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" R.M. Boom, Th.  van  den Boomgaard, C.A. Srnolders . 

- *  

Membranes for separation purposes 
. " .  

Biological  membranes are the most  essential part of living  creatures.  They 
form  a  wall  between  different parts within  the  living cell or between  the 
cell's  contents  and its exterior.  Although  one of their  functions  is  profection 
of their  contents,  the  most  important  property is their  selective  permeability 
of some of the  components in the  environment.  to  the  cell, and vice  versa.. 
By these  exchange  processes, the organism  can  be supplied with  nutrients 
and oxygen, and can excrete' waste  products.  Moreover,  these  exchange 
processes  enable  communications  between  different  cells, by exchange of 
hormones and other molecdes, which  made  the  development  possible  of 
complex  life  forms. 
Scientists and workers in industry quite often  encounter the problem 'Öf 
separating  a  mixture in its  components,  or in different  new  mixtures.- Most 
of the processes  necessary in the  chemical industry are merely separstion 
procedures  (eg.,  distillation,  extraction,  adsorption).  The  majority of the 
separations that are necessary'  can in principle also be  carried out by  using 
artificial  membranes. 

Table l :  Some membrane separation processes  arranged  accordiptg to the  mecha- 
nism of separation. AfteT MuldeVl. 

separation mechanism membrane separation process 

particle  size  filtration, rnicrofi~trati~n, 

solubilify/diffusivify reverse Osmosis, gas separation, prnaporation 
vapr  pressure membrane distillation,  pervaporation 
affinify,  (reversible) reaction tiquid membranes, affinity  filtrafion 
charge elecfrodialysis, piezOaiazysis 
femperafure fhemzal osmosis 

ultrafiltration,  dialysis 

- 1 -  



The principle of separation via  artificial,  synthetic  membranes has since 
long b e n  recognized.  The  practical  application  was  limited  to dassicd filtra- 
t i ~ m  (filtration of water,  cake  filtration). 
Nowadays, membrane filtration is applied to almost every separation 
problem,  based on a wide variety of separation  mechanisms- A short sum- 
m q  is given in table I. 
As appears from table I, the  possibilities to achieve separation with mem- 
brmes are diverse.  The  synthetic  membranes  necessary for these  separation 
processes c m  be roughly divided into dense membranes and porous mem- 
brmes* 

Dense mmbrines' 
To achieve separation on a molecular scde a dense  membrane is required. 
At &e feed side, the components  dissolve in the membrane  matrix; an 
actidty gradient inside  the  membrane  causes  diffusive  fransport  towards the 
other side of the membrane, where the components leave the membrane 
and enter the permeate  compartment.  Separation  results ~I=QIII differences in 
the  solubility of the  components into the membrane  matrixr and merences 
in velocities of diffusion  through the membrane.  The  separation  properties 
are grsperties of the membrane material, and not of the structure of f.he 
membrane. 
This mechanism is  conveniently  called  the  'solution-diffusion'  mechanism. 
Membranes failing into this category are suitable for gas separation 
(separákiona of e.g. acid gases from natural gas) and pervaporation 
(dehydration of ethanol, acetic  acid;  removal of ethmoI from a fermentation 
product). The desahation of sea  water  (reverse osmosis) is performed with 
membrmes  that  are in prinapk dense as w d .  

PQ70W ?l%3T&l%Z%?S 

Por &e retention of larger  particlesi  porous  membranes  can be used. As m 
example, a feed  containing  macromolecules  (e.g.  proteins) is contacted  with 
a  membrane that contains  small  pores.  The  particles to be separated (the 
macromolecules) are withheld  from flowing through the pores; the solution 
itaself can flow through the pores. The reason that the particles cannot freely 
enter the pores is their  geometric  size, although interaction with the pore 
w a s  may also be of importance. 
h this case the properties of the membrane are also dependent on the 
structure of a e  memtmne, together WÏ& the intrinsic grsper~es of &e 
membrane  material. 
§eparation. d larger particles (e.g. I I I ~ C X P O ~ ~ ~ ~ ~ ~ I I E )  usually  proceeds accor- 
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ding to the same mechanism. 
Depending on the  typical  size of the  pores in the  selective  layer,  the  filtration 
process is called  'nanofiltration'  (pores  between 1-10 nm ), 'ultrafiltration' (5 
- 50 nm)  or  'microfiltration' (> 50 xim). 

