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ABSTRACT: Anisotropic polymer membranes have been successfully obtained via the thermal-inversion 
process. In contrast to conventional casting procedures by phase inversion, this process is less complicated 
but more flexible. In addition, the thermal-inversion process yields reproducible membranes with high porosities. 
In this work, conditions are delineated for the formation of anisotropic membranes on the basis of kinetic 
and thermodynamic considerations. Experimental findings verify these theoretical predictions for a particular 
polymer/solvent pair. Finally, asymmetric membranes with graded pore size profiles and a thin dense working 
skin can be obtained from a variation of the basic thermal-inversion procedure. 

Introduction 
Since their discovery in the early 196Os,l anisotropic 

polymer membranes have been prepared solely through 
the phase-inversion process. Here, a thin coating (100-300 
pm) of a polymer solution (e.g., cellulose acetate in acetone) 
is first spread on a solid support. The coated surface is 
then coagulated with a nonsolvent (e.g., water); this process 
is followed by annealing of the resulting membrane in a 
warm nonsolvent bath. Final structures range from having 
isotropic, dense or porous, cross sections to those with 
graded pore size profiles, with or without thin dense skin 
layers on either or both surfaces. Tanny2 classified mem- 
branes with graded pore size profiles as anisotropic mem- 
branes, while porous and anisotropic membranes with thin 
skin layers were called asymmetric membranes. Normally, 
asymmetric membranes with graded pore size profiles have 
skin layers adjacent to  the side of the membrane with 
smaller pores. In this work, we wilI refer to this specific 
type as anisotropic asymmetric membranes, Le., skinned 
membranes with an internal pore size gradient. 

Membrane formation through the phase-inversion 
casting procedure involves a combination of complicated 
transport and thermodynamic p h e n ~ m e n a . ~  During co- 
agulation, nonsolvent penetrates into the polymer coating, 
while solvent diffuses out into the nonsolvent. (See Figure 
1). Regions depleted of the solvent and penetrated by the 
nonsolvent begin to phase separate, since the local com- 
positions correspond to points inside the two-phase en- 
velope of the particular polymer/solvent/nonsolvent ter- 
nary diagram. With the use of trajectories for the global 
average compositions of the coagulating membrane on a 
phase diagram, Strathmann, Scheible, and Baker4 deli- 
neated certain rules of thumb for obtaining dense, porous, 
or asymmetric membrane products (Figure 2). When the 
trajectory is close to the polymer-rich side of the phase 
envelope, the resulting membrane is a dense one. In 
contrast, with a trajectory close to the dilute polymer 
phase, a porous structure results. Asymmetric membranes 
are obtained for cases with a trajectory between these two. 

A new membrane casting method can be envisioned 
where temperature reduction rather than the nonsolvent 
serves the role of the coagulant (Figure 3). Structure 
formation is carefully induced and completed by a pro- 
grammed sudden cooling of one face of the polymer solu- 
tion, whereby phase separation is initiated. This phase- 
separation process propagates gradually inward as the 
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temperature of successive fluid layers drops from the 
continual heat removal. Incipient phase-separated mor- 
phology is not only formed but also perfected at  different 
temperatures in different layers of the membrane. Such 
a casting strategy, if capable of yielding a wide variation 
of membrane structure, may allow better process control 
and repr~ducibility.~ In addition, the time-dependent 
temperature profile and propagation of the phase-sepa- 
ration front can be independently fine-tuned to permit 
greater process flexibility. The details of this proposed 
binary casting procedure are amenable to mathematical 
modeling and systematic experimental investigation. 

Porous membranes with and without thin skin layers 
(around 0.5 pm) on one or even both sides have already 
been obtained previously by a binary casting process 
(called thermal-inversion, thermal-coagulation, or ther- 
mal-casting p roces~) .~*~* '  Castro5 reported the following 
advantages of the thermal-casting process: (a) high void 
volumes obtained from product membranes (about 80%) 
with pore sizes ranging from 0.1 to 5 pm and (b) better 
process control compared with the phase-inversion process. 
Commercial thermal-cast polypropylene membranes are 
manufactured by Hydronautics and Membrana, Inc.' 

In this work, we ascertain the feasibility of a modified 
thermal casting procedure and determine its appropriate 
conditions to produce anisotropic polymer membranes. 
Detailed experimental observations and their theoretical 
interpretations will be reported here. An extensive mod- 
eling effort will, however, be deferred to part 2 of this 
series. 

