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SYNOPSIS 

The cross-section morphologies of polymeric membranes obtained by scanning electron 
microscopy are presented. Membranes are prepared by a wet phase inversion process from 
cellulose acetate, polysulfone, polyester and a polyether type of elastomeric polyurethanes, 
poly(methylmethacrylate), and polyamide-nylon 4,6. Morphologies are qualitatively cor- 
related with the turbidity appearance and its intensity during the (proto)membrane for- 
mation process and with their permeability to pure water. From the morphological char- 
acteristics, such as different cellular or dense structures, macrovoids, and polymer 
beads, and from the turbidity phenomena during the (proto)membrane formation, the nu- 
cleation and growth of polymer-lean or polymer-rich phase and the spinodal modes of 
polymer-solvent-nonsolvent ternary system decomposition are postulated. 0 1996 John Wiley 
& Sons, Inc. 

INTRODUCTION 

Loeb and Sourirajan’s pioneer article’ opens a path 
to an extensive development in the field of polymer 
membrane technology and science. Some of the 
books2-” published in this field give the impression 
about the extent of the research and development 
work already done. A t  the same time, numerous 
technological applications of polymeric membranes 
in different industries, in medicine, in environmental 
protection, just to mention some of most propulsive 
fields, take place; they are in constant spread and 
growth. 

Many preparation methods for polymeric mem- 
branes have been discovered and/or developed so 
far. One of the most useful methods is membrane 
preparation by a phase inversion process: thermo- 
dynamic instability has to be somehow induced in 
the solution of the polymer, which turns by some 
process(es) into the polymer (proto)membrane. In 
the case of a wet phase inversion process, the cast 
solution of polymer is put in lasting contact with 
the liquid nonsolvent for polymer (coagulation bath); 
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mass transfer of the solvent and nonsolvent brings 
the solution of polymer to the necessary thermo- 
dynamic instability. The (proto)membrane is formed 
by its resolution, accompanied by the obligatory so- 
lidification of the polymer. A broad variety of mor- 
phologically very different polymer membranes can 
be prepared by changing the parameters of the wet 
phase inversion process (polymer, solvent, nonsol- 
vent, composition of polymer solution and coagu- 
lation bath, additives, temperature, etc.). Recently, 
some useful empirical rules dealing with the poly- 
meric membrane formation processes are turning 
into the proposals for membrane formation mech- 
anisms;’”-29 they are based on deeper understanding 
of the phenomena of the polymer membrane for- 
mation processes. 

The present work shows a broad morphological 
variety of membranes prepared by a wet phase in- 
version process from different polymer/solvent sys- 
tems; in all cases, the coagulation bath is pure water. 
Turbidity phenomena occurring during the mem- 
brane formation process and membrane permeabil- 
ities to pure water under ultrafiltration conditions 
are also presented. At the end, some membrane for- 
mation mechanisms consisting of the combination 
of some elementary processes are proposed. A qual- 
itative description of elementary processes by their 

1821 



1822 STROPNIK, GERMIC, AND ZERJAL 

“composition paths” in the polymer-solvent-non- 
solvent ternary phase diagram is also presented. 

membrane in the AMICON 8400 cell under the ul- 
trafiltration pressure of nitrogen. 

EXPERIMENTAL 

The following polymers were used for membranes 
preparation: cellulose acetate (CA, Merck 11,1962, 
acetate content 39,8 wt %, Mw = 30,00OD, Tg 
= 24OoC), polysulfone ( PSf; Aldrich 18,244-3, M ,  
= 30,000 D, Tg = 190°C), elastomeric thermoplastic 
polyurethane of polyester type (TPU1; BASF, Elas- 
tollan C90 A ) ,  elastomeric thermoplastic polyure- 
thane of polyether type (TPU2; BASF, Elastollan 
1190 A) ,  poly- (methylmethacrylate) (PMMA; 
Aldrich 18,226-5, M ,  = 120,000 D, Tg = 110°C) and 
polyamide (PA4,6; Nylon4,6, Stanyl KS400). The 
solvents used were acetone for CA, N,N-dimethyl- 
acetamide (DMA ) for PSf, N,N-dimethylformamide 
(DMF)  for both TPUs and for PMMA, and formic 
acid for PA4,6; solvents had the reagent grade purity. 
Solutions of polymer were prepared by weighting 
components and mixing them long enough (24-48 
h )  so that clear solutions were formed. 

