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ABSTRACT: Key parameters coupling with the instanta-
neous nucleation concept (ie, the Big Bang analogy) was
used to model immersion precipitation process. The merits
of the acquired model were verified via comparing its pre-
dictions with experimental results of two well-prepared
and characterized cellulose acetate (CA) and polyacryloni-
trile (PAN) membranes. A morphology predictable map,
DPg�1 versus /1, was constructed, where DP, g and /1 are
osmotic pressure difference between nonsolvent and dope
solution, dope viscosity and intruded nonsolvent volume
fraction into the dope, respectively. The phase separation
map, DPg�1 (proportional with apparent system diffusivity
with the unit of time�1) versus /1 showed three regimes
which, at least qualitatively, depicted the correct morpho-
logical evolution trends of the studied systems. Phase sepa-

ration in regime one of CA membrane with the longest
delayed time or lowest DPg�1, led to bead-like morphol-
ogy. CA membrane with the shortest elapsed time or high-
est DPg�1, separated to finger-like morphology in regime
three. Finally, phase separation in the intermediate regime
of CA membrane, ended up to sponge-like morphology.
Phase separation time scales of the PAN membranes versus
intruded nonsolvent into the dope solution were located in
finger-like region of the CA membrane, which its down-
ward transition lowered the fingers population. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 113: 1529–1538, 2009
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INTRODUCTION

Nowadays, the preparation of asymmetric polymeric
membranes through the immersion precipitation
process is one of the most well-known technologi-
cally practiced fabrication methods.1 Loeb and Sour-
irajan2 pioneered a procedure for making
asymmetric cellulose acetate (CA) membranes. Later,
it was facilitated by casting a new formulation con-
taining 25 wt % of cellulose acetate, 30 wt % of
formamide, and 45 wt % of acetone at room temper-
ature and its direct immersion into nonsolvent.3

After this finding, several research groups4–7 investi-
gated the effects of different effective variables, such
as casting solution composition, evaporation time,
and coagulation bath temperature on membranes
performance prepared from CA-acetone-formamide-
water system. The quaternary phase diagram of the
system has been determined and used to describe
membrane structures and properties.4 Statistically
designed experiments also have been applied to
optimize the performance of the cellulose acetate
membrane by maximizing the permeate flux at equal

salt rejection.6 Membrane performances were found
insensitive to variations in the evaporation time
from 2 to 6 s.6 Evaporation time effect on final mem-
brane performance depends on the initial dope loca-
tion on phase diagram of the system.7

Therefore, main membrane characteristics, namely
morphology and performance, can be designed by
manipulating many effective material and process
based parameters.8 Design guidelines toward mem-
brane performance via its relationship with formed
structure have been set as an elusive goal by many
research groups.9–18 Basically, any structure evolu-
tion specifically in polymers is mainly governed by
the time scale of material dynamics normalized by
the special process time scale referred generally to
the Deborah number.19 Looking for the time scale of
phase separation in a polymer solution during
immersion precipitation, Yilmaz and McHugh9

inferred the slope of tie lines as the key governing
parameter. McHugh and coworkers9,10 did mathe-
matical modeling to figure out the role of phase sep-
aration path on structure evolution and were able to
predict the time scale of turbidity development for
some solutions. Their approach, however, required
several diffusion coefficients and interaction parame-
ters for exact solution of all the involved equations.
These parameters, specifically their concentration
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dependence, were either not available or multiple
data could be found for every system, making model
reliability as a predictive tool questionable. Comple-
menting McHugh’s research group activities in
membrane structure prediction, Smolders et al.11

found instantaneous and delayed demixing as pre-
requisites to the finger-like and sponge-like struc-
tures formation, respectively. Later, the correlation;
K ¼ Ccn among the precipitant volume (c), polymer
concentration (C), and precipitation rate of casting
solution, K, after its immersion into nonsolvent bath,
were reported where n represented the interaction
parameter between the polymer and the solvent.12

