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ABSTRACT: The isothermal phase diagram for poly(vinylidene fluoride)/dimethyl
formamide/water system was derived. The binodal and spinodal were calculated based
on the Flory—Huggins theory and the calculated binodal was approximately in agree-
ment with the experimental data of the cloud points. The isothermal crystallization line
was also obtained according to the theory of melting point depression. Mass transfer of
the three components during membrane formation by the precipitation from the vapor
phase has been analyzed. During this process, phase separation of the polymer solution
is induced by the penetration of water vapor in the solution. The calculated result on
the changes of the cast film weights indicated the good agreement with the experimen-
tal data. The time-course of the polymer concentration profile in the film was calculated
for various cases of different humidity of the vapor phase and different initial polymer

concentration. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 159-170, 1999
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INTRODUCTION

Porous polymeric membranes developed for the
industrial applications such as microfiltration, ul-
trafiltration and reverse osmosis are mainly fab-
ricated by phase separation process.! Phase sep-
aration of polymer solutions can be induced in
several ways. Four different techniques® can be
used such as immersion precipitation, air-casting
of a polymer solution, precipitation from the va-
por phase and thermally induced phase separa-
tion (TIPS).

In order to predict and control the membrane
morphology such as pore diameter and porosity,
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membrane formation mechanism must be clari-
fied. Phase separation techniques are governed by
two complex phenomena of equilibrium thermo-
dynamics and kinetics. The clarification of equi-
librium thermodynamics enable us to know the
stability borders of system and the type of the
phase separation. Analysis on the kinetics gives
insight into the stages of the phase separation
process and the origin of the skin layer.

The immersion precipitation is most widely
used for preparation of commercially available
membranes. Reuvers et al.>* analyzed the mass
transfer of components in the immersion precipi-
tation process on the basis of earlier work of Co-
hen et al.® Since then, several authors have com-
puted the composition profile in the film prior to
the phase separation.®~® Tsay and McHugh im-
proved the numerical model to investigate the
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combined effect of the solvent evaporation and
quench step on the membrane structure.” Re-
cently, mass transfer in systems with crystalline
polymers have been analyzed,'®!! where solid—
liquid phase separation, that is, crystalliza-
tion'?>1* occurs in addition to the liquid-liquid
phase separation.

In air-casting process, on the other hand, a poly-
mer is dissolved in a mixture of a volatile solvent
and a less volatile nonsolvent. The evaporation of
the solvent decreases the solubility of the polymer,
which leads to the phase separation. Shojaie et al.
developed a predictive model which incorporates
coupled heat and mass transfer to describe the
evaporation of both solvent and nonsolvent.'® They
showed that the model can describe the wide range
of structures associated with dry-cast mem-
branes.'® We analyzed the mass transfer in the
dry-cast process and simulated the polymer concen-
tration profiles in the film during the membrane
formation.!” Based on the calculated thermody-
namic and kinetic properties, obtained membrane
structures were discussed.

Precipitation from the vapor phase is another
phase separation method. In this process, a polymer
solution is cast as a thin film and placed in a vapor
atmosphere where the vapor phase consists of a
nolsolvent. Phase separation of the polymer solu-
tion is induced by the penetration of nonsolvent
vapor into the solution. Although this method was
used as early as 1918 by Zsigmondy,' very few re-
ports exist in the literature on this phase separation
method. Wijmans et al. prepared poly(2,6-dimethyl-
1,4-phenyleneoxide) membrane by phase separa-
tion from the vapor phase using a vapor of octanol
as a nonsolvent.® Several types of membranes were
found to be formed by changing the initial composi-
tions in dope solutions. Kinetics of phase separation
of poly(p-phenylenebenzobisoxazole) in methane-
sulfonic acid were examined by the time-resolved
light scattering measurements.'® Diffusion of the
water vapor into the polymer solution film resulted
in phase separation. These solutions appeared to
undergo a spinodal decomposition-like phase sepa-
ration. Park et al. investigated the phase separation
of polysulfone/N-methyl pyrrolidone system by in-
troducing a precipitant (water) from the vapor
phase.?° The pore size was increased under a lower
humidity and for a lower polymer concentration.
The optical microscopy study showed that the pore
sizes seemed to be determined by the coarsening in
the late stage of the phase separation process. As
far as we know, however, no quantitative analysis
has been reported so far on this membrane forma-
tion process.