Polymer solutions were cast on the grinded glass 
plate (unevenness of the surface of the grinded glass 
plate was +3 pm; it was determined by a visible light 
interference measurement and independently by a 
mechanical measurement with an OPTON instru- 
ment) by square knives with the exactly dimen- 
sioned slit D ( the  slit dimension D was taken as  the 
nominal thickness of the cast solution; dimensions 
of slits were also determined with an OPTON in- 
strument with the exactness of +3 pm); the plate 
with the cast solution of polymer was immersed into 
the coagulation bath with pure water a t  25°C as  
quickly as possible (3-5 s ) .  The onset, speed of 
increase, and maximal value of the turbidity of 
the casting solution/ (proto) membrane system were 
measured by a photoresistor, amplifier, and recorder 
(a turbidity measurement setup ) .18,25,30 The (proto )- 
membranes thus formed were left in the coagulation 
bath for 10-15 min before being transported into 
the vessel with a slightly agitated large quantity of 
water; they remained under such conditions for the 
next 24-48 h. 

For the characterization of the cross-section 
morphology by the scanning electron microscopy 
(SEM, JEOL JSM-840A) the membrane was dried 
for a t  least 24 h between the filter paper, frozen in 
liquid nitrogen, broken, mounted into the sample 
holder, gilded, and examined with SEM. 

The membrane permeability to pure water was 
determined by measuring the water flux through the 

RESULTS AND D I S C U S S I O N  

Polymeric Membrane Formation Process by Wet 
Phase Inversion 

The preparation of polymer membranes by a wet 
phase inversion process consists of three main parts: 
P r  casting of the solution of polymer on the appro- 
priate support; glass (or metal) plate with or without 
some reinforced material ( nonwoven polyester, e.g.) 
is usually used in research experiments; P r  imme- 
diate immersion of the cast solution of polymer into 
the coagulation bath; particulary when the solvent 
in the casting solution has its boiling point not much 
above the temperature at which the casting takes 
place, the transfer of cast solution has to be done as 
quickly as possible (within a few seconds); if not, 
the evaporation of the solvent leads to the “dry/wet 
phase inversion process,” because the evaporation 
time has considerable effects on the ultimate mem- 

P r  post treatment of the 
(proto) membrane formed; it is usually left in the 
coagulation bath for some time (5-30 min) and then 
rinsed with water for a longer period (24-48 h ) ;  in 
some cases, some temperature annealing of (proto)- 
membrane is carried out. 

We worked with “historical” polymer membrane 
materials such as  cellulose acetate (CA)  and 
polysulfone ( PSf). Further, we worked with 
poly (methylmethacrylate) (PMMA) and polyam- 
ide, nylon4,6 (PA4,6), which are also known as ma- 
terials for membrane preparation. On the other 
hand, we also worked with two different (polyether 
and polyester type ) elastomeric thermoplastic poly- 
urethanes (TPU1 and TPUB), just recently com- 
mercially available. Their detailed constitution is 
still under the manufacturer’s embargo. 

In the membrane preparation we limited our- 
selves to a “pure” three-component system: casting 
solutions always consisted of pure solvent and poly- 
mer, without addition of nonsolvent or any other 
additive ( s )  ; coagulation bath was a one-component 
system, for instance, pure water in all cases. 