Although high n values were mentioned for achiev-
ing membranes with a fine porous structure, the crit-
ical n value for morphology transition was not
quantified.12 Miscibility gap has been also intro-
duced as a criterion for membrane morphology pre-
diction and quantified by the following equation13:

U ¼ Ddp�sDdp�ns

dpDds�ns
(1)

where Ddp-s, Ddp-ns, and Dds-ns are the solubility dif-
ferences between polymer–solvent, polymer–nonsol-
vent, and solvent–nonsolvent, respectively, whereas
dp is polymer solubility parameter. Miscibility gap
increase or U decrease enhances the probability of
sponge-like morphology formation and vice versa.

The role of solution phase separation time scale on
morphology development in immersion precipitation
process is mainly attributed to the energy barriers
against nucleation. Quite recently, the nucleation
time scale dependence on system location on the
phase diagram was confirmed.20,21 The relaxation
time scale decay has been observed by directing
phase separation path toward spinodal boundaries.
In addition, several simple criteria, ie, membrane
final thickness, turbidity, porosity and pure water
permeability, have been introduced for quantifying
phase separation path in membrane formation.14,15

The prediction of membrane structure and corre-
sponding performances based on thermodynamic
and kinetic parameters, however, was mentioned as
yet to be solved.14,15 Polymer-rich phase glassification
during phase separation has been demonstrated as
the required condition for morphology stabilization.16

The balance between local volumetric rates of sol-
vent–nonsolvent exchange with the vitrification rate
was suggested as the key factor governing growth or
suppression of macrovoids.17 Finally, threshold elas-
ticity development in polymer-rich phase has been
introduced as the criterion of halting phase separa-
tion and stabilizing membrane structure.18 In other
words, membrane formation temperature at which
polymer-rich phase elastic modulus equals its loss
modulus is the criterion of structure stabilization.

In this research work, a phenomenological
approach was used to rank the key parameters con-
trolling membrane morphology and performance in
a model CA membrane. Then, membrane morpho-
logical evolution was modeled in analogy with the
‘‘Big Bang’’ concept and verified by the characteris-
tics of CA and polyacrylonitrile (PAN) model
membranes.

EXPERIMENTAL

Materials

CA with acetyl content of 39.8 wt %, Mw ¼ 30,000
g/mol, density of 1.39 g/cm3 and purity of more
than 99% was purchased from Sigma-Aldrich (St.
Louis, MO). Poly(acrylonitrile-co-methylacrylate),
PAN, with composition of 94/6 wt %, Mv ¼ 70,000
g/mol and PDI ¼ 3.2 were from Polyacryl (Tehran,
Iran). Acetone, formic acid, dimethyl formamide
(DMF), and formamide were all supplied by Merck
(Whitehouse Station, NJ) and used as received. Tap
water was used as the coagulant.

Preparation and rheological characterization of
polymer solutions

Polymer solutions containing 25 wt % of the CA in
mixed solvents with various formamide to acetone
(FA) weight ratios (x) were prepared and denoted
by CA-FAx, x was 0, 0.2, 0.25, 0.33, 0.5, 0.67, and 1
in different dope solutions. PAN solutions contain-
ing 10 wt % of the PAN in pure DMF (denoted by
D) or mixed solvents with formamide (denoted by
F) or formic acid (denoted by FO) to DMF weight
ratios of 0.167 were prepared and designated by
PAN-FD0.0, PAN-FD0.167 and PAN-FOD0.167,
respectively. A Brookfield viscometer (model RVT-
ESER: 55,162) was used to determine the zero shear
viscosity of polymer solutions at 20�C.

Membrane preparation

Each polymer solution was cast as a thin film, 200 lm
in thickness, on 280 � 300 mm2 smooth glass. The
membrane precursor then, was quickly immersed
into a vessel containing 6 L of stagnant tap water
at 20�C and left for at least 15 min. Subsequently,
the sample was transferred into a vessel with larger
volume containing tap water and left for a week
before conducting any characterization on the
membrane.