Theory 
Liquid-Liquid Phase-Separation Mechanism. Ac- 

cording to Broens e t  al.,3 nucleation and growth and spi- 
nodal decomposition are two possible phase-separation 
mechanisms that can occur in a phase-inversion casting 
process. If a trajectory (in a binary phase diagram) rep- 
resenting an infinitesimal slice (perpendicular to the 
thickness direction) of the membrane during coagulation 
is followed closely, it can be noted that the trajectory first 
passes through the metastable region before reaching the 
unstable region (Figure 4). For a noncrystalline polymer, 
we consider spinodal decomposition as the more likely 
phase-separation mechanism. Typically, starting cast so- 
lution compositions are close to the critical composition 
of the binary phase diagram; thus, during coagulation, 
different parts of the membrane spend very little time 
inside the metastable region. With the use of a noncrys- 
tallizable polymer, we assume that homogeneous nuclea- 
tion does not occur during the time when different parts 

0 1985 American Chemical Society 



Macromolecules, Vol. 18, No. 12, 1985 Experimental Study of Membrane Structure Formation 2539 

Support  

Homogeneous Phose Separated 

Figure 1. Schematic diagram of the formation of structured 
polymer membranes through the phase-inversion process. The 
phase-separation front propagates from the face exposed to the 
nonsolvent coagulant bath, which provides the nonsolvent pen- 
etrant and extracts the solvent from the original casting solution. 

Polymer Segment Fract ion 

Figure 4. Typical trajectory of overall composition of membrane 
during thermal coagulation. The starting solution at point 0 is 
homogeneous. A lower temperature (point P) is suddenly applied 
to one face of the membrane where phase separation is initiated. 

( S o l v e n t )  
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Figure 5. Percentage completion curves for phase separation 
induced by a step reduction in temperature from the initial state 
to different final temperatures (TI  > T,  > T3 > T, > T& 

(Nonsolvent ) Porous Asymmetr ic Dense  ( P o l y m e r )  

Figure 2. Trajectories of overall composition of membrane during 
phase-inversion coagulation. Different initial solution concen- 
trations lead to varying final membrane structures, depending 
on the thermodynamic and kinetic characteristics of the ternary 
system. 

Thermal  
Insulator 

Homogeneous Phose Separated 

Figure 3. Schematic diagram of the formation of structured 
polymer membranes through the thermal casting process. Heat 
is removed through the thin conducting surface, whereby phase 
separation is initiated, while the backside temperature is protected 
by the insulating substrate. 

of the membrane are in the metastable region. 
Evolution of Structure during Phase Separation. 

When the temperature of a binary polymer/solvent system 
is quickly reduced from above the critical point into the 
phase-separated region, a number of observations have 
been noted based on our mathematical modeling work. 

Figure 5 shows that structural growth is relatively abrupt; 
Le., the bulk of the growth occurs in a short period of 
accelerated structure formation. This result implies that  
the phase-separated front in the coagulating membrane 
is rather sharp. For membrane formation through the 
phase-inversion process, this phenomenon, although not 
yet pointed out specifically, can be observed in the works 
of a number of investigators.&'l Figure 5 also reveals the 
systematic variation in the induction periods with the 
prevailing phase-separation temperature. Note that a t  
about 40% completion of the phase-separation process 
during the growth period, the final pore size no longer 
changes when the temperature is lowered further; Le., the 
original structure is locked in. The different phase-sepa- 
ration temperatures in the induction periods can therefore 
explain anisotropies obtained in the final structures of 
thermal-cast membranes. The infinitesimal slice of mem- 
brane material near the cooling medium is exposed to a 
cooler temperature than a slice near the thermal insulator 
backing. The former slice thus reaches its growth phase 
a t  a lower temperature than the latter slice. As a conse- 
quence, the material slice close to the cooling medium 
effectively phase separates a t  a lower temperature than 
the material close to the thermal insulator. 

Effects of Transport and Thermodynamic Param- 
eters on Structure Formation. Even though the de- 
tailed model will be reported in part 2 of this series, we 
will summarize its major findings here to aid the discus- 
sions of the experimental observations. 