In this work, the formation of porous structure
via phase separation induced by the penetration
of nonsolvent from the vapor phase was investi-
gated in poly(vinylidene fluoride) (PVDF)/dimeth-
ylformamide (DMF, solvent)/water (nonsolvent)
system. The crystallization of polymer must be
considered as well as the liquid-liquid phase sep-
aration because PVDF is a crystalline polymer.
The object of this work is to clarify the phase
diagram and to calculate the mass transfer of
components during this diffusion process for a
better understanding of the effect of the prepara-
tion condition on the membrane morphology.
Membrane structure will be discussed in Part II
of this work based on the phase diagram and the
calculated polymer concentration profiles.

THEORY

Construction of a Phase Diagram

The Gibbs free energy of mixing for ternary com-
ponent system AG,,, can be expressed according to
the Flory-Huggins theory.?!:?2

AG,/RT = nqln ¢+ nyln by + nsln b3+ gronidy
+ g13n1ds + Zagnads (1)

Here, subscript 1, 2, 3 denote nonsolvent, solvent
and polymer, respectively. n; and ¢; are the num-
ber of moles and the volume fraction of component
i. R and T denote the gas constant and tempera-
ture. g;; is the interaction parameter between
component ; and j. As described below, constant
values were used as g,5 and g,5 in this work.

When an equilibrium is established between
two liquid phases, that is, a polymer-lean phase «
and a polymer-rich phase B, the chemical poten-
tial difference A, of the component i in these two
phases are equal:

Api=Apf (=1,2,3) (2)

The liquid-liquid miscibility gap in the ternary
system can be calculated from eq. (2) and mass
balance equations (X ¢; = 1 for polymer-rean
phase and polymer-rich phases) and thus, the
binodal is obtained.

The equation for the spinodal is given by the
following equation:??

G22G33 = (G23)2 3)



where
Gij = {32AG%/(3¢1‘3¢]’)}V1 4)

AG?, is the Gibbs free energy of mixing per unit
volume and v; is the molar volume of component ;.
The spinodal can be calculated from eq. (3) and
the mass balance equation if the interaction pa-
rameters are given.

According to the theory of melting point de-
pression,?! the chemical potential of the polymer
repeating unit in the crystalline state u{, can be
represented by

mi — mg = —AH,(1 - T/T}) (5)

where p0 is the chemical potential of the polymer
repeating unit in the standard state and AH, and
T? denote the heat of fusion of the polymer re-
peating unit and the melting point of pure poly-
mer, respectively. The chemical potential of the
polymer repeating unit in a polymer solution p,, is
given by eq. (6):

oy =ty = (0AG,/ons) (v,/v5) (6)

Here, v, is the molar volume per repeating unit in
the polymer. The condition of equilibrium be-
tween crystalline polymer and the polymer in the
solution can be expressed as follows:

Mo = My = My — My (7

By substituting eqs. (5) and (6) into eq. (7), we
obtain the following equation for the melting
point depression:

(1/T,) — (1/TY) = —(R/IAH,)(v,/vy)

XArIn ¢s+r(l — ¢3) — d1 — sy
+ (8131 + 8823Pa) (P1 + P2) — g121a}  (8)

Here, r and s denote v,/v3 and v,/v,, respectively.

Evaluation of Interaction Parameters

It is assumed that the binary Flory—Huggins pa-
rameters g;; are only dependent on the compo-
nents i and j and not on the third component in
the ternary situation. Solvent-nonsolvent interac-
tion parameter g,, is now dependent on the fol-
lowing composition variable u,.

