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ABSTRACT Alcohol-acetone-cellulose acetate phase diagrams incorporated with meth-
anol, ethanol, and isopropanol as nonsolvents are calculated according to a new form of
the Flory—Huggins equation. Nonsolvent—cellulose acetate interaction parameters are
measured by swelling experiments. Concentration-dependent nonsolvent—solvent in-
teraction parameters are obtained by vapor-liquid equilibrium and the Wilson equa-
tion. It is shown that alcohol is a week coagulant compared with water, and water
> methanol > ethanol > isopropanol for cellulose acetate. The phase diagrams char-
acteristic of acetone-cellulose acetate combined with water, methanol, ethanol, and
isopropanol as nonsolvents is different, which leads to the different morphological
structure of a cellulose acetate membrane. The structure of a water coagulated mem-
brane has large macrovoids from liquid-liquid phase separation. A methanol coagu-
lated membrane has a honeycomb-like structure from spinodal microphase separation.
An ethanol or isopropanol coagulated membrane has a thicker, dense top layer from the
delay time phase separation. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 1650-1657,

2001
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INTRODUCTION

The quenching step is one of the most important
during the formation process of membranes made
by wet and dry/wet phase inversion. In this pro-
cess a homogeneous solution containing the mem-
brane-forming polymer and a solvent for the poly-
mer is cast as a thin film on a support or spun as
a hollow fiber and contacted with a nonsolvent for
the polymer. The membrane is formed' by an
exchange of solvent and nonsolvent.
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Most previous experimental studies on the for-
mation of wet phase inversion membranes fo-
cused on water-miscible casting formulation.??
But a few studies were carried out to investigate
the influence of different organic quench media on
the morphologies of membranes. It is evident that
the choice of the quench medium can show simi-
larly dramatic effects on the resulting structures
of membranes that have the special structure and
good separation performances.*® However, these
studies only qualitatively elucidate the influence
of the quench medium on the membrane struc-
tures and lack quantitative analysis.® The ther-
modynamic diagram can be used to systemati-
cally evaluate the characteristics during the
membrane-forming process. The phase diagram
of water as a nonsolvent was calculated.”®



In this article, alcohol-acetone-cellulose ace-
tate phase diagrams incorporated with methanol,
ethanol, and isopropanol as nonsolvents were cal-
culated according to a new form of Flory—Huggins
equation.®!® Nonsolvent—cellulose acetate inter-
action parameters were measured by swelling ex-
periments. Concentration-dependent nonsolvent
interaction parameters were obtained by the
methods of vapor-liquid equilibrium and the Wil-
son equation. Consideration was given to the be-
havior of the spinodal and binodal curves and tie
line slopes as a function of parameters, most es-
pecially those related to the concentration depen-
dency of the interaction parameters. The ade-
quacy of different functional forms for the inter-
action parameter concentration dependence was
also analyzed.

EXPERIMENTAL

Development of Equations

We used the Flory—Huggins theory for a polymer
solution extended to systems with three compo-
nents that was improved by Pouchly et al.!! The
Gibbs free energy of mixing (AG,,) is given by the
following relation:

AGM/RT - I’Llln (2] + n21n Qo + n31n @3
1 812w1®2 T 13(vs)R1P3 T S23(wyt2P3

T X1 e P23 (1)

Subscripts 1-3 refer to nonsolvent, solvent, and
polymer, respectively; n; and ¢; are the number of
moles and the volume fraction of component i,
respectively; and R and T are the gas constant
and temperature, respectively. The quantities u 4
and u, are given by u; = ¢1/(¢; + @3), Uy = @5/
(¢1 + ¢5). The quantities Y, and Y5 are given by
Y, = /(1 + @3) and Y5 = @3/(@; + @3). The
quantities W, and W5 are given by W, = ¢4/(¢y
+ ¢3) and W5 = ¢3/(¢y + ¢3). The solvent—
nonsolvent interaction parameter (g;5) is as-
sumed to be a function of z,.° 7! The nonsolvent—
polymer interaction parameter (g,5) is assumed
to be a function of Y;.%!° The solvent—polymer
interaction parameter (g,5) is assumed to be a
function of W,.%1° The suggested ternary correc-
tion term was omitted because it introduces an
excessive number of parameters and there are no
data available for the correction term for mem-
brane-forming systems.®~!! Use of the definition
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for the chemical potential of component i relative
to the pure state