Perhaps the most relevant results of our modeling work 
are (a) the induction period for the formation of structure 
decreases with an increase in the magnitude of the mutual 
diffusivity a t  the average concentration of the system and 
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Polymer Segment Fraction 

Figure 6. Temperature and concentration dependence of the 
mobility factor for a binary polymer solution covering the 
phase-separated region (T, > T2 > T3 > T4 > T5). 
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Figure 7. Temperature and concentration dependence of the 
thermodynamic factor for a typical polymer/solvent system 
covering the phase-separated region (T, > T2 > T3 > T, > Ts).  

(b) the final pore size decreases with an increase in the 
magnitude of the thermodynamic factor of the polymer/ 
solvent system. (The mutual diffusivity is equal to the 
product of the mobility and the thermodynamic factor.)12 
For polymer solutions undergoing phase separation, the 
mobility and mutual diffusivity are both strong functions 
of concentration and We will therefore 
separately analyze the mobility factor and thermodynamic 
factor and then deduce the dependence of the mutual 
diffusivity on concentration and temperature. 

Using the free-volume concepts for the self-diffusivities 
of the polymer and ~olvent '~- '~  and an expression for the 
mobility factor adopted from Cahn and Hilliard16 and 
Vrentas and Duda,12J3 we predicted the family of mobility 
vs. concentration curves in Figure 6. Note that the mo- 
bility is always positive, and it exhibits a relative maximum 
with concentration. In addition, the mobility a t  a given 
polymer concentration increases with temperature. For 
the thermodynamic factor (Figure 7),  we used the Flory- 
Huggins expression for the Gibbs energy of mixing17 with 
the X-parameter composed of an entropic and an enthalpic 
part.18 Both the entropic and enthalpic contributions to 
the x-parameter are assumed to be independent of con- 
centration. The entropic term is independent of tem- 
perature, whereas the enthalpic part is inversely propor- 
tional to the temperature. With these assumptions, the 
calculated value of the thermodynamic factor a t  a given 
concentration increases with temperature. (Note that for 
concentrations inside the spinodal region the thermody- 
namic factor is negative.) In addition, the larger enthalpic 
contributions to the X-parameter give greater variations 
of the thermodynamic factor with temperature. This 
corresponds to a system with a large energy of interaction 

Table I 
Actual Concentrations of Cast Solutions Obtained from I3C 

FTNMR Spectroscopy 
nominal wt % polymer actual wt % oolvmer 

5 
10 
15 

4.8 f 0.5 
9.7 f 0.4 

14.5 f 0.2 

between the components,18 as is often realized for highly 
polar polymer-solvent pairs. For nonpolar systems there 
is not much change of the thermodynamic factor with 
temperature; temperature variation in mutual diffusivity 
is primarily caused by the mobility factor. 

We identify two temperature effects governing the 
formation of anisotropic membranes: zeroth-order and 
first-order effects. Zeroth-order effect relates to the pore 
size obtained as a function of coagulation temperature. 
Hence, the thermodynamic factor imparts a zeroth-order 
effect to the casting process. The first-order effect is at- 
tributed to the temperature history experienced by a given 
slice of material in the membrane. This would then be 
related to the induction time for phase separation begun 
a t  a particular temperature. On the basis of on the above 
discussion, we conclude that differences in the mutual 
diffusivities cause varying first-order effects on membrane 
formation. Thus, the thermodynamic aspect of phase 
separation is responsible for the range of possible pore sizes 
in thermal-cast membranes, whereas the heat and mass 
transport aspects of phase separation determine the dis- 
tribution of pore sizes. 

Experimental Section 
Preparation and Characterization of Cast Solutions. 

Reagent-grade (MW >1OOOOO) atactic poly(methy1 methacrylate) 
(PMMA), purchased from Aldrich Chemical Co., was used in this 
study. This polymer was chosen partly because it does not form 
crystallites. Crystal formation would complicate our subsequent 
modeling work. Sulfolane (tetramethylene sulfone or 1,l-tetra- 
hydrothiophene dioxide), a liquid that solidifies at 27 "C, was used 
as the solvent. Such a solidification point is convenient for freezing 
pore structures of coagulated membranes. Solutions of about 5%, 
lo%, and 15% PMMA (w/w) in sulfolane were prepared. Par- 
ticulate contaminants were removed through high-temperature 
vacuum filtration. Actual concentrations of the final cast solutions 
were then obtained by using the FTNMR techniques described 
below (Table I). 