Other membranes 
The distinction  between  dense and porous  membranes  is not very  discrete. 
Membranes  for  dialysis  purposes  or  for  reverse  osmosis  usually  consist of a 
material that swells  considerably in the  feed  (e.g.  .water).  The  membrane 
structure during the separation  process  then  consists  for  a  considerable part 
of volum&  that is filled  with the feed.  Membranes  for  dialysis  purposes  can 
easily  consist  for 50 % of its volume of water.  This  volume  may  be  called 
pore  volume,  although  the  membrane  matrix  does  not  contain A y  distinct 
pores. 
A special  class of dense  membranes are the  liquid  membranes. .In this case a 
layer of liquid  now  separates  the  feed and the  permeate  side;  the  transport.is 
by dissolution and diffusion in the  liquid.  This liquid may  for  instance be 
immobilized in a porous  support. 

Membranes with a non-uniform structure 
Since  the  properties of dense  membranes  are  determined by the intrinsic 
properties of the material, it is desirable  that the membranes  ?e  as  thin as 
possible.  In  this this way  the  selectivity  is  preserved  while  the flux through 
the  membrane  is  optimized. A disadvantage of a  very  thin  membrane  is  that 
it has  little  mechanical  strength,  and  therefore  its  applicability is limited. A 
common  way  to deal with  this  problem  is  fixing  a  very thin dense mem- 
brane on top of a porous  support. Since  this support is porous, its resistance 
for  transport of the  permeants  is  negligible  compared  to  the  resistance  in  the 
thin membrane on top  (the  'toplayer'),  while it-lends sufficient  mechanical 
stability  to the membrane.  This type of membrane  is  called  a  composite 
.membrane. 

Not -only dense,  membranes  can  benefit  from  a  non-uniform structure (an 
asymmetric structure, i.e. a thin selective  layer and a porous support). A 
membrane  consisting of a  thin  toplayer  with  small  pores, and a  sublayer 
containing  much larger pores  can have the  selectivity  belonging .to the 
toplayer,  combined  with  a  high  permeate flm. - .  

. Since  asymmetric  membrane structures are desirable  over  symmetric  mem- 
brane structures, almost all  ,practically applied. membranes  used  show an 
asymmetric  structure.  This  may go further than  was  explained  above- For 



the preparation of composite  membranes  (a support with on top a &Eerent 
membrane material)f e.g. for gas separation Or pervaporation, tnsually 
porous, asymmetric supporting membranes are used. Small pores in the 
surface of the support enable the toplayer to be ultra-thin; the sublayer with 
the larger pores  gives strength to the toplayer while not contributing to the 
permeation  resistance. 

Trak-etchixg 
Track-etchïng,  exposure of a polymer film to a beam of EgMy energetic 
partides, and etching of the  created  particle tra&, is a  technique to obtain 
mabrmes with a uniform pore size. Qdy membranes for laboratory use 
are prepared in this way. 
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Template  leaching 
Template  leaching is a  technique in which first a  certain  heterogeneous 
structure is induced  in  a  certain  medium (e.g.  by  demixing),  after  which one 
of the  components  is  removed by leaching.  This  process is applied in the 
preparation of porous  glass  membranes- . , 

Coating of membranes 
The  coating of existing  (porous)  membranes is the usual way  to prepare 
composite  membranes. A usually  asymmetric, porous membrane  is  taken. 
On  top of this membrane  a thin layer of a  solution of a  polymer is deposited. 
A composite  membrane  results,  with  separation  characteristics  belonging  to 
the thin  toplayer. 
A second  possibility is coating  by  a  nonselective  polymer, instead’ of by a 
highly  selective  material. An asymmetric  membrane, with a- toplayer that 
contains  very  few  small  pores  will  not  show  any  selectivity  for gas sepa- 
ration,  since  the  convective  flow  through  the  few  pores  dominates  the dif- 
fusive transport through the rest of the  toplayer.  Plugging  these  pores  by 
coating the membrane with a  nonselective,  highly  permeable, material 
results in a  selectivity  which is practically the intrinsic selectivity  ,of. the 
sublayer  material. 

Interfacial  Polymerization . . .  . ,  . ” 

An alternative  method  to  coat  a .porous membrane  is  by  filling the pores of 
the membrane  with  a  liquid  that  contains  a  reactant  which  can,  re&  with  a 
second  reactant in a  bath, in which the membrane is immersed.  At ]the 
interface  between  the  two  phases  [the  liquid in the  pores and the bath) the 
reactants  can  form  a  polymer (e.g., a polyamide). A layer of this  polymer 
(inside  the  pores,  or on top of the  membrane,  depending on the reaction 
mechanism)  can  act  as  a  selective  layer. 