During the immersion step of the membrane 
preparation with the wet phase inversion process, 
we also qualitatively followed some turbidity phe- 
nomena: appearance ( instantaneous, delayed), its 
speed of increase, and its maximal value. After the 
immersion of the cast solution of polymer into the 
coagulation bath, the mass transfer of nonsolvent 
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into the polymer solution and of solvent into the 
coagulation bath began. This process usually leads 
to a thermodynamically metastable and/or unstable 
ternary system. This instability is resolved by some 
kind of decomposition process. Especially the nu- 
cleation and growth demixing process, which ap- 
peared in metastable solutions, produced the objects 
on which the light could be intensively scattered; 
the cast solution/ (proto) membrane system became 
turbid. Therefore, the turbidity phenomena give us 
some information about the beginning and intensity 
of decomposition process (es ) during the membrane 
formation by wet phase inversion. 

We also determined the characteristics of pre- 
pared membranes by measuring the pure water 
fluxes under ultrafiltration conditions. The mem- 
brane permeability as  a performance characteristic 
in combination with other charasteristic ( s )  should 
give some ideas about the porosity (of a par t )  of 
membranes. 

Morphology, Turbidity Phenomena, and 
Permeability of Prepared Membranes 

Figure 1 represents the cross-section morphology of 
the membrane prepared from the CA/acetone : wa- 
ter system; 300 pm was the nominal thickness of 
the 20 wt % cast solution of CA in acetone. Although 
the nominal layer thickness and the concentration 
of the cast solution are relatively high, the formed 
membrane is very thin in comparison with other 
below-presented membranes ( see magnification 
bars). (Round) cells are clearly visible on the upper 
half of the membrane, while the lower part consists 
of the formless polymer mass; the cellular structure 
is poorly developed and has no evident intercon- 
nections. On the coagulation bath-membrane in- 
terface (upper part on Fig. 1 ) a very compact struc- 
ture can be seen; this is the skin of the membrane. 
Turbidity phenomena occurring during the CA 
membrane formation process are quite characteristic 
(Table I )  : the delay of the onset of turbidity is about 
17-23 s, the speed of turbidity increase is high, and 
the maximal value of turbidity is low. The  CA mem- 
brane is not permeable for pure water under ultra- 
filtration conditions (Table I ) .  

Morphologies of membranes, prepared from the 
ternary system PSf/DMA : water [Fig. 2 ( a ) - ( c ) ]  
are quite different in comparison with the mor- 
phology of the CA membrane. PSf membranes also 
have pronounced differences in morphology among 
themselves. Great parts of membranes, where the 
polymeric material is absent, are obvious. In Figure 
2 ( a ) ,  these parts of the membrane look as channels 

Figure 1 
CA membrane; 20 wt %, 300 pm. 

SEM micrographs of the cross-section of the 

leading from the top to the bottom; the lower part 
of the membrane is a large cavity and on the bottom 
there is a well-developed cellular structure. Figure 
2 ( b )  and c )  show membranes with voids in the shape 
of a “long tear,” which are called in the polymeric 
membranes literature “finger-like structures” or 
“macrovoids.” Qualitatively, it could be estimated 
that  in Figure 2 ( c )  the number of macrovoids per 
unit of membrane length is smaller and that they 
are shorter than the macrovoids in the membrane 
prepared from a 200 pm thick and 21 wt % PSf so- 
lution [ Fig. 2 ( b  ) ] .  If we compare the “nonpolymer” 
parts of all three PSf membranes, it is obvious that 
the channels on the membrane of 12.5 wt %/ lo0  
pm turn to macrovoids when the concentration and 
the thickness of the casting solution is increased to 
30 wt % / 3 0 0  pm. The “nonmacrovoid” part of 
membranes consists of a well-developed cellular 
structure; cells are bigger in Figure 2 ( c )  than in Fig- 
ure 2 ( b )  . As it is the case with the CA membranes, 
the turbidity phenomena are also characteristic for 
the PSf membranes (Table I ) :  the instantaneous 
onset of turbidity, high speed of its increase and a 
high maximal value of its intensity. The membrane 
with a channel-like morphology [Fig. 2 ( a )  ] has ex- 
tremely high permeability to water while “macrovoid 
membranes” [Fig. 2 ( b  ) and ( c  ) ] are practically im- 
permeable to water under ultrafiltration conditions 
(Table I ) .  
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Table I Results of Turbidity and Water Flux Measurements 