Determination of Binary Phase Diagram. The binary phase 
diagram was obtained with techniques described elsewhere.lg Only 
one sample (with composition close to the critical point) was 
needed to perform this series of experiments. In this case, the 
sample was about 15% (w/w) PMMA in sulfolane. Since a tie 
line corresponds to one temperature, 13C FTNMR spin-lattice 
relaxation experimenta were performed at different temperatures. 
To ensure that the sample was at thermodynamic equilibrium, 
it was fist heated to a temperature above the critical temperature 
of the binary system for at least 1 day. The sample was then 
immersed in a water bath maintained at a temperature where the 
phases separated. Before the sample was used for a relaxation 
experiment, it was kept in the water bath for at least 1 day to 
ensure complete phase separation. Longer periods of holding times 
(up to 1 week) were employed at lower temperatures. Although 
the phase diagram obtained by analyzing spin-lattice relaxation 
data was only exact for reasonably monodisperse polymer (the 
PMMA sample used has a polydispersity index greater than 2.0), 
the plot served as a useful guide in designing detailed membrane 
preparation procedures. 

Thermal Casting Apparatus and Procedure. Figure 8 
shows a schematic of the casting cell used in making thermal-cast 
membranes. The starting polymer solution is confined within 
a thin aluminum sheet (0.01 in. thick) and Teflon block (1 in. thick 
and 5 in. in diameter) and template (200-500 pm thick). The 
Teflon pieces are used because they are good thermal insulators. 
The thin metal sheet is used to ensure that the polymer solution 
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Teflon Me101 Sheet 

Polymer Solution 

Figure 8. Schematic diagram of the casting cell used for thermal 
inversion of PMMA membranes. 

water out 

micrograph of a I’MhlA membrane 
crmq section cast from a I O  wt 90 solution with the thmnal casting 
pruceduw. Scale liar curresponds to 90.9 rm. 

Po1”mar 
Solullon 

Figure 11.  Scanning electron micrrrFnph of B I’MMA membrane 
crmq section CSI from B IO w t  7% d u t i ~ n  with the thermal caqting 
procedure. An expanded view of the boxed section in the left 
frame is shown on the right. scale ha, corresponds to 90.9 rm. 

Figure 9. Schematic diagram of the casting cell assembly used 
to expose the casting cell to different temperatures. 

in contact with the metal is in rapid thermal equilibrium with 
the instantaneous temperature on the other side of the metal plate. 
To avoid leakage of the polymer solution, the Teflon block and 
metal sheet sandwiching the thin Teflon template are tightly not change the existing membrane pore due to the 

presence of the nonsolvent, water, at the leaching temperature, 
Product membranes were stored in water for the following 
characterization work, 

Scanning Electron Microscopy. For SEM studies, wet 
PMMA were first freeze.dried at -6.5 ac, This low 
temperature ensured complete retention of the pore Structures 
of the during water removal. ~ ~ ~ ~ ~ . d ~ ~ i ~ ~  porous 

with an BTea of about c m ~  and a thickness ranging 
from 20(t500 r m  took less than h, For dense the 
drying time take as long as h. In order to expase their 
cro9s sections, the dried membranes were cracked in liquid ni- 
t q e n .  The cracked pieces were then mounted on an SEM sample 
stage and subsequently coated with gold in a Polaran 
coater, Finally, the coated samples were viewed (with magnifi- 
cations ranging from to 15000x) and photographed with an 
ISI-DS-130 scanning electron microscope. 

clamped with bolts. 
The casting cell is held inside the cell assembly (Figure 9). 

Fluid used to thermally equilibrate the polymer solution is allowed 
to circulate inside the casting cell. For our system, we used water 
at the specified coagulating temperature for the hinary mixture. 
To apply a higher temperature to the polymer solution inside the 
casting cell. the front ofthe assembly can he taken Out and hot 
air blown through the opening. For subambient temperatures, 
ambient air blown through the opening in front of the awmhly, 
while liquid nitrogen is introduced into the annular space at the 
side of the assembly. 