Uy = Gof (b1 + Po) 9
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Table I Parameters Used in the Calculation
of Phase Diagram

v, [em®/mol] 18.0
v, [em®/mol] 77.4
vy [em®/mol] 307000
v, [em®/mol] 36.8
s [—] 0.233
r[—] 0.000059
AH,, [J/mol]® 5962
T?, K] 473

2 Ref. 27.

g9 in DMF-water system was evaluated accord-
ing to the following equation reported by Altena
and Smolders.??

g12(uy) = 0.50 + 0.04u,
+0.80u?— 1.20ud + 0.8ui (10)

The nonsolvent-polymer interaction parameter
215 was determined from the swelling experiment
by using eq. (11).24

g1z = —{In(1 — ¢3) + P3}/d3 (11)

The obtained value was 2.09.

The solvent-polymer interaction parameter g,5
can be roughly estimated from eq. (12) with the
help of solubility parameter 8.2°

g23 = 0.35 + vo/(RT)(8, — 83)* (12)

Values?® of 24.8 (MPa)"2 of 8, and 23.2 (MPa)"? of
85 gave 0.43 as go5. Other parameters used in the
calculation of phase diagram are summarized in
Table I.

Mass Transfer Model

Precipitation from the vapor phase is governed by
a solvent and nonsolvent fluxes perpendicular to
the film. Geometry for the mass transfer in this
system is shown in Figure 1. The film consisted of
polymer and solvent is placed in the atmosphere
including nonsolvent. Thus, inflow of nonsolvent
(component 1) into the film and out-flow (evapo-
ration) of solvent (component 2) occur simulta-
neously. The polymer does not evaporate in the
gas phase, that is, component 3 stays in the film.
In order to describe the change of the polymer
concentration profile with time, a ternary diffu-
sion model is needed. If we assume a one-dimen-
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Figure 1 Geometry for the mass transfer.

sional diffusion process and constant partial spe-
cific volume, the following expressions for the dif-
fusion fluxes can be obtained.5?®

J% = —Dy(0py/9z) — D15(9py/92) (13)

Jé = —Dy1(9p:/9z) — D3y(9py/92)
(14)

Here, ji and p; are the mass flux with respect to
the volume-average velocity and the mass density
of component i, respectively. D,; is the appropri-
ate phenomenological diffusion coefficient for the
ternary system and z represents the position from
the glass-facing surface shown in Figure 1. As
described below, because p, is fairly lower than p,
in this case, the following solvent flux equation in
the quasi binary system (polymer-solvent system)
was used instead of eq. (14) as first approxima-
tion.

Jé = —Dy(dpy/9z) (15)

Here, D, is the mutual diffusion coefficient of the
solvent in the binary system. If eq. (14) is used for
the calculation, many parameters such as friction
coefficients must be determined. Considering er-
rors generated in the estimation of these param-
eters, we used eq. (15).

From eqs. (13) and (15), the following diffusion
equations are given.®

dpy/at = 9{D1(dp/9z) + D1y(dpoldz)}oz (16)
dpyldt = {Dy(dpy/dz)} oz a7

Initial and boundary conditions are
t=0 pP1= P1os P2 = P2o (18)

z=0 dp1/dz = dpoldz = 0 (19)

z = L(t) - Dnapl/az - D128p2/82

= ki(piy — P
- D2al)2/az = k2(pL2g - p;cg) (20)

where L(¢) is the membrane thickness at time ¢
and k; is the gas-side mass transfer coefficient of
component i. p,o, pfg, p; are the initial mass
density in the cast solution, the mass density in
the gas phase at the air-film interface and that in
the gas bulk phase, respectively. Provided that
ideal gas behavior on vapor side and gas-liquid
equilibrium at the air-film interface are assumed,
pﬁg can be related with activity ¢, in the polymer
solution as follows:

pl,=aPY(V.P) (i=1,2) (21)

where P, and P? are the total pressure and
the saturated vapor pressure for pure compo-
nent i, respectively. V., is the partial specific
volume of component i in the gas phase. The
activity a,; is related to the chemical potential as

follows.
a; = exp{Ap/(RT)} (i=1,2) (22)

The conservation equation of the polymer is given
by

Lt)
J ps dz = Lopso (23)

0

where subscript 0 denotes the initial value.