Turbidity Phenomena 

Solution wt  Speed of Maximal Water Flux 
Polymer 

SEM %/Thickness” Onset Increase Value (l/m2h) (Bar) 

Figure 1 

Figure 2(a) 

Figure 2(b) 

Figure 2(c) 

Figure 3(a) 

Figure 3(b) 

Figure 4 

Figure 6(a, b) 

CA/aceton 
20/200 

PSf/DMA 
12,5/ 100 

PSf/DMA 
21/200 

PSf/DMA 
30/300 

TPUl/DMF 
20/200 

TPUBIDMF 
20/200 

PMMA/DMF 

PA4,6/HCOOH 
20/300 

30/300 

delay high 

instantaneous high 

instantaneous high 

instantaneous high 

instantaneous high 

instantaneous high 

without any turbidity 
very slight slow 

delay 

low none 

medium 730 (2) 
1080 (4) 

high none 

high none 

low 1,6 (4) 

low 2 2  (4) 

medium 95 ( o a  

“In micrometers; CA-cellulose acetate; PSf-polysulfone; TPU-thermoplastic polyurethan; PMMA-poly(methylmetacry1ate); 
PA4,6-polyamide 4,6; DMA-N,N-dimethylacetamide; DMF-N,N-dimethylformamide. 

Even larger “tear-like’’ macrovoids are formed in 
membranes prepared by the wet phase inversion 
from the T P U l / D M F  : water and TPUB/DMF : 
water systems [Fig. 3 ( a )  and ( b ) ]  . The morphology 
of these membranes consists almost entirely of ma- 
crovoids. Most of them extend from the top to the 
bottom of the membrane where a well-developed 
cellular structure with relatively small cells can be 
found. Macrovoid walls also consist of the cellular 
structure when they become thicker in the lower 
part of the membranes. Turbidity measurements 
(Table I )  show instantaneous onset of turbidity, 
high speed of its increase, and low maximal value. 
Water fluxes through both TPUs membranes are 
relatively small under ultrafiltration conditions 
(Table I ) .  

A completely different morphology is obtained in 
the case of the membrane preparation from the 
PMMA/DMF : water system (Fig. 4 ) ;  it looks al- 
most like a “dense” membrane. But close inspection 
of the SEM micrograph shows some shadows and 
even cavities, holes, and crevices on the matrix 
of the “dense” polymer material. Figure 5 also 
shows the morphology of the PMMA membrane. 
All three micrographs represent the same membrane 
but snapped a t  different magnifications and after 
increasing time of exposure of the membrane to the 
electron beam. As the magnification and the expo- 
sure time increase, the polymer begins to melt and 

interesting bicontinious structure is formed: an in- 
terconnected three-dimensional network of the solid 
polymer and accordingly interconnected caves and 
holes [Fig. 5 ( b )  and c )  1 .  The turbidity phenomena 
of the PMMA/DMF cast solution/(proto) mem- 
brane system are also special: no turbidity appear- 
ance was detected even under the greatest amplifi- 
cation of the turbidity measurement setup; only 
small opaqueness was detected visually. Under the 
ultrafiltration conditions relatively high-water per- 
meability was observed for, on the first sight, 
“dense” PMMA membrane (Table I ) .  

The morphology of the membranes prepared from 
the PA4,6/formic acid : water system [Fig. 6 (  a )  and 
( b ) ]  is somehow akin to  membranes from PMMA: 
a kind of “dense” structure with more expressed 
holes, cavities, and crevices. But besides these re- 
semblances, the polymeric material in the PA4,6 
membranes is accumulating a t  some places into 
globular forms so that the shape of the polymer 
beads can be distinguished. The greatest difference 
between the PMMA and the PA4,6 membranes for- 
mation process concerns the turbidity phenomena: 
the cast solution/ (proto) membrane system does not 
show any turbidity a t  all in the case of PMMA while 
in the case of PA4,6 the turbidity has a slight delay 
(of a few seconds), slow speed of increase, and me- 
dium maximal value (Table I ) .  The PA4,6 mem- 
brane has a quite thick but not very dense skin. Its 
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permeability to water under ultrafiltration condi- 
tions is very high (Table I ) .  