Before the polymer solution was poured into the cell it was 
heated (to about 80 “C) and stirred in its container for at  least 
an hour. This was done to ensure that the starting solution was 
homogenwus. After the solution was poured into the casting cell, 
it was mounted inside the casting cell assembly. Air at about 80 
‘C was blow continuously through the cell for about 15 min. This 
temperature is sufficiently above the critical temperature of our 
binary mixture. To phase separate the solution, the opening in 
front of the casting cell assemhly was closed off and water at the 
coagulating temperature was run through the =mbb for at least 
30 min. Finally, to freeze the polymer structure of the C ~ ~ l a t e d  
mixture, the front of the casting cell assembly was again opened 
and air WBS blown through the opening while liquid nitrogen was 
poured into the annular part of the assembly. The temperature 

freezing point of the solvent) for about 15 min. The cell was then 
opened, and the membrane was immersed in water at room 
temwrature to allow the solvent to leach out. This final step did 

and Discussion 
Figures 10-14 show scanning electron micrographs of a 

thermal-cast membrane from a starting PMMA/sulfolane 
solution of about 10 wt ?h PMMA. The full cross section, 
as seen in Figure 10, shows that the membrane does not 
have a uniform pore size, ~h~ top part, the portion ad- 
jacent to the cooling medium during casting, has smaller 

membrane is clearly shown in Figure 11, where a small area 
of membrane cross section near the top is magnified. 
Figure 12 provides a close-up of the top surface of this 

of the system was then lowered to ahout -C (i.e., below the pores. The graded pore size profile exhibited by this 
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Figure 12. Scanning electron micrograph of the surface of the 
thermal-cast PMMA membrane in contact with the thin con- 
ducting material during coagulation. The starting solution is 10 
w i  % PMMA. and pores on this surface are 0.14.2 pm in diam- 
eter. Scale bar corresponds to 0.885 pm. 

Figure 1J. Scanning electron micrograph of the cross section 
of the middle portion of a thermal-cast PMMA membrane from 
10 wt ?& solution showing I-pm honeycombed cells bounded by 
0.34.5-pm open pores. Scale bar corresponds to 0.917 wm. 

Figure 14. Scanning electron micrograph of the surfnce ofthe 
thermal-cast PMMA memhrane in contact with the thermal in- 
sulator. The starting solution is 10 wt  90 PMMA, and pores on 
this surface are 2-15 pm in diameter. Scale bar corresponds to 
13.7 pm. 

membrane, which shows pores of 0.14.2 pm. The center 
of the cross section (Figure 13) consists of 1-pm honey- 
combed cells bounded by 0.3-0.5pm open pores. Finally, 
Figure 14 shows the bottom surface of the membrane with 

Figure 15. Scanning electron micrograph of the cross section 
of a thermal-cnst PMMA membrane frnm 5 wt % solution. Scale 
bar corresponds to 37.n Om. 

Figure 16. Scanning electron micrugraph o f  the rmss section 
of the middle portinn of n thermal-cast membrane from 5 wt ?& 
solution showing 2-pm cells hounded by b u m  open pores. Sale 
bar corresponds tu 2.48 pm. 

pores ranging from 2 to 15 pm. Therefore, from one face 
of the membrane to the other, the pore size gradually 
changes from 0.14.2 to 2-15 pm, and the membrane is 
distinctly anisotropic. Clearly, this sample is not asym- 
metric in the sense that a dense skin layer is not present 
on the top surface. The  thermal casting process, however, 
can produce a dense top layer by the application of a quick 
high-temperature pulse on the side of the membrane in 
contact with the thermal conductor after the coagulation 
step. This short temperature pulse will cause a small 
portion of the top layer to dissolve. The structure is then 
frozen and the solvent leached out. Subsequent annealing 
of the product membrane will densify the top layer. An- 
isotropic asymmetric membranes can thus be made. 

Figures 15 and 16 show SEM pictures of the membrane 
obtained from a starting solution of about 5 wt % PMMA 
in sulfolane. The membrane is seen to possess an isotropic 
porous structure. Note in Figure 16 that the pores of this 
membrane are of the same honeycombed, open structure 
as those obtained from a 10 wt % PMMA in sulfolane 
solution. Also, pore size is about 1 pm, while cell size is 
about 2 pm. 