AMi_
RT ~ on;

(AGW/RT) 1,50 @)

leads to the following expressions:

U1 U1
Ap/RT =1n ¢; + 1—<p1—v*<P2—*<P3
2 Us
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+ (81202 + 813¢3) (@2 + ©3) — a3 Uiz P2P3

dg dg
- u1u2<P2(du122> - ‘P1Y§<dY1:> (3)
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In eqgs. (3)-(5) v, represents the pure molar vol-
ume of species i. The solution for the binodal
curve requires

Apia=Apip, 1=1,2,3 (6)

E Qia = E pip=1 (7

Subscripts A and B refer to the polymer-rich and
dilute phases, respectively. Selection of one of the
compositions as an independent variable leaves
five coupled nonlinear algebraic equations to be
solved for the individual tie lines.

The spinodal can be evaluated from the rela-
tion for ternary systems'?:

G22 : G33 = (st)2 (8)
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Table I Interaction Parameters of Alcohol-Cellulose Acetate

Temperature Density Weight of Dry Equilibrium
(°C) (g/em®) Membrane (g) Absorption (g) v, 813
Methanol 25 0.78655 0.3256 0.0542 0.7807 1.21
Ethanol 25 0.78497 0.3042 0.0587 0.7551 1.14
Isopropanol 25 0.78091 0.3200 0.0661 0.7413 1.11

where G;; = (9%2AG, /o, - @)V yer and v, is the
molar volume of the reference component, which
in our case we take to be component 1.
From the relationship for AG,, (on a unit-vol-
ume basis), one has
(aAGM/a (P2)T,P,(p3 =

A[.Lz/v2 - A[.Ll/vl (9)

(0AGI@3) 1 pe, = Aps/vs — Apy/vy  (10)
Thus, from egs. (3)-(5) and combined with the last
two equations we can derive the necessary ex-

pressions for the spinodal.

G by — %28, + 2, —u )(dgm)
27 0 T vy 812 1 2\ du
d’g1s 3 dgis 3 d’g1s
+ U1UQ< du2 2Y dY + Y1Y3 dY2
2v, dgss d? 823
+Tzw (dw3> +U*ZUZZU3 dw§ (11)

1
Gy = ; — (812t &13) + g23 + us(ur — 2uy)

dg d’g
x ((wlj) + u1u2( g 12) + Yy(Y; — 2Y5)

cellulose acetate

acetone alcohol

Figurel Phase diagrams of alcohol-acetone-cellulose
acetate system for various interaction parameters
(g3) for (—) binodal or (-) spinodal curves: g,5 = 1.21
(curve a), g,5 = 1.14 (curve b), and g;5; = 1.1 (curve c).
Other parameters: v; = 58.69, v, = 74.05, v,
= 20,000, g;, = 0.76, and g,5 = 0.2.

dgis 9 d’g1s Ui 4 o d’gs
X(dY3> YWY gy ) "o, Wi\ gz

Uy dgss
+;2w2w3(w3 wz)(ws) (12)
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d’g g d’g
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+ ( 23) +— o w3w2<dwzj> (13)

v, dws, H

To calculate the spinodal curve, one of the com-
positions is chosen as the independent variable
that, in conjunction with the material balance (2
¢; = 1), results in a single nonlinear equation to
be solved.

Method of Computation

The equation for calculating the spinodal line
only deals with three variables, but the equation
for calculating the binodal line deals with six
variables. It is obvious that the calculation for the
spinodal curve is easier than that for the binodal
because the solution for the binodal can easily
lead to the wrong choice and the numerical calcu-
lation of the binodals is seriously complicated. To
deal with these problems, Yilmaz and McHuge®
assumed that for large portions of the binodals,
polymer compositions in the dilute phase are near
zero. But their solution for the binodal has an
extreme dependence on the initial guesses for the
phase compositions, which must be close to the
correct values. Obviously, this is difficult to
achieve for all tie lines. Thus, it is still very com-
plicated to get the binodal curves.