“Composition Paths” and Elementary Processes of 
Membrane Formation Mechanism 

Changes in the composition of the polymer-solvent- 
nonsolvent system produced by mass transfer of a 
nonsolvent into cast solution and of a solvent into 
the coagulation bath during polymeric membrane 
preparation by wet phase inversion can be sche- 
matically represented in the ternary phase diagram 
by a “composition path.” In Figure 7, the ternary 
phase diagram for polymer-solvent-nonsolvent is 
presented. The arrows numbered from 1 to 4 rep- 
resent some distinguishing changes in composition 
of the liquid ternary system. The same numbers are 
attached to the rectangles under the ternary phase 

(4 

(c)  (b) 

Figure 3 SEM micrographs of the cross-section of the 
T P U l  and T P U 2  membranes; (a) 20 wt % TPU1,200 p m ;  
(b) 20 w t  % TPU2,  200 pm. 

Figure 2 SEM micrographs of the cross-sections of the 
PSf membranes; (a) 12.5 wt %, 100 p m ;  (b) 21 wt %, 200 
pm; (c) 30 wt %, 300 pm. 
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Figure 4 
PMMA membrane; 20 wt %, 300 fim. 

S E M  micrographs of the cross-section of the 

diagram where the structures, formed by distin- 
guishing “composition paths,” are schematized; 
hatched areas represent the solid polymer. 

The “composition path 1” means that the con- 
centration of the polymer in the more and more vis- 
cous ternary system is increasing because the out- 
flow of the solvent from the cast solution! (proto) 
membrane system is faster than the inflow of the 
nonsolvent into the same system; the entangled 
polymer molecules solidify by gelation and/or by 
“glass transition” and/or by crystallization into a 
dense, compact structure.21*22 It is clear that a t  such 
“phase transition” there is no turbidity appearance 
because no objects capable to  scatter light are 
formed. It could also be expected that such a dense 
structure is practically impermeable to water under 
ultrafiltration conditions. An analogous “phase 
transition” is taking place a t  the solidification of 
the polymer-rich phase when it is formed by any 
mode of ternary solution decomposition described 
below; but it is not necessary that the mode of so- 
lidification for a given polymer-solvent-nonsolvent 
system should be the same on the both sides of the 
binodal. 

solvent and nonsolvent maSS transfer is analogous 
to  the case of “composition path 1”) means that the 
ternary polymer solution becomes metastable. If the 
concentration fluctuations enable the formation of 

The “composition path 2” ( a  relative speed of (c) 

Figure 5 SEM micrographs of the  cross-sections of the  
PMMA membranes, snaped in time interval; (a) original 
membranes 20 wt %, 300 Fm; (b) after 2 min; (c) after 6 
min. 
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(b) 

Figure 6 SEM micrographs of the cross-sections of the 
PA4,6 membranes; (a) 30 w t  %, 300 pm; (b) another part 
of the same membrane. 

sufficiently big nuclei, with the composition con- 
nected by the tie line to the binodal on the opposite 
side of the miscibility gap, the nuclei of the polymer- 
lean phase can begin to grow. The  phase inversion 
as the process of nucleation and growth of the poly- 
mer-lean phase begins. The nuclei grow until the 
surrounding polymer-rich phase solidifies and a 
more or less developed cellular structure is formed. 
Intensive light scattering and, consequently, tur- 
bidity appear; its speed of increase depends on the 
speed of the nuclei formation, and its intensity de- 
pends on the number and size of the nuclei. In the 
case of interconnected cells, a small resistance to  
water flux can be expected. 