Phase  Inversion I . .  B ,  

In several of the previously discussed preparation techniques  a porous 
membrane is used. as a starting  material  (coating,  interfacial  polymerization), 
mostly of asymmetric  structure.  Phase  inversion .is the  common  technique 
to prepare the  asymmetric’  precursors  for  other  preparation  techniques- 
The  process of phase inversiipn, however,-is so flexible, that with this tech- 

. nique also integrally  skinned  membranes  can  be  formed. that. have  highly 
selective  toplayers  (either  absolutely  nonporous,  or  with  a  well  controlled 
pore  size) , and  an  open,  porous  sublayer, in one  single  operation. 
The  phase  inversion  processes4  (a  term  introduced  by  Kesting5)  can  yield  a 

. .  . 
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- preupitafin by solvent  evaporation 
- precipitation kom the  vapor phase 
- precipitation by controlled  evaporation 
- thema% precipitation 
- immersion precipitation 

Precipitation by solvent  evaporation  is  the most simple process: the solvent 
in a polymer solution is dowed to evaporate, and a homogeneous polymer 
f h  results. This is the  same  process that is used  for the preparation of a 
toplayer for a- composite  membrane. 
Precipitation from the vapor ‘phase is employed  by indi8fusisna. of nonsol- 
vent &om a vapor above a film of the polymer  solution, resulting  in 
demixing into a porous  structure. 
Related to this process  is  the  controlled  evaporation  process.  The  poIymer. is 
dissolved in a mixture of a volatile  solvent and a less volaue nonsolvent- 
The  solvent is preferentially  evaporated.  The  remaining nonsolvat causes 
the solution to demix. 
Thermal precipitation is‘ effectuated by” quenching a polymer S Q ~ U ~ ~ O I I  to a 
temperature at which the  solution is not  stable anymore, resulting in 
demixhg into a porous  membrane  structure. 
h e r s i o n  precipitation  consists of contacting a polymer solution with a 
Hquid bath that contains  nonsolvent.  Exchange of solvent arpd nonsolvent 
results in instability of the polymer solution  which demixes into a structure 
&at is wudy asymmetric. 

Demixing of a polymer solution, resulting  in  an asymmetric  membrane 
structure, is determined by  the  thermodynamic  properties of a polymer in 
combination with a solvent and a nonsolvent. The demixhg phenomena 
are induced by Ishetic (mostly diffusion) processes. 
Therefore two aspects of immersion  precipitation are of utmost  importance: 

-6 -  



Chapter I :  Introduction 

In order to understand the  immersion  precipitation  process, a thorough 
understanding of both aspects is necessary. 

1. Equilibrium thermodynamics 

h e  preparation d membranes  by  phase  inversion is always connected with 
the presence of a ránge of compositions  in  which  a  solution  is not stable but 
has a driving force  to  demix. Figure 1 shows  a  typical,,  schematic  phase dia- 
grani of a  ternary  system  consisting of polymer,  solvent and~~onsolvent for 
the polymer. This is the  basic  system  to  perform  immersion  precipitation. 

. .  

polymer 

Glassy state. 

Glass transition- 

Crystallization 
of the polymer 

Figure I :  A schematic  phase  diagram  typical of a ternay membrane forming sys- 
tem,  consisting of polymer, solvent and nonsolvent for the polymer. The liquid- 
liquid demixing gap  is  always  present;  the  region in which crystallization of the 
polymer  can  occur  is  not  always  present. During immersion  Precipitation,  composi- 
tions ia a polymer solution become  richer in nonsolvent, and enter  the  liquid-liquid 
demixing gap. The resulting  demixing  causes'an asymmetric porous  membrane 
structure to be formed. The  polymer  rich  phase (t& memhane  matrix) solidifies 
when it crosses  the  glass transition, or gels,  which  may be  connected with c1 cys-  
tallizition region; 