Pure water permeability

A dead-end standard stirred test cell apparatus was
used to measure the pure water permeability of
membrane under 5 atmosphere of nitrogen gas
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pressure.22 The membrane sheets were cut into
circles, 6.5 cm in diameter before use. Each measure-
ment was repeated on five replicas and the average
values were reported.

Turbidimetry

Membrane turbidity was measured by a turbidime-
ter (model 2001N Hach). For each membrane, at
least three replicates were put in the turbidimeter
cell and characterized. The average value was
reported for each sample.

Porosimetry

Each membrane was taken out of tap water, surface
dried, and weighed (X1). It was then transferred to
60�C vacuum oven and left for 24 h to remove its
trapped and free water. Later, the membrane was
weighed again (X2) and its porosity was calculated
by the use of eq. (2):

Porosity ð%Þ ¼ ð1� X2X
�1
1 Þqp

X2X�1
1 ð1� qpÞ þ qp

� 100 (2)

where qp (g/cm3) is polymer density. Equation (2)
has been derived from the traditional porosimetry
equation based on volume measurement23:

Porosity ð%Þ ¼ Vvoid

Vtotal
� 100 ¼ Vtotal � Vpolymer

Vtotal
� 100

(3)

Scanning electron microscopy

Each membrane was freeze-dried and fractured in
liquid nitrogen. Then, its cross-section was coated
with a thin layer of gold and examined with a scan-
ning electron microscope (SEM; model E382, Herisau
Schweiz).23

RESULTS AND DISCUSSION

Figure 1 shows membrane thickness and porosity
versus the FA ratio in the CA casting solutions. The
increase in FA ratio enhanced membrane thickness
monotonically, whereas a short plateau was
observed in porosity increase. An increase in FA ra-
tio up to 0.33 did not lead to measurable permeabil-
ity, whereas it increased membrane turbidity to a
maximum (Fig. 2). By crossing a FA ratio of 0.33, a
severe membrane turbidity decrease and permeabil-
ity increase were observed (Fig. 2). Major turbidity
and permeability changed right at the plateau region
of porosity versus FA ratio was attributed to a tran-
sition in membrane void structure without changing
its overall porosity. Membrane performance depends
on overall porosity, void average size, and morphol-
ogy dictated by various evolution paths followed on
system phase diagram (Fig. 3). Phase separation
path one for the CA solution in acetone exposed to
water led to the direct gelation of casting solution
through one phase region with compact morphology
and transparent membrane with negligible pure
water permeability. The observed morphology
occurred due to high solvent outflow and low non-
solvent inflow, leading to strong film shrinkage.15 By
changing the phase separation paths to two and
three via a FA ratio increase (larger two phase
region), one-phase casting solutions crossed the
binodal boundary and phase separated to polymer
lean and rich phases with void-matrix structure. Fur-
ther, the FA ratio increase changed membrane mor-
phology to the co-continuous void-matrix structure,
by following phase separation via path four. Finally,
casting solution with FA ratio corresponding phase
separation via path five might nucleate through

Figure 1 Thickness and porosity of the CA membranes
versus their FA ratios (by weight) in the casting solutions.
The initial thickness of the casting solution layer was
200 lm.

Figure 2 Turbidity and pure water permeability of the
CA membranes versus FA ratios (by weight) in the casting
solutions. The initial thickness of the casting solution layer
was 200 lm.

PARAMETERS OF IMMERSION PRECIPITATION PROCESS 1531

Journal of Applied Polymer Science DOI 10.1002/app



polymer-rich phase and lead to partially sintered
nanometer-sized beads.