The membrane thickness L(¢) changes with
time ¢ due to the evaporation of solvent and the
penetration of nonsolvent. If the out-flow of sol-
vent from the film is larger than the in-flow of
nonsolvent, the membrane thickness decreases,
whereas it increases in the opposite situation.
In order to immobilize the interface position,
the following coordination transformation was
used.

n = 2/L(t) (24)

This coordination transformation and the substi-
tution of the volume fraction ¢; by the mass den-
sity p; give the following equations.



0, m dL(t) o

9t L(t) dt om

1 9 db, Vidd,
+ L&) an [ n g 2y, 977] (25)
3(152_ mn dL(t) ¢y 1 d Ay
ot T L) dt 877+L(t)26n[ Zan] (26)
t=0; ¢1= b1g, b2 = Py (27)
n=0;dp/0m = 0P /In =0 (28)

m=1; —Dpddi/an
—D5(Vi/Vy)dds/dm = k1L(t)V1(Pi1g - Pofg)
—Dydy/dm = kzL(t)V2(P§g - P;Cg) (29)

L(t) = LOd)S()/J bsdm (30)

Here, V; is the partial specific volume of compo-

12

nent i in the film phase.

Determination of Model Parameters

The mutual diffusion coefficient of solvent in qua-
si-binary system D, was estimated based on the
free volume theory by Vrentas and Duda.?3° The
self-diffusion coefficient of the solvent D% is ex-
pressed as the following equation.

woVs + wiEVE
wo(Koo/y) (K + T — Tg2)
+ w3(Koy/y)(Kss + T — Tg3)

X exp)| — (31)

Here, D, is the pre-exponential factor of the sol-
vent, K is the energy per mole that a molecule
needs to overcome attractive forces which con-
strain it to its neighbors, V¥ and w, are the spe-
cific critical hole free volume required for a jump
and the weight fraction of component i, ¢ is the
ratio of molar volumes for the solvent and poly-
mer jumping units. Ky, and K5, are free-volume
parameters for the solvent, while K,5 and K35 are
those for the polymer. vy is the overlap factor and
T,; is the glass transition temperature of compo-
nent i. The relation between D% and D, is given
by eq. (32).31:32
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Dy = D%5(1 — ¢9)*(1 — 2g53¢5) (32)

The parameters in eq. (31) were estimated accord-
ing to Zielinski and Duda’s method.?? Those are
summarized in Table II.

D, and D, in eq. (25) are given by the follow-
ing equations.528

B Vi d d o

Dy, = _NiEo<E22M>1_El2M>1 (33)
B Vs d d o

D12 - = N%E()(EZZ aii)z - EIZ ?4)2 (34)

Here, N, is Avogadro’s number and E;; and E,
are defined as

(1- ¢t RTV,

E,,= 35

BT Mapy  NiDpdy O
Vabils RTVy(1— o)

E,, = — 36

22 V1¢3 NiDT2¢2¢3 (36)
L RT?V,V,

By= — + 37
0= T MMyby " NiDpDpibaby 00
RT
DT1: (38)

N,%x(¢2§12/7/2 + ¢3§13/V3)

Table II Parameters in Eq. (31)

V% (em®/g)? 0.926
V% (em®/g)® 0.565
& 1.10

D, (cm?/s)° 8.48 X 10°*
K,,/y (em®/(g K))© 9.76 x 10~ *
Ky — T,p (K —43.8

E (J/mol)? 0
K,./y (em®/(g K))° 2.73 x 10~
K,; (K)* 111
T, (K)f 238

2 V% and V% were estimated as the specific volumes of the
diluent and polymer at 0 K, which can be obtained using group
contribution methods.3233

P& = M,VE/V,® (M, molecular weight of solvent, V,;:
molar volume of polymer jumping unit). V,; was estimated by
the equation of V,; = 0.6224T,; — 86.95.%%

¢ These values were determined by Dullien’s equation®?
based on viscosity Data®*35 for the pure diluent in the as-
sumption of negligible energy effects (£ = 0).

4 Ref. 32.

¢ These values were determined by WLF equations.?? The
polymer WLF parameters at 298 K were estimated from av-
erage values at glass transition temperature available in the
reference.?¢

fRef. 37.
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RT

D =
= Ni(ﬁblgu/’/l + ¢3§23/V3)

(39)

Here, M; is the molecular weight of component i
and {;; is the friction coefficient between compo-
nent i and j.