Since. the .developmen€ òf 'the.  Flory-Huggins  .tlieory6,7,  the  description of 
equilibrium  thermodynamics in polymer  solutions  has  developed in many 
directions.  The  Flory-Huggins.  theory  still is mainly  used  for  the  description 
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of the &ernodynamics of a membrane  forming  system, since it of6ers a 
relatively simple, easily  understood  approach. 
HSLI and Prausnit&  gave a comprehensive study on the  thermodynamics of 
ternary systems, based on the Flory-Huggins approach, They used 
composition dependent interaction  parameters  (which is usudIy cded. the 
'modified' l3ory-Huggj.m approach) and were  able in this way to describe  the 
demixing gap in a more  or  less  accurate  manner.  Their approach was to 
compute t.he differences in chemical potential  between  the two p h ~ &  Por all 
cqmponents, md minimize the square of the s.um of the Merences. To 
avoid trivial sohticns (in which both phases  have  the  same c o ~ ~ ~ p ~ s i t i ~ ~ ~ )  
they had to assume a penalty feuaction, more or less of arbitmry'fomp and 
had t6 s d e  the vohne fractions to achieve  convergence. 
They found that  the  polydispersity of the polymer could be neglected for 
compositions  not km close to the  critical point. 
The interaction  parameter  between solvent and nonsolvent  appeared to be 
an important parameter.  The results were  less sensitive t6 the other 
interaction  parameters. 
Altna and Smoldersg were  abIe to avoid the computationd complications 
by a somewhat  better  numerical  procedure.  They  gave a thorough  overview 
of the  dependence of the demixing  gap on the interaction  parameters and 
the wolecda weights* 
Altena and Snaolders also investigated demixing ,by p a p e r  crystalli- 
zation*o. E appears  that  most  characteristics of tple membrane  morpImIsges 
are caused by fiq.arid-Piquid demixing Filthough crystallization may have a 
large effect on certain properties (e.g. gas perwezibility), Eq~~X-Equid 
demixing is Itpace most important membrane forming process. h this work 
we. will ody consider liquid-liquid phase  separation,  by us 
crystdizable polpers. 

c 

2. Kinhis 

h recent years,  many authors have -investigated the difhsional mass 
transfër d d g  the  immersion  precipitation  processIl-*T. 
Cohen, Tmny and Prager*?  were the first to treat  the di€hsion of solvent 
and nonsoIvent in a comprehensive  way, on the basis of irreversible  &er- . .  

na<sdpa.mics; they treated  several systems, eg. ,ceIIulose.acetate dissolved in 
variorus solvents, coagulated wÏth water, and poIystyrene in tohene, 
coagulated h ethanol- WijmanSI2  showed that the derivation of their 

-8 - 
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model  was not entirely  correct.  This  was  1ater.confirmed  by  other  authors22. 
Reuvers and Smolders. et aZ.13,14 modified  -the  equations  by  Cohen e t  alill 
to a truly  ternary  case;  they were able to construct ab more  advanced  model, 
based on the.  Maxwell-Stefan approachl5. With  their  mass  transfer  model 
applied to cellulose  acetate,  various  solvents and water,  the  two  types of 
experimentally  observed  immersion  precipitation  processes  (instantaneous 
vs.  delayed  demixing).  could  be explained,in  terms of mass  transfer  processes. 
The transition  from  instantaneous to delay of demixing  could  be  accurately 
predicted  from  these  calculations. . 

Radovanovic et aZ.16-17 used the model  by  Reuvers  for the system 
polysulfone - DMAc - i-propanol.  The  dependencies of the  transition  from 
instantaneous to delay of demixing  on  the  system  parameters (e.g.  polymer 
concentration)  were  evaluated. The system could  be  divided into compo- 
sition regions where demixing is proceeding either according to an 
instantaneous  demixing  regime  or  according to a  delayed  demixing  regime. 
Kimmerlel8 developed  a  model  that  also  incorporated  the  demixing  itself, 
thus attempting to describe  the  complete  demixing  process. 
Reuvers'  model, which has  generally  become  more  or  less  a  standard,  was 
based on the  assumption that during some  .time, the composition at the 
interface  between  the  polymer  solution  and  the  coagulation  bath  is  constant. 
Disagreement  exists  on  the  gravity of this assumption. 
Dissatisfied  by  the  assumption,  Yilmaz,  Tsay and McHugh19-23  developed a 
more  complete  model  for  the  mass  transfer,  which is essentially a less fur- 
ther  simplified  version of the  model  by  Reuvers and Smolders.  Although 
Reuvers and Smolders  were  able to predict the transition from instanta- 
neous to delay of demixing  accurately,  their  simplification in the  model 
made  accurate  prediction of the length of the  delay  time  not  possible.  With 
the  model  by McHugh and coworkers, it became  possible to obtain  accurate 
prediction on the  delay time.  Some irregularities  in  their  results,  however, 
(large  sensitivity on  input parameters,  unexpected.behavior of the  polymer 
concentration at the  interface)  show  that  their  model  is  still  not  completely 
reliable. In combination  with  coming and available  experimental  data,  this 
model  may  give  significant  contributions to our knowledge of immersion 
precipitation  for  ternary  membrane  forming  systems. 
Their  model is already quite complicated  (and  computationally  intensive) 
for  a  ternary  membrane  forming  system. In our  opinion,  the  extension to a 
quaternary  system  would  not  be  realistic,  and  for a qualitative  analysis it 
would not be necessary. 
To our knowledge, it has not yet 'been tried to model  mass  transfer .in a 
quaternary membrane  forming  system. We shall  therefore  focus on the 



approach  by Reuvers and Smolders, and modify this approach to a 
quaternary case, since this approach combines in our 0pi16on adequate 
mod&g possibilities with a minimum amount of computational effort. 