Cross-sectional morphologies of the as-prepared
CA membranes are shown in Figure 4. Lower-mag-
nification (500) pictures also are presented as an
inset in every micrograph of Figure 4. The prepared
CA-FA0 sample via phase separation through path
one showed many mono-dispersed micron size
voids containing aggregated nanovoids, Figure 4(a).
The addition of the FA ratio of the CA casting solu-
tion to 0.2, however, changed phase separation path
toward binodal boundary, leading to finger forma-
tion at the surface and underneath void size increase
and intervoid ligament thickness decrease [Fig. 4(b)].
Phase separation of dope solutions with FA ratios of
0.25 and 0.33 via binodal region of phase diagram
increased underneath void average size while chang-
ing their ligament structure to nanometer size-aggre-
gated dense particles [Fig. 4(c,d)], respectively. The

underneath cross-section of sample CA-FA0.33
appeared collapsed compared with sample CA-
FA0.25 whereas their surfaces still showed finger-
like structuring. The sample with a FA ratio of 0.5,
however, showed interconnected (taking path four
for phase separation) smaller voids with ligaments
still made of aggregated dense nanoparticles without
any fingering. By moving to sample CA-FA0.67, an
almost-similar structure to sample CA-FA0.5 was
observed except with thinner intervoid ligaments.
Finally, a FA ratio of 1 led to a severe nucleation
mechanism change from liquid–liquid demixing to
solid–liquid demixing, with partially sintered nano-
size particle structure with the highest permeability.
Void size and particle size reduction in transition
from sample CA-FA0.2 to CA-FA0.67 and finally to
CA-FA1 was consistent with the Gibbs theory,24,25

delineating nucleus size decrease by moving from
a metastable boundary toward an unstable one

Figure 3 Phase separation paths variation in the membrane formation process via changing mixed solvent composition:
paths 1–5 lead to one phase gel region, I; slow nucleation, and growth of polymer lean phase, II; faster nucleation and
growth of polymer lean phase, III; spinodal decomposition, IV; and nucleation and growth of polymer-rich phase, V,
respectively.
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(Fig. 3). Phase separation path change should also
reduce work of nucleus formation, the number of
nuclei increase, and their aggregation mainly based
on free energy minimization.

FA ratio enhancement in the CA casting solution
increased its mixed solvents solubility parameter

(Table I) and reduced their solubility difference with
the nonsolvent (water) (Fig. 5). calculated by the fol-
lowing formula:

Ddi�j ¼ dh;i � dh;j
� �2þ dd;i � dd;j

� �2þ dp;i � dp;j
� �2� �1

2
(4)

Figure 4 Scanning electron micrographs of cross section of the CA membranes prepared with different FA ratios in their
casting solutions: (a) CA-FA0; (b) CA-FA0.20; (c) CA-FA0.25; (d) CA-FA0.33; (e) CA-FA0.50; (f) CA-FA0.67; and (g) CA-
FA1 (�10,000 magnifications and �500 for inset images). The initial thickness of the casting solution layer was 200 lm.
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where dd, dp, and dh represent the dispersion, polar,
and hydrogen bonding components of the solubility
parameter, respectively. Thermodynamic affinity
increase of the casting solution toward nonsolvent
leads to greater nonsolvent inflow and solvent out-
flow. Therefore, one can write:

Solvent outflow and nonsolvent inflow

/ Ddms�nsð Þ�1 ð5Þ
In addition, solvent outflow is diminished by solu-

bility difference decrease between polymer and
mixed solvents.