In order to obtain D,; and D,,, three friction
parameters {ys, o3, and {;5 must be determined.
{15 is related to the mutual diffusion coefficient in
solvent-nonsolvent system D, as>®

Vo, (dﬁh) (40)

{12 = NiDm E

If {,5 is assumed to be independent of ¢;/(Pp; + ds)
and to be equal to £;5(¢; = 1)*, eq. (41) is derived
from eq. (40).

. VIRT
o= NID2(, = 1) (41)

D'%($, = 1) is estimated as 1.12 X 10~ ° cm?s by
Wilke—Chang equation.?® {,; is also related to the
mutual diffusion coefficient in solvent-polymer
system D,,.

_ v3hy (dﬁ‘«z)
£~ N2D,\dg,

(42)

The following equation can be used to relate the
mutual diffusion coefficient D, and self diffusion
coefficient D%.31-40

d(po/RT)

T% (43)

D, = D?‘P:&d)z

Substituting eq. (43) into eq. (42) yields the fol-
lowing equation:

vsRT
= s 44
{12 1s empirically related to {55 by the following
equation:*%8

G135 = C(11/v5) {os (45)

Here, C is the constant parameter. The value of
0.5 was chosen in this work, which is the same as
that used by Reuvers and Smolders.*

The gas-side mass transfer coefficient 2, (i = 1,
2) was estimated by eq. (46) because the process

Table III Parameters Used in the Estimation
of k and Used in the Analysis of
Mass Transfer Process

D, (cm®/s)* 0.267
D, (cm?/s)° 0.023
r, (Pa s)° 1.85 X 10°°
p, (g/em®) 1.18 x 103
e 0.413
o2 —-1.65
L, (cm)® 1.0
P9 (atm)’ 0.0313
PY (atm)? 497 x 103
V,, (em®g)? 1358
Vs, (em®/g)? 335
2 Ref. 42.

b Estimated from Chapman-Enskog equation.*?
¢ Value for air.**

4 Calculated by assuming the ideal gas.

¢ Hydraulic diameter of cast film.

fRef. 45.

was carried out under almost free convection con-
dition.*!

kiLy%/D; = 0.54(G,S,)"* (46)
G, = L¥pZs|nlyl, — v3)| ek
Sc = ““g/(pgDZg) (48)

lm

Here, L, and y.;;. denote the characteristic length
of the cast film surface and the logarithm mean
mole fraction difference of air. D;,, p, and p, are
the mutual diffusion coefficient of component 7 in
the gas phase, total mass density of the gas phase
and viscosity of the gas, respectively. yﬁg and y;,
are the mole fraction of component i at air-film
interface and that in the gas bulk phase. g is the
gravity constant and coefficient 7, is given by —(1/
p)(9pg/dy;.)p 7. The parameters used for the cal-
culation of %2; are summarized in Table III along
with other parameters.

EXPERIMENTAL

Polymer and solvent used were poly(vinylidene
fluoride) (Aldrich Chemical Co., M,,: 534000) and
dimethyl formamide (Nacalai Tesque Inc.). Non-
solvent was water vapor. The solvent of analytical
grade was used without further purification.
Mixture of polymer and solvent was cast on the
glass plate with the thickness of 256 um and the
cast film was put on the balance placed in the



chamber in which temperature and humidity
were set at 298 K and the prescribed value (10%,
20%, and 40%), respectively. The humidity was
controlled by a condenser and a supersonic waves
humidifier (Matsushita Electric Co., FE-05KYC).
Changes of the film weight accompanied with the
evaporation of DMF and the penetration of water
vapor were monitored.