Figures 17-20 show SEM pictures of the PMMA mem- 
brane cast from 15 w t  % PMMA in sulfolane. This 
membrane, like the one from the 10 wt % PMMA in 
sulfolane solution, exhibits a graded pore size profile. The 
only difference is that  this membrane has smaller pores. 
The top layer, the portion of the membrane adjacent to 
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Figure 17. Sranning P I w t r m  micrograph of the  cross section 
of a thermal-cast PMMA membrane from 15 wt 70 solution. Scale 
bar corresponds to 1% pm. 

Fiyre 1% Scanning electron micrograph of the surface and c m  
section of layer in contact with the thin conducting material for 
a thermal-cast PMMA membrane from 15 wt 9c solution. Pores 
on the top surface are less than 0.1 Mm in diameter. Scale bar 
corresponds to 2.16 pm. 

Figure 19. Scanning e l ~ r l r o n  micrograph cif the cross section 
of the middle portion of a thermal-cast PMMA membrane from 
15 w t  70 solution showing 0.S-rm open pores. Scale har cnrre- 
sponds ta 1.71 Mm. 

the cooling medium, has a pore size leas than 0.1 pm. The 
middle part of the cross section has 0.5-pm pores. Finally, 
the bottom part has about 1-pm pores. 

Experimental observations of anisotropic membranes 
cast with the thermal-inversion process suggest that  the 
local pore size of a phase-separated polymer/solvent sys- 

Figure 20. Scanning elcctron micrograph o f  the surface of a 
thermal-cast PMMA membrane in contact with the thermal in- 
sulator during coagulation. The starting solution is 15 wt % 
PMMA, and pare size is 1 wm. Scale har correspands to 2.27 pm. 

tem decreases with decreasing coagulation temperature. 
Pores close to the cooling face form at a lower temperature 
than those in the interior or near the back surface. On the 
basis of arguments presented in the theory section, this 
trend implies that  for a phase-separated system the ab- 
solute magnitude of the thermodynamic factor increases 
with decreasing temperature (Figure 7). For the particular 
polymer/solvent system, this is consistent with the fact 
that both species under study are highly polar. The energy 
of interaction between the polymer and solvent is large, 
producing a large enthalpic contribution to the X-param- 
eter. 

The only difference between samples cast from the 10 
and 15 wt % starting solutions is quantitative in nature. 
Two possible explanations exist. For a phase-separated 
system, the magnitude of the thermodynamic factor can 
be greater for average compositions of 15 wt % PMMA 
than for 10 wt % PMMA. If the induction times for 
structural growth are comparable for both starthg polymer 
compositions, we can expect the pore sizes for a starting 
composition of 15 wt % PMMA to be smaller than those 
for 10 wt % PMMA. If the induction times for structural 
growth in the two solutions differ appreciably, a similar 
trend is obtained if induction times for a starting com- 
position of 15 wt % PMMA are greater than those for 10 
wt % PMMA. Even if the thermodynamic factors are 
essentially the same for both starting solutions, variations 
in induction times imply that a t  a given temperature the 
mobility factor for 10 wt % PMMA is greater than that 
for 15 wt % PMMA. The validity of this deduction can 
be examined through the self-diffusivities of the polymer 
segment and solvent at the particular temperature. The 
locations of relative maxima for the mobility vs. concen- 
tration curves (Figure 6 )  are roughly related to the relative 
ratios of the self-diffusivities of the polymer segment and 
solvent. If the self-diffusivity of the polymer segment is 
greater than that of the solvent, the maximum in the 
mobility vs. concentration curve at this particular tem- 
perature is shifted to low polymer concentrations. In re- 
alistic cases, it  can be below 10 wt % polymer because 
sulfolane is a relatively viscous solvent at  our casting 
temperatures. This means that above 0.10 polymer seg- 
ment fraction, the mobility (and diffusivity) a t  a certain 
temperature decreases with polymer concentration. The 
consequence is a continuous reduction in pore sizes with 
polymer concentrations beyond this point. Pore sizes 
obtained from a starting solution of 15 wt % PMMA will 
thus be smaller than those for 10 wt % PMMA. Note that 



2544 Caneba and Soong Macromolecules, Vol. 18, No. 12, 1985 

of this phenomenon are the broadening of both the binodal 
and spinodal curves for a polydisperse system. The present 
state of knowledge of phase behavior of polydisperse 
polymer systems is one of the reasons why our model in- 
vokes the Flory-Huggins theory instead of the more ela- 
borate theories that also fail to quantify the effects of 
polydispersity. 