Membranes formed by  immersion  precipitation  have as general  features: 

- an asymmetric  structure  (toplayer  and  sublayer with Merent 
porosities and pore sizes) 

- two demixirag regimes OCCUT: deluyed dm&ing, in which onPy 
after a significant  time &er immersion  the solution starts to 

and instantaneous dmixiazg, during which t.he poIymer 
sohtion immediately starts to demix after immersion 

thickness of the  membrane.  Reuvers  observed  that  their 
appearance  is  connected to the  mechanism of instantaneous 

- large, conid  voids,  called  macrovoids, often across €he complete 

demixing 
- o c c ~ e n c e  of nodular  structures in the  toplayer of the 

membrhes  (m~stly with instantaneous demixing) 

The  asymmetric structures result  from the ratio  between solvent outclif- 
fusion and nonsolvent indiffusion into the p o l p e r  soIution.  This  was 
readily shown by the  mass  transfer  model  by Cohen et al. l1 
The two demixing  regimes  (delayed or instantaneous) foIIowed from the 
mass transfer model by  Reuvers and SrnoIders13114.  They found &at which 
process takes place is determined  mainly by the interaction between the 
solvent anad &e nonsolvent, and by  the  nonsolvent C Q ~ C C T L ~ ~ ~ ~ O ~  in the 
bath. They were  abIe to expIain the  different membrane properties  obtained 
with both regimes. 
With the same model,  Eadovanovie et ~2.16817 could further characterize 
the membrane forming properties, obtaining excellent agreement with 

The appearance of macrovoids  has  been  the  subject of extensive  research. 
M a t ~ 2 4 ~  Stevens25,  Frommer26, Ray27. and other investigators suggested 
that surface tension  or  concentration gradients could induce convective 
m~tion near the  interface.  These  convective  cells ander the  toplayer  could 
then induce the formation of macrovoids, or give rise to locd activity 

experiments. 



gradients that might  induce  the  formation of voids. 
Other authors22,23,28,29  proposed that mechanical  stresses induce the 
formation of macrovoids. These, irregularities or small ruptures  at the 
interface  could  induce  a  local  rapid  inflow o€ nonsolvent,  which  is  followed 
by the rapid .growth of nonsolvent  fingers the low  viscosity  polymer 
solution beneath the toplayer. In our opinion, a. high  concentration of 
nonsolvent  beneath the toplayer should result in a rapid demixing and 
fixation of the  polymer  phase,  resulting in a  cessation of any  outgrowth of a 
pore. It is not clear what  would  then  induce  the  rapid  growth of the  voids. 
Gröbe30 and Broens et aZ.31 suggested that macrovoids are formed  by 
anomalous  growth of nuclei,  because  the  influx of nonsolvent  is so small, 
that the  growth of -the macrovoid  can  keep  pace with the  phase  separation 
induced by the  nonsolvent. 
Reuvers32 and Smolders et  aZ.33 were  able to relate  the  mechanism  sugges- 
ted  by  Gröbe to the mass  transfer  model  by  Reuvers.  They  reasoned  that 
under  the  toplayer,  locally  nuclei  could  be  created that contain  quite  a  high 
solvent  concentration. This, could induce local  delay of demixing,  which 
keeps the solution  around  the  nucleus  stable  while  the  nucleus  is  growing. 
Since the solution  remains  stable,  no  new  nuclei  deeper in the  membrane 
are  formed and the  nucleus  can  grow  until  another  process stops the  growth 
process. In our  opinion,  the  experimental data available  appear to point 
clearly to the  mechanism  by  Gröbe,  Reuvers and Smolders. 

. .  

The nodular structures often  obtained in toplayers  of  ultrafiltration mem- 
branes are still  under  extensive  investigation;  we  will not focus on these 
structures in this  thesis. 