To determine the cloud point curve, the poly-
mer solutions (polymer concentration: 3, 5, 10 and
15 wt %) were prepared at 298 K. Under the
constant polymer weight fraction, a series of so-
lutions with the different nonsolvent weight frac-
tions were prepared. The cloud point was deter-
mined by measuring the turbidity of the solution
at 500 nm by a spectrophotometer (Hitachi Co.,
Ltd., U-2000). For every cases, turbidity occurred
immediately. Because the polymer crystallization
needs the induced time, turbidity caused by solid—
liquid phase separation is usually observed after
long times such as several hours.'® The immedi-
ate occurrence of turbidity in this case indicates
that it is caused by liquid-liquid phase separation
rather than solid-liquid phase separation. Actu-
ally, as shown in Figure 2, the crystallization line
lies in the fairly higher polymer concentration
region, compared with the region of the cloud
point experiments.

Crystallization temperature was measured by
a Perkin—Elmer DSC-7. 3-5 mg samples were
prepared by weighing the appropriate amount of
PVDF and solvent/nonsolvent mixture directly
into an aluminum DSC pan. Homogeneous solu-
tion was prepared by heating the sealed pan at
120°C for 10 min, followed by cooling into —10°C
with the rate of 10°C/min to induce crystalliza-
tion. The onset of the exothermic peak during the
cooling was taken as the dynamic crystallization
temperature.

RESULTS AND DISCUSSION

Phase Diagram

The calculated binodal, spinodal and crystalliza-
tion line are shown in Figure 2. This figure is a
part of the enlarged triangle coordinate. The
binodal is roughly parallel with the polymer-sol-
vent axis and close to the axis. This means that
even in the addition of small amount of water,
liquid-liquid phase separation occurs. The circles
in Figure 2 are the experimental data for the
cloud point. These data are approximately in
agreement with the binodal. Soh et al. calculated
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the phase diagram for PVDF/DMF/octanol sys-
tem.*® Their binodal is located farther from the
polymer-solvent axis than our binodal. The differ-
ence in the kind of nonsolvent will lead to the
difference in the locations of the binodals. Also
included in this figure are the calculated spinodal
and tie line when the binodal crosses over the
crystallization line.

Figure 3 shows dynamic crystallization tem-
perature T, measured by DSC for various poly-
mer composition ¢;. Pure DMF and mixture of
DMF and water (96 : 4) were used in Figure 3(a)
and Fig. 3(b), respectively. Similar plots have
been done in the systems cellulose acetate/diox-
ane/water*” and poly(2,6-dimethyl-1,4-phenyle-
neoxide)/trichloroethylene/ethanol*® although the
melting temperatures were plotted instead of the
crystallization temperatures. As can be seen in
Figure 3, the crystallization temperature in-
creased almost linearly with the increase of ¢s.
This tendency is in agreement with relations be-
tween the melting temperature and ¢4 in the
previous works.*”*® The polymer volume frac-
tions at the crystallization temperature of 25°C
can be estimated by extrapolating the lines shown
in Figure 3(a) and (b). The obtained compositions
in the crystallization are plotted in Figure 2 as
open squares. The crystallization line calculated

binodal li.nle"‘ . ' .
feanans IP ....... ", _.'l‘., ..... ....... .

PVDF

R

0.4 L
.Spinodal line

crystallization line -

0.7 water
Figure2 Phase diagram for three component system.
(O) observed cloud point, ((J) estimated crystalline tem-
perature from Figure 3, (m) calculated critical point.

Tie line in this figure is the line when the binodal
crosses over the crystallization line.
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Figure 3 Dynamic crystallization temperature mea-
sured by DSC.

by eq. (8) shows the equilibrium condition,
whereas it is well known that polymer crystalli-
zation is a highly nonequilibrium process. Al-
though the experimental crystallization tempera-
tures are the kinetic data, these do not deviate so
much from the calculated line.