Conclusion 
We have demonstrated that anisotropic membranes can 

be obtained with a thermal inversion process. To optimize 
the process, polar polymer and solvent pairs are chosen. 
This condition is met by the PMMA/sulfolane system 
studied. A range of sample morphologies has been ob- 
tained with different starting concentrations. The 10% 
and 15% solutions both produce anisotropic membranes, 
whereas the 5% solution results in a porous membrane. 
The average pore size decreases with increasing starting 
solution concentration. 

For a phase-separated system, the mutual diffusivity is 
negative inside the spinodal curve. This is due to the 
negative thermodynamic factor, while the mobility is al- 
ways positive. With polar components, the absolute 
magnitude of the thermodynamic factor inside the spinodal 
increases rapidly with decreasing temperature. With 
spinodal decomposition, the final pore size increases with 
a decrease in the absolute magnitude of the thermody- 
namic factor. We have also shown that the growth of 
structure is an accelerated process; the induction time 
decreases with the mutual diffusivity at the average com- 
position of the polymer/solvent system. When the 
phase-separation process is about 40% complete, a further 
decrease in temperature does not change the pore size 
established during the early stages of spinodal decompo- 
sition; i.e., the original structure has been locked in. Since 
the material close to the cooling medium is effectively 
phase-separated at a lower temperature than the material 
close to the thermal insulator, the final membrane pore 
size in the former is less than that in the latter. 

t 
2320.49 X = -6.6137 + - 

6o t T( 'K) 
I 

30 t 

1 

t- -1 
20 1,,,,,,,1,1 

0 0 2  0 4  0 6  0 8  I O  

Polymer Segment F r a c t i o n  

Figure 21. Binary phase diagram for a PMMA/sulfolane system. 
Data with error bars are obtained by pulsed-FTNMR techniques. 
The solid curve is calculated by using the Flory-Huggins theory 
with the X-parameter shown in the figure. 

growth of the phase-separated structure in the former 
starting solutian occurs a t  lower temperatures than in the 
latter. 

To understand the result obtained for the membrane 
cast from 5 wt % PMMA, we first refer to Figure 21, the 
binary phase diagram obtained with the use of pulsed- 
FTNMR  technique^.'^ For this polydisperse polymer 
sample, the phase diagram is not as broad as what could 
possibly be obtained by any reasonable set of parameters 
from the Flory-Huggins theory; i.e., the solvent-rich phase 
has more polymer in it, while the polymer-rich phase has 
less polymer. As shown with the solid curve, the ther- 
modynamic theory cannot match experimental data, es- 
pecially in the solvent-rich portion of the binodal curve. 
On the basis of this plot, if a dilute starting solution is used 
for thermal casting, the temperature near the face that is 
exposed to the cooling medium must be sufficiently low- 
ered before phase separation ensues. Hence, a smaller 
range in temperature for phase separation in different 
parts of the sample exists than for a more concentrated 
starting solution. Different slices of the membrane cast 
from 5 wt % PMMA will therefore follow similar trajec- 
tories that all enter the phase-separated region a t  a tem- 
perature very close to its final values. This allows very 
little variation of pore sizes across the sample, and a 
uniform pore structure is obtained. Another possible ex- 
planation for obtaining an isotropic porous structure is that 
the system could have been confined to the metastable 
region during phase separation. This possibility exists 
because of the influence of short-chain components of the 
polymer in the overall phase behavior of the system. As 
Scottz0 pointed out, for a polydisperse polymer system, low 
molecular weight material actually makes the higher 
fractions more soluble. This statement can also explain 
our experimental observations on the rather peculiar shape 
of the binodal curve; i.e., more polymer can be found in 
the solvent-rich phase than for a monodisperse system. 
Thus, the solvent-rich side of the spinodal curve will also 
contain more polymer than that for a monodisperse sys- 
tem. 