.Quaternary systems with € y 0  polymers 

Immersion  precipitation  in  its  basic  form  is  .carried out with  a  polymer, a 
,solvent and a  nonsolvent  for-  the po1ym.w.  By, adding a  second  polymer to 
the  casting  solution,  completely  other  membrane  structures  can be  achieved. 
The  best-known  example of these  systems  is.  the  use of poly(viny1  pyrro- 
lidone), a water-soluble  polymer,  in  solutions of, polysulfone, .polyether- 
sulfone or poly(ether  imide).  Several authors have contributed to this 
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Characteristics of these  membranes,  compared to membranes from ternary 
systems are: 

higher porosity, and a resulting higher permeability 
well interconnected  pores 
suppression of macrovoid  formation 
surface  properties that are different fiom the properties of the pure 
membrane  forming polymer 
nodular structures are often more prominent 

n ~ m a l  circumstances 
aration membranes can riot be made from SU& systems under 

- re 'P shows the difference betw- membranes from a ternary system, 
a membrane  from  the  same  system with poly(viny1  pyrrolidone) added 

The  differences can not be  understood frsm the theories-  existing  for  ternary 
membrane forming systems, since the nature of these quaternary systems is 
frPndmentalPy  different. This fundamental  difference  is fhe presence of two 
polymers within the same soPution. Polymer blends usmdl[y show a 
behavior that is quite different from mixtures of low molecular weight 
components.  Especially  the  mutual  movement ~f the moIecdes of the two 
polpers in a concentrated solution (e.g. 35 wt% total polymer) is not only 
according to a completely  different  mechanism  (reptation) compared to 
mobilitïes with respect to IOW mokcdar weight  components, but is d s s  
proceeding QIL a completely  different time s d e .  These  differencesr  together 
with differences in thermodynamics, cause the Cka s in structurer as d 
be S ~ Q W  in this thesis. 

t.ca the polper  soPution. 

The investigation of the mechanism of membrane formation from a 
quaternary system with two polpers so far is limited to a few  authors. 
Cabasso3536,39  suggested  that  the  impossibility to form dense gas separation 
membranes froin a solution containing P W  resulted from microphase 
demixing between the two poPpers. He did not say what the  reason  was  for 
this phase  separation, while the ~ W Q  polymers investigated by him 
(polysulfone atad poIy(viny1 pyrrolidone)) are reported to be completely 
miscible. 
Roesi&* has studied the systek poPy(e&er imide) - goIy(viny1 pyrroli- 
done) - N" - water  more  extensively- . . 
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Chapter Z: Introduction 

Figure la: Typical  membrane  structures: (a) 20 weight% PES in NMP, coagulateá 
in water, (b) 20 weight% PES in NMP, coagulated in 80 wt% NMP120 wt% 
water,  and (c) 20 wt% PES and 10 wt% PVP in NMP, coagulated in water- 

Figure Ib: Details of the pore structure of a  typical  membrane structure obtained 
without  (a) and with PVP in the  polymer  solutions (b). 
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He found some unexpected  results: 

- a solution with P W  needs less water to become turbid than a 
solution without P W  (the cloudpoint is situated at lower water 
concentrations) 

- PW sti l l  remains for a part in the Pm rich phase,  dthougltr it . 

measurements  were confined to compositions near the critkd 
. . preferentially is transferred to the PE1 lean phase. His 

paint- 
- From glass transition temperature  measurements, a strong- 

interaction between PE1 and P W  was found, a somewhat 
smaller @ut still very  good)  interaction between PES ancl P W  
ancl a very strong interaction  between  polyimide  and PW.. 

- P W  sPows d o m  the  demixing  process during immersion 
precipitation, as was  observed  by  measuring  turbidity 0f the 
forming membrane as a function of time d h g  immersion. 

- A considerable  fraction of P W  sti l l  remained in the €hal . 

membraner  even after extensive  rinsing  procedures. 

Roesink  concluded  from the first and second point that PW should be 
considered to be a nonsolvent for PEL This is in contradiction with the 
findirag of a strong interaction between the polymers. 
From the kinetic results it was  concluded that the P W  causes the &Emion 
rates  in the solution to decrease, and PW only very  slowly leaches out of the 
membraner although there is a definite driving f0rce (see  also chapter 2 of 
this 
The very open structure of the membranes  was  explained  by  a  me&anism 
by which during the immersion step closed  ceIls are created.  The was h 
between &e dosed cells are  destroyed by drying or by another after-treait- 
ment. He showed that membranes still swollen with water had a much 
Iower  interconnectivity of the pores. The methanism  that caused the PW to 
form these fragile walls,  however,  was not completely  clear. 