Calculation Results of Mass Transfer Process

Figure 4 shows the changes of the cast film
weights during the precipitation process from the
vapor phase. The ordinate is a dimensionless cast
film weight, which is defined as the film weight at
certain time divided by the initial film weight. For
all cases in different polymer concentrations, the
film weight decreases slower as the humidity in
the vapor phase increases. This is because the
amount of water penetration into the film in-

creases. Especially in the case of the polymer
concentration of 20 wt % and the humidity of 40%,
the dimensionless weight increased over unity in

T T T T T

polymer concentration: 10 wt%

0.8

0.6

O: humidity=40 %
0.4 A humidity=20 %
L (J: humidity=10 %

dimensionless film weight [-]

0.2 — Calculated line

T T T T T

15 wt% 7

0.8

0.6

O: humidity=40 %
0.4} A: humidity=20 %
: humidity=10 %

dimensionless film weight [-]

0.2F — Calculated line ]

QO: humidity=40 %
A humidity=20 % o
0: humidity=10 %

dimensionless film weight [-]

0.2}y —— Caloulated line
N | : 1 L
0 20 40 60
time [min]

Figure 4 Changes of the cast film weights during the
precipitation process.
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Figure 5 Calculated concentration profiles of PVDF, DMF and water. Initial polymer

concentration: 10 wt %, humidity: 20%.

the initial stage of the process. This means that
the inflow of water vapor into the film is larger
than the outflow (evaporation) of the solvent in
the initial stage. In the constant humidity condi-
tions, the decrease in the film weight becomes
faster with the decrease of the polymer concen-
tration. This is due to both the larger amount of
the solvent in the film and the lower viscosity of
the solution which leads to the higher diffusivity.
The solid lines in this figure are the calculated
results and are approximately in agreement with
the experimental data. This agreement demon-
strates the validity of the assumption introduced
in the calculation of the mass transfer process.
However, the film weight versus time predictions
are relatively worse as the polymer concentration
increases. Generally, it becomes more difficult to
predict physical and chemical properties of poly-
mer solutions as the polymer concentration in the
solution becomes higher. This may be the reason
for the worse prediction in the higher polymer
concentration cases.

Figure 5 shows the calculated concentration
profiles of PVDF, DMF, and water. The abscissa
in this figure is the dimensionless film thickness
and right side and left side of this figure corre-

spond to the air-facing (top) surface and glass-
facing (bottom) surface, respectively. The solvent
fraction decreases at the top surface because of
the evaporation into the gas phase, whereas the
penetration of water vapor into the film leads to
the increase of the water fraction at the top sur-
face. The water volume fractions are fairly low
compared with the DMF or polymer volume frac-
tions.

The calculated results on the relation of the
polymer volume fraction and the film thickness
are shown in Figure 6. In all cases, similar ten-
dency was obtained as follows. At the initial stage
of the process, only the polymer volume fraction
near top surface increases, while that at the bot-
tom surface remains unaltered. Then, the poly-
mer volume fraction near the bottom surface
starts to increase accompanying the decrease in
the film thickness. Finally, the flat concentration
profile is formed and then whole polymer concen-
tration increases with the time. As the humidity
increases, the film weight decreased slowly as
shown in Figure 4, which takes longer time to
become the flat concentration profile (Figs. 6(a),
(b), and (c)). The flat profile was obtained rela-
tively faster when the initial polymer concentra-
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Figure 6 Calculated results on the relation of the polymer volume fraction and the

film thickness.

tion is higher (Figs. 6(b) and (d)). Figure 6(c)
shows that the polymer volume fraction at the
certain position inside the film becomes lower
than the initial polymer concentration in the case
of humidity of 40%. This means that the water
flux at that point is higher than the solvent flux.
As the humidity increases, a driving force for the
water flux increases. This may bring about the
higher water flux than the solvent flux at that
point. In all cases, because the polymer concen-
tration at the top surface is not so high, compared
with the initial concentration even at the initial
stage. Thus, isotropic structure rather than asym-
metric structure is expected in this experimental
condition. The obtained membrane morphology
will be discussed in the second part of this study.

CONCLUSIONS

Formation of porous structure via phase separa-
tion induced by the penetration of nonsolvent for
the vapor phase was investigated in PVDF/DMEF/
water system. The isothermal phase diagram for

this three component system was derived. The
binodal and spinodal were calculated based on the
Flory—Huggins theory. It was found that the lig-
uid-liquid phase separation can occur by the ad-
dition of small amount of nonsolvent. The calcu-
lated binodal was approximately in agreement
with the experimental data of the cloud point. The
isothermal crystallization line was also obtained
according to the theory of melting point depres-
sion. The dynamic crystallization temperature
measured by DSC was found not to deviate so
much from the calculated equilibrium crystalliza-
tion line.

