al. [1]  data.
On the other hand, chain extension energy was esti-
mated based on the rubber elasticity theory by drawn
chain segment end-to-end distance normalized by its
unperturbed magnitude, (r/r0)2 and modified by the
solution entanglement density. The former was 16
based on affine deformation assumption while the lat-
ter was estimated as 1, 0.75, 0.67, and 0.57 based on
the measured on-line elongational viscosity of the
proto-fibres containing various amounts of non-sol-
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vent. Finally, C = Dnon-solvent/Dsolvent, was calculated
and multiplied by Xη-1 to modify the designing index
under drawn condition.  Table 3 presents the data and
Figure 7 shows the as-spun fibre porosity versus the
modified designing index of CXη-1. By decreasing
the new designing index (CXη-1) through simultane-
ous decrease in dope non-solvent concentration and
increase in proto-fibre draw ratio, the as-spun fibre
porosity would go through a plateau till approaches a
sharp decline. It is worth mentioning that as dope
polymer concentration increased, it also reduced the
as-spun fibre porosity with the same trend observed
for the increased draw ratio, as depicted in Figure 7 [11].

Figure 7. Fibre porosity versus CXη-1 for as-spun fibres

with draw ratio of unity (dark circles) and draw ratio of 4

(white circles) containing various amount of non-solvents.

Data regarding free drawn samples containing various dope

polymer concentrations are also included (dark triangles).

Figure 8 shows the modulus of as-spun fibres ver-
sus their porosity on double logarithmic scales.
While, the dope non-solvent concentration increases
did enhance the free drawn fibres modulus to some
extent, the simultaneous application of draw ratio of
four led to sharp modulus enhancement. This was
attributed to the major porosity decrease in the fibres
prepared under the latter condition. The modulus/
porosity relationship of the free drawn fibres was best
fitted to the Wang's second order equation (R2 = 0.96)
and hence it was assigned to liquid-liquid de-mixing
as the governing phase separation mechanism [3]. On
the other hand, the mechanical behaviour of drawn
samples were best fitted with the Eshprieg's first order
equation (R2 = 0.97), and accordingly assigned as the
solid-liquid based phase separation. Serkov et al. [2]

Figure 8. Double logarithmic plots of as-spun fibres modu-

lus porosity correlations: draw ratio of unity (dark circles)

and draw ratio of 4 (white circles).
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Non-solvent

concentration

(vol%)

Xη-1 × 106

(s-1)

as-spun fibres

(*) Xη-1 × 106

(s-1)

draw ratio = 4 

(**) CXη-1× 106

(s-1)

draw ratio = 4 

0 

1.5

3

5

0.764

1.297

2.027

2.55

13.2

13.1

12.99

12.145

0.73

0.59

0.54

0.37

(*) Drawing effect was considered directly on jet on-line viscosity and X-parameter.
(**) Drawing effect was considered on jet on-line viscosity, X-parameter and non-solvent inflow nor-

malized by solvent outflow diffusion coefficients.

Table 3. Xη-1 in different conditions (free versus stretched).

 

 



concluded that the involved mechanisms in the acrylic
fibre production also follow the same as mentioned
above. Addition of sufficient precipitating agent in the
coagulation bath would decompose the spinning solu-
tion into a solid polymer and a low molecular weight
liquid phase (mixture of solvent and precipitator). In
case the precipitator concentration is decreased less
below a certain level it would cause the dope decom-
pose into two liquid phases: liquid-polymer mixture
and the low molecular weight liquids. Drops of the
polymer-liquid phase play as a source of high porous
structure formation.

CONCLUSION

Simultaneous dope non-solvent concentration and jet
draw ratio increases in wet spinning of poly(acryloni-
trile) led to major porosity reduction in the as-spun
fibres and great improvement in their tensile modulus.
The porosity of as-spun fibres could be estimated
based on a modified designing index, namely CXη-1.
Dope non-solvent concentration increase up to 5 vol%
enhanced CXη-1 leading to minute porosity 
reduction.

On the other hand, the effect of draw ratio of four
on aforementioned dope solutions reduced CXη-1 and
led to severe porosity decrease. The modulus versus
porosity curves of the free drawn fibres containing
various amounts of non-solvent could be best fitted to
the Wang's second order equation (E = E0e-(ap+bp ))
(R2 = 0.96) and hence assigned to liquid-liquid de-
mixing as the governing phase separation mechanism.
Applying draw ratio of four on the same dopes, how-
ever, changed the modulus-porosity curves in such a
way that can be best fitted with the Eshprieg's first
order equation (E = E0e-ap) (R2 = 0.97), assigned by
the solid-liquid based phase separation. 
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