In order to improve the complication in the
numerical calculation of the binodal, we used nu-
merical methods for calculating phase diagrams
and calculating the order that were different from
the literature.® First we calculate the spinodal
curves from eqs. (14) and (15):



Table II Concentration-Dependent Alcohol-Acetone Interaction Parameters

a + bey + col + doi + eoh

812

a + b/(1 — coy)

812

a + bey + cod

812

a + by

812

Sum of
Squares

Sum of
Squares

Sum of
Squares

Sum of
Squares

System

0.755 15 x10°*

0.417

1.528 1.78 X 1072 0.661

0.457

1.141

H,0-acetone
[8]
Methanol-

acetone

0.3918 0.5086 3.39 x 1073
0.5211

0.4116

0.1210
0.1772

3.29 X 1073

0.3290
0.3272

0.04147

0.1018

0.5395
0.6019

6.22 X 1072

0.4125
0.4381

0.4558
0.5441

8120

9.0 x10°¢

1.44 x 1074

4.72 X 1073

812w
Ethanol-

acetone

-1.0301 —2.4304 11.4891 -8.7928 6.5 x 1072

0.5882

0.007006 1.5113 3.21 X 102
0.3951

0.2631

0.3723
0.4182

550 x 1072

0.3709

0.4477 —0.3619
0.6834

5.66 x 1072

0.01213
0.1706

0.3754
0.6668

8120

1.16 X 1076

9.46 X 107°

0.08255

0.0840

2.85 x 1074

812w
Isopropanol-

acetone

8120

6.687 8.36 x 1072

-1.7519

1.0324 —0.03065

-1.6892  7.74 X 1072
0.1359

0.9048

1.0464

0.12
9.24 X 1073

1.2926 —0.5667
1.1816 —0.7463

1.2151 9.73 X 107

0.7441 314 x107*

1.2901 -1.3945

812w
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cellulose acetate

acetone methanol

Figure 2 Phase diagrams for methanol-acetone-cel-
lulose acetate system for (—) binodal curves and (- - —)
spinodal curves: g, 0.5395 + 0.04147u,
+ 0.3290u2 (curve a) and g,5,, = 0.6019 + 0.1018u,
+ 0.3272uZ2 (curve b). Other parameters: v, = 40.73,
vy = 74.05, vy = 20,000, g,5 = 1.21, and g,5; = 0.2.

fi= G2Gss — (G23)2 (14)

fo=@r+t @t e3—1 (15)

The ¢; was selected as the independent variable,
and F(¢) = X f? was used as the objective func-
tion.

The mixed computation of the Newton—gradi-
ent was used to solve the nonlinear equations,
which kept the characteristics of the gradient sta-
bility and the Newton fast convergence. We ap-
plied the imitation Newton method to replace the
Jacobean matrix and its reverse skill. We show
that the spinodal compositions did not rely com-
pletely on whether the initial guesses were close
to the correct values, and its solution vector was

cellulose acetate

acetone ethanol

Figure 3 Phase diagrams for ethanol-acetone-cellu-
lose acetate system for (—) binodal curves, (— - —) spi-
nodal curves, and tie lines: g5, = 0.5882 — 1.0301u,,
— 2.4394u2 + 11.4891u3 — 8.7928u3 (curve a) and
810w = 0.6834 + 0.0840u, + 0.08255u2 (curve b).
Other parameters: v; = 58.69, v, = 74.05, v,
= 20,000, g;5 = 1.14, and g,5 = 0.2.
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cellulose acetate

acetone 1sopropanol

Figure 4 Phase diagrams for isopropanol-acetone-
cellulose acetate system for (—) binodal curves, (- - -)
spinodal curves and tie lines: g,,, = 1.0464
+ 0.9048u, — 1.6892u3 (curve a) and g5, = 1.2901
— 1.3945u, + 0.7441u2 (curve b). Other parameters:
v, = 176.05,v, = 74.05,v5 = 20,000, g,5 = 1.11, and
893 = 0.2.

stable. Because the spinodal and binodal curves
coincide at a critical point, the reliability of the
spinodal curves assured the correctness of the
binodal curve. Therefore, we can be sure to choose
which solution is correct. The computation of the
binodal curve gets easier in combination with
Yilmaz and McHuge’s experience.®

RESULTS AND DISCUSSION

Measurement of Alcohol-Cellulose-Acetate
Interaction Parameter and Its Effect on Phase
Diagram