Mass transfer of the three components during
membrane formation by the precipitation from
the vapor phase has been studied. The experi-
mental data on the changes of the cast film
weights were well analyzed by this calculation.
The calculated polymer concentration profiles
showed that only the polymer volume fraction
near the top surface increases at the initial stage,
then the flat profiles is formed and the whole
polymer concentration increases with time. Be-
cause the polymer concentration at the top sur-



face is not so high compared with the initial con-
centration even at the initial stage, isotropic
structure is expected in this experimental condi-

tion.

NOMENCLATURE

a; activity of component i

C constant defined in eq. (45)

D;, mutual diffusion coefficient of component i
in gas phase (m%s)

D,; appropriate phenomenological diffusion
coefficient for ternary system (m?/s)

D, mutual diffusion coefficient of solvent in
the binary system (m?%/s)

D% self diffusion coefficient of solvent in the
binary system (m%s)

D,, pre-exponential factor of solvent (m?%s)

D'?  mutual diffusion coefficient in solvent-
nonsolvent system (m%s)

E energy required to overcome attractive
forces from neighboring molecules
(J/mol)

E, variable defined in eq. (37)

E;; variable defined in eqgs. (35) and (36)

G;; differential equation defined in eq. (4)

AG,, Gibbs free energy of mixing (J)

G, Grashof number

g gravity constant (m/s)

gij thermodynamic interaction parameter be-
tween component i and j

AH, heat of fusion of polymer repeating unit
(J/mol)

J mass flux with respect to the volume aver-
age velocity (g/(sm?))

K,, solvent free volume parameter (m?/(gK))

K5, solvent free volume parameter (K)

K,; polymer free volume parameter (m®/(gK))

K5,  polymer free volume parameter (K)

k; gas-side mass transfer coefficient of com-
ponent i (m/s)

L, characteristic length of cast film (m)

L, initial membrane thickness (m)

L(¢) membrane thickness at time ¢ (m)

M, molecular weight of component i (g/mol)

N,  Avogadro’s number

n; number of moles of component i (mol)

P? saturated vapor pressure for pure compo-
nent i (atm)

p, total pressure (atm)

R gas constant (J/(mol K))

r v1/vg

S. Schmidt number

S v1/vy

Im
Y air

127

Mg
My

i

Pg
Pi
pig

bi
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temperature (K)

dynamic crystallization temperature (K)

glass transition temperature of component
i (K)

melting point of polymer solution (K)

melting point of pure polymer (K)

ol (dby + Py)

partial specific volume of component i in
film phase (m®/g)

specific critical hole free volume required
for a jump of component i (m?/g)

partial specific volume of component i in
gas phase (m®/g)

molar volume of polymer jumping unit
(m?®/mol)

weight fraction of component i

logarithm mean mole fraction difference of
air

mole fraction of component i in gas phase

vertical position coordinate relative to
casting surface (m)

overlap parameter

solubility parameter of component i
(MPal/Z)

friction coefficient between component i
and j (gm?®/s)

dimensionless position coordinate defined
in eq. (24)

chemical potential of component i in mix-
ture state (J/mol)

viscosity of gas phase (Pa s)

chemical potential of polymer repeating
unit in polymer solution (J/mol)

chemical potential of polymer repeating
unit in crystalline state (J/mol)

chemical potential of polymer repeating
unit in standard state (J/mol)

difference between chemical potential of
component i in mixture and pure state
(J/mol)

molar volume of component i (m®/mol)

molar volume per repeating unit in the
polymer (m?/mol)

ratio of molar volumes for solvent and
polymer jumping unit

total mass density of gas phase (g/m®)

mass density of component i (g/m?)

mass density of component ¢ in gas phase
(g/m?®)

parameter accounting for effect of concen-
tration profile on gas phase density of
component i

volume fraction of component i
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Subscript

WN-=O

initail value
nonsolvent
solvent
polymer

Superscript

i air-film interface

a polymer-lean phase

B polymer-rich phase

o gas bulk phase
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