Solvent outflow /ðDdp�msÞ (6)

Therefore, solvent outflow is approximated by:

Solvent outflow / Ddp�ms

Ddms�ns
(7)

Nonsolvent inflow reduced casting solution stabil-
ity caused by the Gibbs free energy increase, leading
to affinity decrease to more nonsolvent intrusion.
Therefore, nonsolvent affinity toward casting solu-
tion should scale the reciprocal of its DG difference
in two states; namely nonsolvent/casting solution,
DG1, with nonsolvent/casting solution containing
intruded nonsolvent, DG2:

Nonsolvent inflow / DG2 � DG1ð Þ�1 (8)

A simple equation of state based model for calcu-
lating the free energy change of mixing compressible
multicomponent systems per unit volume, Dgmix,
has been introduced32:

Dgmix ¼ g� g��ref
� � ¼ RT

Xp
i

/i~qi
Nivi

lnð/iÞ

þ
Xp
i

Xp
j

�/j~qj/i~qidi;0dj;0 þ
Xp
i

/i~q
2
i d

2
i;0 ð9Þ

where R and T are gas constant and absolute tem-
perature, respectively. /i is the volume fraction of

component I, and ~qi is reduced density, which is
simply a measure of fractional occupied volume
defined as32:

qi Tð Þ ¼ q�i exp �aiTð Þ (10)

where ai is the coefficient of thermal expansion for
component i, q�i is the hard core density of compo-
nent i, d2i0 and d2i are the cohesive energy densities of
component i in hard core state and temperature T,
respectively. The calculated increase in CA solution
Gibbs free energy as a function of intruded water
volume fraction is shown in Figure 6. The parame-
ters of various components used for calculations are
listed in Table I. FA ratio enhancement in CA cast-
ing solution increased its affinity toward nonsolvent,
DG difference decrease [eq. (8)]. This trend also cor-
responded with the observed morphological devel-
opment paths in the prepared membranes, Figure 3.
The effect of polymer solution viscosity on mem-

brane structural evolution was also considered. The
zero shear viscosity of CA solution increased by FA

TABLE I
Material Parameters Used in Solubility and Mixing DG Calculationsa26–31

dd dp dh d(298) q* a NAvt
(J/cm3)1/2 (J/cm3)1/2 (J/cm3)1/2 (J/cm3)1/2 (g/cm3) (10�4 K�1) (cm3/mol)

Acetone 15.5 10.4 7.0 19.94 1.147 13.0 50.57
Cellulose acetate 18.6 12.7 11.0 25.06 1.764 8.0 163.27
Dimethyl formamide 16.1 13.7 11.2 23.92 1.282 10.0 57.04
Formamide 17.2 26.2 19.0 36.65 1.460 9.0 30.83
Formic acid 14.3 11.9 16.6 24.93 1.648 11.0 27.91
Polyacrylonitrileb 21.7 14.1 9.1 27.43 1.310 5.16 40.50
Water 15.5 16.0 42.4 47.90 1.076 3.0 16.73

a q* and a of material, except polymer, calculated from the density data reported in Ref. 29.
b q* and a of polyacrylonitrile were taken from SAN40 in Ref. 31.

Figure 5 Solubility difference between mixed solvents-
nonsolvent versus FA ratios (by weight) in casting
solutions.
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ratio enhancement, Figure 7. The rate of solvent out-
flow and nonsolvent inflow from and into the cast-
ing solution are then reduced rheologically by FA
ratio enhancement. Therefore, solvent outflow to
nonsolvent inflow ratio depends also on dimension-
less nonsolvent to solution viscosities:

n / gnonsolvent

gsolution

(11)

Combining eqs. (7), (8), and (11), one may write
the following correlation:

n ¼ Solvent outflow =Nonsolvent Inflow

/ DG2 � DG1ð Þ
RT

gns

gsol

Ddp�ms

Ddms�ns

� �
(12)

The DG difference was normalized by RT to make
it dimensionless as other effective parameters. Closer
inspection of eq. (12) implies that higher n leads to
lower porosity and thinner membranes. Therefore,
one may write the following correlation between
membrane thickness, porosity and n�1:

(Thickness) and (Porosity)

/ RT

DG2 � DG1ð Þ
gsol

gns

Ddms�ns

Ddp�ms

� �
ð13Þ

Or

ðThicknessÞandðPorosityÞ ¼ K � RT

DG2 � DG1ð Þ
� �A

� gsol

gns

� �B Ddms�ns

Ddp�ms

� �C

ð14Þ

where K, A, B, and C are adjustable parameters. For
sake of brevity, we calculated the adjustable parame-
ters based on porosity data.