Cellulose acetate dense membranes were pre-
pared according to the literature.'® Their density

cellulose acetate

acetone methanol

Figure 5 Phase diagrams for methanol-acetone-cel-
lulose acetate system for (—) binodal curves, (— - —)
spinodal curves, and tie lines: g, 0.121
+0.3918/(1 — 0.5086u,) (curve a) and g4, = 0.1772
+0.4116/(1 — 0.5271uy) (curve b). Other parameters:
v, =40.73, v, = 74.05, v5 = 20,000, g,5 = 1.21, and
825 = 0.535 + 0.11W,.

cellulose acetate

acetone ethanol

Figure 6 Phase diagrams for ethanol-acetone-cellu-
lose acetate system for (—) binodal curves, (— + —) spi-
nodal curves, and tie lines: g,5, = 0.5882 — 1.0301u,
— 2.4394u2 + 11.4891ud — 8.7928uj (curve a) and
819w = 0.6668 — 0.1706u, (curve b). Other parame-
ters: v; = 58.69, v, = 74.05, vy = 20,000, g5
= 1.14, and g,5 = 0.535 + 0.11W,.

was 1.327 g/em?®. The interaction parameter (g,5)
can be measured by the swelling equilibrium
method'* and can be calculated as follows:

g1 = —[In(1 -v,) + v, v’ (16)

As shown in Table I, the g5 of alcohol-cellulose
acetate was in order of methanol, ethanol, isopro-
pan01 (g13methanol > 8 13ethanol > g13isopropanol)7
which illustrates that the affinity between alcohol
and cellulose acetate increases in order (methanol
< ethanol < isopropanol). Compared with water
(g13water = 1.4), precipitation of cellulose acetate
solution becomes weak and gets slower in the
water, methanol, ethanol, and isopropanol order.

cellulose acetate

acetone isopropanol

Figure 7 Phase diagrams for isopropanol-acetone-
cellulose acetate system for (—) binodal curves, (- - -)
spinodal curves, and tie lines: g, 1.0464
+ 0.9048u, — 1.6892uZ (curve a) and g,,,, = 1.2901
— 1.3945u, + 0.7441u2 (curve b). Other parameters:
v, =176.92,v, = 74.05,v; = 20,000, g,5 = 1.11, and
825 = 0.535 + 0.11W,,.



cellulose acetate

acetone nonsolvents

Figure 8 Phase diagrams of nonsolvent-acetone-cel-
lulose acetate system. Curves a—d represent the re-
spective coagulants: water, methanol, ethanol, and iso-
propanol for (—) binodal curves, (- - —) spinodal curves,
(—) the cellulose acetate concentration of the initial
casting solution (i), and (—) the glass transition (G).

The miscibility gap on the phase diagrams cor-
respondingly increased as shown in Figure 1.

Calculation of Acetone-Alcohol Interaction
Parameter and Its Effect on Phase Diagram

From eq. (1), when ¢5 = 0, Flory—Huggins theory
can be simplified to solvent-nonsolvent systems;
the following expression would result:

812 = [AGW/RT — x1ln @1 — xoln @ /x102  (17)

From the relation between the excess Gibbs en-
ergy (G¥) and the Gibbs free energy of mixing for
a two-component system, the parameters can be
calculated from literature data on G¥.*%717

812 = [xan(xi/e1) + xoIn(xo/@s)
+ GEIRTx1¢, (18)

As shown in Table II, the g5, of acetone with
methanol, ethanol, and isopropanol was calcu-
lated from the G¥, which was obtained from a
vapor pressure experiment, and was related by
the Wilson equation.'® Table II shows the range of
coefficients found for typical system fits and also
gives an indication of the suitability of a given
correlation form. In all cases the coefficients were
determined via a modified Marquardt nonlinear
regression algorithm.'®

The inclusion of different concentration-depen-
dent forms produced significant changes in the
phase diagram. Figures 2—4 illustrate several
characteristics in the behavior of the binodal and
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spinodal curves resulting from use of different
concentration-dependent g5 values, which have
the qualitative features as well, such as shapes,
miscibility gap, slopes of the tie lines, and so
forth. In such a fashion, one can gain an appreci-
ation of the effect of the concentration dependence
on the membrane formation processes and mem-
brane structure.