The “composition path 3” means that the ternary 
polymer solution becomes unstable and even small 
concentration fluctuations induce the phase inver- 
sion process. By spinodal demixing of the ternary 

polymer solution the polymer-rich and the polymer- 
lean phases are formed; their compositions are, 
again, determined by tie lines. The fundamental 
characteristic of spinodal demixing is continious and 
gradual change of composition and, consequently, a 
slow growth of the quantity of both phases; they are 
interconnected within themselves and form a three- 
dimensional bicontinious n e t ~ o r k . ~ ’ - ~ ~  As in the 
previous cases, the polymer-rich phase also solidifies 
here by some mode of solidification when the con- 
centration of the polymer increases over certain 
limits. No formation of objects capable of light scat- 
tering is present and, consequently, no turbidity ap- 
pearance a t  all is expected when the decomposition 
of the ternary polymer solution takes place by means 
of spinodal demixing. Because of the inherent in- 
terconnectivity of the polymer-lean phase, which is 
leached out in the subsequent process of membrane 
formation, a great water flux through such spinodal 
polymer structure should be expected. 

The “composition path 4” means that the for- 
mation of the nuclei of the polymer-rich phase in 
the matrix of the polymer-lean phase takes place. 
Only when the concentration of nuclei and the speed 
of their growth are big enough so that the beads 
thus formed stick together, the compact polymer 
membrane is formed; ’’ otherwise, the polymer latex 
is formed. As it is the case with the “composition 

Ns Nonsolvent 

Po Polymer 

SO Solvent 
binodal 

spi nodal 

so 

0 
Figure 7 Ternary phase diagram polymer-solvent-non- 
solvent with directions of distinguished “composition 
paths”; 1-solidification, 2-nucleation and growth of the 
polymer-lean phase, 3-spinodal demixing, 4-nucleation 
and growth of the polymer-rich phase. 
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path 2,” the turbidity appearance also takes place 
because of the light scattering on the formed nuclei. 
The permeation of water through such packed 
structure of the polymer beads is expected to be very 
high. 

Polymeric Membranes Formation Mechanism 

The mechanism of the membrane formation from 
the “pure” CA/acetone : water system is a combi- 
nation of the “composition path 1” and the “com- 
position path 2.7724 After the immersion of the cast 
solution into the coagulation bath, the concentration 
of the polymer in the ternary solution is increased 
because the outward (acetone) mass transfer is 
greater than the inward (water) one. After some 
time, the nuclei of the polymer-lean phase are 
formed; thus, the turbidity appears with some delay. 
During the delay the CA/acetone : water system 
shrinks considerably because the ultimate CA 
membrane is the thinnest among the described ones. 
I t  is very probable that membrane skin will be 
formed during this process. The speed of turbidity 
increase is high because of the abrupt appearing of 
the nuclei of the polymer-lean phase. Its maximal 
value is low because the number of nuclei in a volume 
unit is not high; they also appear only on the upper 
part of the membrane. So the CA membrane has a 
poorly developed cellular structure ( “composition 
path 2”)  , which remains after the leach out of the 
polymer-lean phase. Under ultrafiltration conditions 
there is no water flux through the CA membrane. 

Membranes prepared from the “pure” PSf/DMA 
: water system [Fig. 2 ( a )  - ( c )  ] are formed by mech- 
anism( s )  that we cannot explain into every detail. 
The channels [Fig. 2 ( a )  ] and macrovoids [Fig. 2 ( b )  
and ( c )  ] are the morphological objects, the forma- 
tion of which could not be explained simply by any 
of the previously described “composition paths” or 
their combination. Some other  effect^^^,^' like the 
intrusion of the nonsolvent, 37938 the coalescence of 
nuclei of a polymer-lean phase, 1 7 s a 5  and Marangoni’s 
effects,’4,’fi,23 to mention just some of them, are 
probably operative either alone or as a combination 
during the formation of the membranes from the 
PSf/DMA : water system. The turbidity phenomena 
appearing during this membrane formation process 
have a clear explanation in their morphology: the 
nucleation and growth of the polymer-lean phase 
(“composition path 2”) starts immediately after the 
immersion of the cast solution and the turbidity on- 
set occurs instantaneously; very quick appearance 
of nuclei is responsible for the high speed of turbidity 
increase, and a very large nuclei population is re- 