The calculated K, A, B, and C for different
amounts of intruded nonsolvents are presented in
Table II. A, B, and C powers represent the relative
importance of each parameter contribution in mem-
brane formation. The highest values of B in rows
with intruded water volume fractions up to 10 vol %
imply the dominated role of solution viscosity
whereas C or representative of thermodynamic affin-
ity takes the second ranking. Water intrusion greater
than 10 vol % leads to A as the first ranking and B
as the second one. Therefore, the key affecting pa-
rameters of membrane morphological evolution in
the CA casting solutions are dope solution viscosity
and thermodynamic affinity toward nonsolvent
respectively up to 10 vol % of nonsolvent intrusion.
For the CA casting solutions containing higher
amounts of intruded nonsolvent, DG difference and
solution viscosity take the first and second ranking,
respectively. It should be emphasized that for less
than 10 vol % of nonsolvent intrusion into dope so-
lution, Ruaan’s simple parameter13 (Ddp�ms/Ddms�ns)
satisfies the estimation of the thermodynamic affinity
between dope solution and nonsolvent.

Figure 7 Zero shear viscosity of the CA casting solutions
versus their FA ratios (by weight).

Figure 6 Gibbs free energy difference of the CA cast film
as a result of intruded nonsolvent volume fraction at dif-
ferent FA ratios (by weight).

TABLE II
Calculated Adjustable Parameters Based on Intruded
Nonsolvent Volume Fraction into the Casting Solution

Water volume
fraction K A B C

1 9.27 0.0041 0.1924 0.0983
2 9.59 0.0047 0.1857 0.1103
6 10.06 0.0207 0.1719 0.1117

10 12.79 0.0798 0.1210 0.0940
14 14.02 0.1139 0.1010 0.0844
18 14.70 0.1352 0.0913 0.0790
22 15.17 0.1499 0.0857 0.0756

Average of correlation coefficient between experimental
and calculated porosity is 0.985.

PARAMETERS OF IMMERSION PRECIPITATION PROCESS 1535

Journal of Applied Polymer Science DOI 10.1002/app



On the basis of the ranked key parameters, casting
solution affinity toward nonsolvent and its rheologi-
cal resistance against nuclei growth were used to de-
velop a model based on analogy with the ‘‘Big
Bang’’ concept. Casting solution exposure to the
nonsolvent leads to instantaneous nucleation of
polymer lean phase where its growth against engulf-
ing polymer rich layer determines final membrane
morphology. The equation of continuity and r-com-
ponent of the equation of motion in spherical coordi-
nates are solved based on the following
assumptions: (1) polymer-rich phase viscosity is
greater than polymer-lean phase viscosity, (2) poly-
mer-rich phase layer thickness is much lower than
nucleus radius, (3) interfacial tension between poly-
mer-rich and polymer-lean phases are negligible
compared with other existing forces, (4) gravity is
negligible and viscosity and density are constant in
the nucleus clusters. Therefore, y- and U-components
of the velocity are zero and radial growth velocity,
Vr, depends only on r. Equation of continuity
become33:

1

r2
@

@r
ðr2VrÞ ¼ 0 (15)

Hence,

Vr ¼ a
r2

(16)

where a and r are constant parameter and nucleus
radius, respectively. At nucleus surface, r ¼ R, Vr is
R0. Hence,

Vr ¼ R0 R

r

� �2

(17)

On the other hand, momentum balance over the nu-
cleus gives:

TrrjR�TrrjRþW¼ 0 (18)