Calculation of Thermodynamic Phase Diagrams for
Alcohol-Acetone-Cellulose Acetate Systems

As pointed out earlier, the principal reason for
employing concentration-dependent forms for the
interaction parameters was to improve the accu-
racy of the phase diagrams predicted from Flory—
Huggins theory. In order to obtain the more ac-
curate phase diagrams for alcohol-acetone-cellu-
lose acetate systems, we simultaneously
calculated the phase diagrams with the concen-
tration-dependent forms of g, and g,3 shown in
Figures 5-7.

Figures 5-7 illustrate typical effects on the
phase diagrams resulting from use of the W5 con-
centration-dependent g,5 as compared to con-
stant values. For the cases of methanol and eth-
anol as nonsolvents, the binodal curves and spi-
nodal curves were closer to the cellulose acetate—
acetone axis. But for isopropanol the result was
the opposite. The miscibility gap became wider.
These results showed the critical role of the con-
centration dependence of the solvent—polymer in-
teraction parameter in affecting the nature of the
predicted miscibility.

Thermodynamic Analysis of Membrane-Forming
Systems

For comparison, the phase diagram of water as a
coagulant is shown in Figure 8. Generally, the
single phase region between the binodal and cel-
lulose acetate-acetone axis increases gradually in
the order of water, methanol, ethanol, and isopro-
panol; thus, the cast solution becomes more sta-
ble. A microphase separation process may be
more difficult. According to work by Reuvers and
Smolders,?° the casting membrane of cellulose
acetate-acetone solution into water during mem-
brane formation may reach phase separation af-
ter a certain time interval. We deduced that a
similar phase separation may happen to other
coagulants (methanol, ethanol, isopropanol), and
in that order the delay time may be gradually
prolonged. The thickness of the concentrated
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(©

3. Bum

(d)

Figure 9 The structure of a cellulose acetate membrane in different quenches made
by wet phase inversion without evaporation: (a) water, (b) methanol, (¢) ethanol, and (d)

isopropanol.

layer in the top section increased with the square
root of the delay time. As shown in Figure 9, the
skin thickness and transition region become
thicker in the order of a methanol, ethanol, or
isopropanol quenched membrane. During the de-
lay time, the top surface of the ethanol or isopro-
panol quenched membrane are concentrated
enough to avoid the form of the defect-free skin
layer on the set of the phase separation. When the
cast cellulose acetate concentration is low (10-20
vol %), the binodal of the methanol coagulant is
nearest the cellulose acetate—acetone axis. So the
methanol quenched membrane without evapora-

tion may undergo a spinodal decomposition with
nodular structures as shown in Figure 9(b), which
will lead to a honeycomb-like structure. With the
increase of cellulose acetate concentration the
metastable regions between the binodal and spi-
nodal boundaries are reduced. The phase separa-
tion changes smoothly from a spinodal deposition
to a nucleation and growth process until the ge-
lation transition. At that time, the binodal of the
methanol coagulant deviates from that of the wa-
ter coagulant and approaches that of the ethanol
by degrees. Therefore, the phase separation fea-
ture of the methanol quenched membrane at the



high cellulose acetate concentration is more sim-
ilar to that of the ethanol quenched membrane.
This is why the top skin layer of the methanol
quenched membrane with an evaporation time of
40 s is defect free.2! But methanol must penetrate
into the dense skin.'® When the nascent mem-
branes were immersed in water, the membranes
were solidified immediately. However, because
water cannot immediately diffuse into the casting
solution under the top layer, water will accumu-
late at the local area, which leads to the formation
of large fingerlike morphological structure of the
membranes, as shown in Figure 4(a). We hope to
report on these data and analyses in future pub-
lications.

CONCLUSION

The thermodynamic phase diagrams for alcohol-
acetone-cellulose acetate systems incorporated
with methanol, ethanol, and isopropanol as non-
solvents were calculated according to a new form
of Flory—Huggins equation.

The choice of the quench medium is of the
utmost importance for the characteristics of
phase diagrams, which leads to different morpho-
logical structures. The structure of a water coag-
ulated membrane had large macrovoids from lig-
uid-liquid phase separation. The methanol
quenched membranes without evaporation
showed spinodal decomposition. The ethanol or
isopropanol coagulated membrane displayed a
dense and rather thick top layer supported by a
closed cell spongelike substructure from the delay
time phase separation.
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