Koningsveld et  a1.21 concluded that the nonuniformity 
of local polymer segment concentration at  high dilution 
can also affect the phase behavior of a polydisperse poly- 
mer system. These complications for a polydisperse system 
are difficult to accommodate in our modeling work. Effects 
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ABSTRACT Formation of anisotropic membranes by thermal inversion is simulated by a model developed 
here. Structured membranes are formed when a polymer/solvent film is thermally coagulated from one face 
while the opposite face is thermally insulated. Both kinetics and thermodynamics of liquid-liquid phase 
separation are included in the analysis. Only noncrystalline polymers are considered, and the composition 
of the starting polymer solution is close to the critical or 8 composition of the polymer/solvent system. Hence, 
spinodal decomposition is taken as the mechanism of phase separation. For a given point in the membrane 
cross section, the degree of phase separation is characterized by the deviation of the fluctuating concentration 
profile from the concentration of the starting polymer solution. The use of the Flory-Huggins model for solution 
thermodynamics and Cahn-Hilliard theory for spinodal decomposition leads to a one-dimensional fourth-order 
nonlinear partial differential equation that describes the phase-separation behavior induced by thermal inversion. 
Periodic boundary conditions are employed as well as infinitesimal sinusoidal perturbations for the initial 
condition. The solution scheme includes local linearization (from a previous time step) through Fourier 
transformation, followed by the application of the Euler method to solve the resulting set of ordinary differential 
equations for the frequency components of the concentration. With this mathematical model, a reasonable 
membrane pore size profile consistent with experimental observations is obtained. 

Introduction 
Broens et  al.' classified structure formation in polymer 

membranes into three mechanisms: (a) liquid-liquid phase 
separation; (b) gelation; and (c) crystallization. Liquid- 
liquid phase separation involves either nucleation and 
growth2 or spinodal decomp~sition.~ Gelation involves the 
formation of microcrystalline regions much smaller than 
the nuclei. This generally takes place a t  high polymer 
concentrations. A t  lower polymer concentrations 
(10%-20%), crystallites of sizes not much smaller than the 
size of the nuclei are formed. This latter type of crys- 
tallization results in the formation of lamellar or spher- 
ullitic domains. 

In this work, we will only study noncrystalline systems. 
Thus, only liquid-liquid phase-separation processes will 
be considered for membrane formation. Both thermody- 
namics and kinetics govern this process. For the ther- 
modynamic part of the analysis, any of a number of models 
such as Flory-Huggins theory>5 Flory-Prigogine theory,@ 
or even the more sophisticated thermodynamic theories 
of Pattersonlo and Prausnitz11-13 can be adopted. Since 
we are only concerned about qualitative explanations for 
the formation of pore structures in polymer membranes, 
Flory-Huggins theory was chosen and later proven ade- 
quate for our purposes. However, for quantitative pre- 
dictions, it may be more appropriate to use one of the other 
thermodynamic theories. 

The experimental work described in part 1 of this series 
of papers indicates that thermal casting produces open- 
pore anisotropic membranes with starting compositions 
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in the semidilute region. Such region is close to the critical 
composition of a binary phase diagram, where the size of 
the metastable region is small. This means that we need 
to only focus on spinodal decomposition rather than nu- 
cleation and growth as the process for phase separation.'*J5 
To model spinodal decomposition, the phenomenological 
theory formulated by Cahn and HilliardlG will be used 
rather than other approaches involving s t~chast ic l ' -~~ and 
molecular d y n a m i ~ a l ~ ~ p ~ ~  formulations. Such an approach 
is theoretically and computationally more tractable, con- 
sidering the existence of a variety of thermodynamic and 
transport models for polymer systems. The free-volume 

for the mass-transport aspect of the analysis 
will be used in conjunction with Cahn and Hilliard's theory 
for the system free energy. To solve the numerical problem 
posed by this phase-separation analysis, we will adopt a 
one-dimensional version of the approach developed by de 
F ~ n t a i n e ~ ~  for spinodal decomposition in metal alloys. 
Although the method involves certain assumptions on the 
constitutive relations of polymeric systems, it will be shown 
later that the results are qualitatively correct and useful 
for making further predictions on the effects of other 
thermodynamic and kinetic parameters on the morphology 
of thermally cast membranes. In addition, the entire 
model can be easily extended to multicomponent systems 
and to higher dimensional cases. 

Model Strategy 
Before embarking on detailed modeling, we will first give 

a brief review of the thermal casting procedure. Thermal 
casting (Figure 1) induces the formation of pore structures 
in a polymer membrane by the removal of heat instead of 
by using a nonsolvent as the coagulating agent. The sim- 
plest starting material here is a binary polymer solution 
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