sponsible for the high maximal value of turbidity. 
The nucleation and growth process is stopped by 
the solidification of the surrounding polymer-rich 
phase. These processes are reflected in a very well- 
developed cellular structure that remains after the 
leach out of the polymer-lean phase. The perme- 
ability to water under ultrafiltration conditions is 
extremely high for the membrane with a channel 
structure [Fig. 2 ( a )  ] and vanishes in the case of 
membranes with macrovoids [Fig. 2 ( b )  and c )  ] ; it 
is evident that the upper layer of the membrane (the 
skin) and/or the absence of the cell’s interconnec- 
tivity are responsible for no water permeability. 

The excellent “wholly macrovoid membranes” are 
prepared from both TPU/DMF : water systems 
[Fig. 3 ( a )  and ( b ) ] .  The study of formation of 
membranes with such well-shaped macrovoids, es- 
pecially in the case of the polyether type of T P U  
[Fig. 3 ( b )  1 ,  can serve for an explanation of the 
macrovoid formation mechanism( s ) . The turbidity 
phenomena appearing during the TPUs membrane 
formation are in some aspects akin to those of the 
PSf and those of the CA membranes: the onset is 
instantaneous and the speed of increase is high; its 
maximal value is low. The immediate and abrupt 
formation of a large number of nuclei of the polymer- 
lean phase is the reason for the instantaneous ap- 
pearance of turbidity, for its high speed of increase, 
and for a large number of very small cells; the reason 
for the low maximal turbidity is the fact that the 
part of the membrane with a cellular structure is 
very small. In spite of the “wholly macrovoid struc- 
ture,” which suggests great permeability possibili- 
ties, the TPUs membranes allowed a relatively low 
water flux under ultrafiltration conditions; this is a 
further evidence that the skin of the membrane is 
decisive for its permeability. 

Membranes prepared from the PMMA/DMF : 
water system [Figs. 4 and 5 ( a )  ] have a completely 
different morphology. We believe that the formation 
of such a structure is a consequence of the spinodal 
demixing of the ternary polymer solution (“com- 
position path 3”) with the subsequent solidification 
of the polymer-rich phase. An evidence for the spi- 
nodal decomposition is also a complete absence of 
turbidity phenomena during the PMMA membrane 
formation process. A relatively high water flux under 
ultrafiltration conditions through such a morpho- 
logically “dense” membrane suggests also the inter- 
connectivity of the cavities remaining after the leach 
out of the polymer-lean phase; due to  the spinodal 
demixing, the polymer-lean phase as well as the 
polymer-rich phase are interconnected into a three- 
dimensional bicontinious network. The further ev- 
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idence for such a statement is given in Figure 5 ( a ) ,  
( b ) ,  and ( c )  . In Figure 5 ( a ) ,  the morphology of the 
PMMA membrane is presented; by a further mag- 
nification [ Fig. 5 ( b  ) and ( c  ) ] the electron beam in- 
teracts with the gilded membrane so strongly that  
the heat effects begin to  melt the polymer; the thin- 
nest and finest parts of the continuous solidified 
polymer-rich phase began to  melt and by surface 
decreasing coalesce on the thicker and massiver 
parts of the continuous solidified polymer-rich 
phase. So the altering of the original structure of 
the PMMA membrane is small and the SEM mi- 
crographs strongly reveal its original spinodal 
structure. The formed pattern excellently fits the 
theoretically predicted pattern for spinodal de- 
m i ~ i n g . ~ ‘ , ~ ~  