The immersion  process  from a ternary system consisting of polper, SOP- 
vent and nonsolvent has already been adequately  studied, md the under- 
standing of this process is considerabpe  nowadays. 
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Chapfer Z: Introducfion 

From the  earlier  paragraphs it is  clear that  a  systematic  study of the  effects of 
the addition of a  fourth,  polymeric,  component to the  membrane  forming 
system  is  necessary in order to obtain  insight  in  the  membrane  forming 
processes  that  play  a  role,  both  concerning  the  equilibrium  thermodynamic 
behavior and' the  kinetic  (diffusional)  aspects. 
In this thesis  the  fundamental  properties  and  phenomena  that  are  typical  of 
quaternary  membrane  forming  systems are studied. Due to the  complexity  of 
quaternary  systems,  the  thermodynamic  and  kinetic  findings  are  related to 
results  obtained  with only two  model  systems,  one  consisting of PES, PVP, 
N M P  and  water, and the  other PES,  PS, NMP and water.  Figure 2 gives  the 
structure formulae of the  chemicals  used. 

Ft43 

r l 

Figure 2: Structure formulae of the materials used in  this thesis: (a) n-methyl 
pyrrolidone or NMP, (b) poly(viny1 pyrrolidone) or PVP, (c) poZy(styrene), (d)  
poly(ether  sulfone) or PES. I 

In Chapter 2 the  equilibrium  thermodynamics,  which  form  the  basis  of  the 
membrane  formation itself, are discussed.  Using  the  Flory-Huggins  theory, 
the  properties of the quaternary solutions are investigated. Some of the 
properties found by Roesink38 follow directly  from  the  calculations.  The 
influence of the  various  system  variables  (interaction  parameters,  molecular 
weights)  is  studied. 

'In 'Chapter 3 the  mass  transfer during the first moments of immersion is 
discussed; Òn the  basis of the  model  by  Reuvers et al. a  quaternary  model is 
derived;  for short times this model  is  independent of the  assumption  made 
by  Reuvers  that  the  compositions at the  interface  should  remain  constant. 
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From the very nature of the solutions,  and  the  mobility  between h e  two 
polymers,  the  thermodynamics  appear to be quite different for the first 
na~menti of i~nmersion, compared t0 the ternary system.  These &mges are 
hvestigatedT and the resdts are coupled to the mass tpmfes modd. 

Hn Chpfer- 4, a thorough phenomenological study of the system PES-PW- 
NMP-water is presented.  The  role of P W  ira membrane  dormafion is c l~sdy  
studied, f n ~ m  which it appears that its  role is far more complex than only 
the effects  mentioned  before. The relation of the h & g s  with chapters 2 
and 3 is discussedo A hypothesis  describing the demixing me&mism is 
presentedp  based on the model  calculations  from  chapter 3. The suppression 
of macrov~ids is connected 6th the muUd immobility of the polymers. 
Reappearance of macrovoids in membranes that  are  more slowly coagulated 
confirn this model; structures formed at extreme  conditions are another 
confirnation of &e model. 

h Chapter 6, the het ics  of nucleation and nudeus growth is investigated 
by means of %i&t scattering experiments. From an Avrami-type  approach, 
the possible me&&ms of nucleation can be  found. 
A relation is derived that describes fie dependence of the demixing 
behavim (nucleation and nucleus growth) as a b c t i ~ n  of the supercoohg. 
The number of nuclei (of the  newly  formed  phase)  appears to be comt&, 
regardless of demixing time or supercoolÏng. This points to two possibler 
di€€erent nudeation mechanisms- Both mechanisms imply that the nudei 
themselves are already  present h the polper s~ l~ t ion .  
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Chapfer l: lnfrod~~fion 

In  the First Appendix of this Thesis, a first experimental approach based on 
chapter 3 is shown. The  appearance of macrovoids in the system PES-PW- 
NMP-water is related  to  the  mass  transfer  model  from  chapter 3. Some  ideas 
are presented' on the  formation of nodules in the  toplayer of membranes. 