Trr ¼ Pþ srr (19)

srr ¼ �2g
@Vr

@r
(20)

where Trr, sr, P, g, and W are total force, viscous
force, pressure force, viscosity of nucleus wall (poly-
mer rich phase viscosity) and nucleus wall thickness,
respectively. Combination of eqs. (17)–(20) yields:

R0 ¼ DP� R2
� �
12� g�Wð Þ (21)

where DP(¼ �Dl/v1, -chemical potential difference/
nonsolvent molar volume) is the osmotic pressure
driving nucleus growth. Dl can be calculated by tak-

ing derivative of DG with respect to molar volume
of the nonsolvent. Taking R and W constant, R0 is
mainly quantified by DPg�1 with the dimension of
reciprocal time that is actually structure evolution
time. Interestingly, DPg�1 is proportional with appa-
rent diffusivity of the system, which included not
only thermodynamic motive (DP) for mass inter-
change but also considers system diffusion rate (D �
g�1).34,35 Figure 8 shows DPg�1 versus the volume
fraction of intruded nonsolvent into the CA casting
solutions, lower part of the figure. Three regimes are
distinguishable based on SEM pictures (Fig. 4). In
low DPg�1 versus intruded water into the CA cast-
ing solutions, regime I, the membrane morphologies
are bead-like. High DPg�1 versus intruded water
into the CA casting solutions, regime III, led to
membranes with finger-like morphologies at the sur-
face. Finally, DPg�1 versus intruded nonsolvent in
regime II ended with sponge-like morphologies. Cal-
culated DPg�1 versus intruded water volume frac-
tion into three casting solutions of PAN, PAN-FD0.0,

Figure 8 DPg�1 versus intruded water volume fraction
into the casting solutions with various cosolvent to solvent
compositions: CA, lower part, and PAN, upper part. The
initial thickness of the casting solution layer was 200 lm.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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PAN-FD0.167, and PAN-FOD0.167 are also included
in upper part of Figure 8. On the basis of the loca-
tion of these three curves on the CA membranes
map, their morphologies were expected to be finger-
like. In addition, downward transition of DPg�1

curves versus intruded nonsolvent into the dope for
various PAN membranes must lead to reduced fin-
gering. Interestingly, the expectations were true by
the inspected morphologies, Figure 9. Further exper-
imental data points along with viscosity modification
due to nonsolvent intrusion are definitely required
to find out the transitional borders among different

regimes. In addition, phase separation time scale
might be limited by threshold polymer rich phase
elasticity achievement.
It should also be noted that the aforementioned

explanation is valid for constant initial thickness of
casting solution which in this work was 200 lm. Ini-
tial thickness decrease, led to smaller pore size at
membrane sublayer10 and even membrane morphol-
ogy transition from finger-like to sponge-like struc-
ture.36 The DPg�1-based model is currently been
used to include the effects of different variables,
such as shear and elongational field, initial thickness
of casting solution and so on, on structural evolution
of membranes and fibers fabricated by immersion
precipitation method. Final goal, has been establish-
ing a simple model based on dimensionless group
containing solvent-nonsolvent exchange rate (phase
separation time scale), DPg�1, and gelation or vitrifi-
cation rate.

CONCLUSIONS

A phenomenological evaluation of phase inversion
process based on preparation and well-characteriza-
tion of several model CA membranes led to DP, os-
motic pressure developed by solubility difference
between nonsolvent and casting solution, and cast-
ing solution viscosity as the key parameters govern-
ing structure evolution. The nucleation and growth
of polymer-lean phase against polymer-rich phase in
analogy with the ‘‘Big Bang’’ phenomenon, then,
established DPg�1 (proportional with apparent sys-
tem diffusivity) map versus intruded nonsolvent
into the casting solution. For CA membranes, three
regimes representing finger-like, sponge-like, and
bead-like morphologies by DPg�1 decrease was
found. Plotting DPg�1 versus intruded nonsolvent
into the casting solutions of three PAN based model
membranes agreed very well at least on trend basis
with the CA based morphological evolution map.
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