The morphology of the membrane, prepared from 
the PA4,6/formic acid : water system also suggests 
the spinodal demixing of the ternary polymer so- 
lution. But the turbidity phenomena are contestable: 
a slight delay (of a few seconds) of the onset, slow 
speed of the turbidity increase, and the medium 
maximal value of turbidity are their main charac- 
teristics. Some relatively slow nucleation and growth 
process takes place during the PA4,6 membrane 
formation process. The morphology of the mem- 
brane with poorly developed polymer globules 
(beads) and a slow nucleation process [mass trans- 
port of the polymer (segments) is expected to  be a 
slower process than the mass transport of the solvent 
and nonsolvent] suggest the demixing of the ternary 
polymer solution by the nucleation and growth of 
the polymer-rich phase. Thus, the formation mech- 
anism of the PA4,6 membrane is a combination of 
the spinodal demixing (“composition path 3 ” ) ,  
nucleation and growth of the polymer-rich phase 
(“composition path 4” ) and a subsequent solidifi- 
cation of the polymer-rich phase. The very high wa- 
ter flux through the PA4,6 membrane could be an 
auxiliary evidence for the proposed decomposition 
of the ternary polymer solution by above proposed 
mechanism. 

CONCLUSION 

The morphology of membranes prepared by the wet 
phase inversion reflects the mechanism of their for- 
mation: the nucleation and growth process of the 
polymer-lean and also polymer-rich phase, the pro- 
cess of spinodal demixing of the polymer-solvent- 
nonsolvent ternary system, and the process of so- 
lidification of the concentrated polymer solution 
( gelation and/or “glass transition” and/or  crystal- 

lization) are clearly represented in SEM micro- 
graphs. 

A poorly or well-developed cellular structure in 
the CA, PSf, and TPUs membranes reflects the 
polymer-lean phase nucleation and growth; the pro- 
cess of growth is stopped by the solidification of the 
surrounding polymer-rich phase and accomplished 
by a subsequent leach out of the polymer-lean phase 
from the cells. A “dense” structure of the PMMA 
membranes with some cavities, holes, and crevices 
in their polymer matrix (bicontionious structure) 
reflects the spinodal demixing with further solidi- 
fication of the interconnected network of the poly- 
mer-rich phase. In the case of the PA4,6 membranes, 
an agglomerated polymer, much alike to beads, re- 
flects the polymer-rich phase nucleation, growth, 
and solidification in the “background” of spinodal 
demixing. 

These processes also reflect the turbidity phe- 
nomena occurring during the membrane formation 
by a wet phase inversion process: the nucleation and 
growth of any phase is always accompanied by a 
substantial increase in turbidity of the cast solution / 
(proto) membrane system, while due to the spinodal 
demixing of the system, there is practically no ap- 
pearance of turbidity. The delayed or instantaneous 
onset of turbidity is reflected in the thickness of the 
membrane and in the poorly or well-developed cel- 
lular structure; the speed of turbidity increase re- 
flects the mass transport of polymer (segments) or 
solvent and nonsolvent during the nucleation and 
growth of the polymer-rich or polymer-lean phase, 
respectively; and its maximal value reflects the 
poorly or well-developed cellular and beads structure. 

The formation of channels and especially macro- 
voids as prominent morphological features of PSf 
and TPUs membranes takes place by a mechanism 
that we cannot explain. 

It is not suitable to predict the permeability of 
membranes for water from their morphology; it de- 
pends to a large degree on the uppermost part of the 
membrane-its skin-which is usually so thin that 
SEM micrographs revealing the whole cross-section 
of the membranes could not show details important 
for the membrane permeability. But relatively high 
water permeabilities of membranes from PMMA 
and from PA4,6 should reveal their formation by 
spinodal demixing ( bicontinious structure) and by 
nucleation and growth of polymer-rich phase 
(packed beads), respectively. 

The authors wish to express their gratitude to Prof. Dr. 
A. Kriiman for making accessible the SEM in his labo- 
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ratory and to T .  BonEina for her excellent and patient 
work on our membranes. 
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