In the Second Appendix of this Thesis, a relation  is  presented that describes 
cloudpoint lines in ternary  membrane  forming  systerns.as a function of only 
two parameters. An interpretation by means of the  Flory-Huggins  theory  is 
given.  The  relation  appears to be a  powerful  tool  for  quickly interpreting 
cloudpoint  data, and in distinguishing  .between  liquid-liquid  demixing and 
solid-liquid  demixing  (polymer  crystallization). 
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Equilibrium Thermodynamics, 

System with Two Polymers 

R.M. Boom, Th, van den Bmg&rd,,C.A, Smoldws 

. of a Quaternary Membiane  Forming 

., . . 

s-ary 

Liquid-liquid  phase  separation  phenomena  are  investigated for ,a r 

quaternary  system  containing two polymers, a solvent  for  both  polymers, 
and ' a  nonsolvent  for  one of the  polymers  (the  membrane forming polymer), 
which is a  solvent  for  the  second  polymer.  The  phase  separation  behavior 
studied in this chapter is related to, the  membrane  forming  properties of a 
system  containing a ~cromolecular additive as second  polymer. 
To visualize parts of the three-dimensional  quaternary  phase  diagrams, 
semi-ternary  cross-sections are used in which two components are regarded 
as a 'lumped'  component.  Cloudpoint and shadow  curves are given. The 
critical  point  valid  for  a te@ system is extended  into  a cpiticd Zine. 
It is found that the critical  line at larger  molecular  weights of the  second 
polymer, is situated at higher  concentrations of the  membrane  forming 
polymer. A high  molecular  weight of this  second  polymer  causes  the  phase 
diagram to become  insensitive to the  various  interaction  parameters. At 
constant  molecular  weight of the  second  polymer,  the  critical  line  shifts  to 
higher  polymer  concentrations  upon  increasing  the  concentration of the 
second  polymer. 
Interaction  effects appear to  have  a  marginal  influence, as long as the 
component  pairs  that  were  assumed to be miscible,  remain  miscible. 

. I  

Introduction 

The  formation of symmetric or asymmetric  membranes  by  the  immersion 
precipitation processl-4 is based  on the 'phenomenon of liquid-liquid 
phase  separation. 
The basic system .for the immersion  precipitation  process is a  ternary 
sysiem consisting of a polymer, a solvent and a  nonsolvent  for  the 
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polymer. T.he solvent and the  nonsolvent  must  be  miscible. 
A concentrated solution (e.g. 10 - 30 weight%) of the polymer in the 
solvent is immersed in a bath containing  nonsolvent. The nonsolvent 
&€fuses into &e polymer solution while  the  solvent diffuses out- By the 
changes h composition, the polymer solution becomes  unstable, and 
liquid-liquid demixing starts. E the concentration of polymer is high 
enoughr nudei of a polymer lean phase are created. These nudei gr0w 0ut 
into pores; the surrounding polymer solution gradually gets more 
concentrated h polymer, until a solidification  process  inhibits  any  further 
changes in morghdogy- Solidification  processes that may occur are 
@ation by crystallization of the  ]polymerr  vitrification by crossing the glass 
transition region OP a sonnewhat unddined process  called 

A porous matrix is formed WE& may have a thin toplayer containing 
very narrow pores ar even  no  pores at all. The  pores in the sublayer cm be 
well interconnected or may tupn out to consist of dosed cells. The actual 
morphdogy of the resulting membrane is strongly dependent on the 
thermodynamic and kinetic properties of the system  studied. The 
membrane faraation process in a ternary system has  aheady been 
extensively  stu&ed. Equilibrium thermodynamics were  evaluated  by e.g. 
Hsu and Prausraitz7, and Altena et aZ.gr while  kinetic  aspects  were studied 
by e.g. cohen et 62.5, ~euvers at a1.49 and ~ c ~ u g h  and cowm1~ersl~-~2- 
h a (quasi-)ternary system, membrane  structures  can be obtained that 
have permeation properties ranging from microfiltration to gas sepa- 
ration.  The  performance of some of these  membranes.  can  be dramatïcaUy 
innproved by using a fourth component ïn the system: a second polper  is 

in the  coa,platim  bath- For anicofiltration and  ultrafiltration,  membrme 
~aosjphd~gie~ can result  that are far  more  regular %d show superior per- 
meabfities while retaining  the  required  retention  propertiesl3-16- 
Ira this chapter,, we will focus on the  phase diagram,, i.e. on  the  equilibrium 
liquid-liquid phase separation  properties of sdutions typically of interest 
for  membrane  preparation  by  immersion  precipitation in €0~~~>9ngoneng 
systems,  containing a polymeric  additive in the  polymer  solution  which  is 
m*scible with the nonsolvent- 
By using  the  modified Flory-Huggins theOry17,58  (i.e. the Flory-Huggins 
approach witlx concentration dependent interaction  parameters) for the 
description of the  concentration  dependencies of the free enthdpy of 
e g r  theoretical  phase  diagrams  are  calculated. We will represent these 
cpatemary phase diagrams by means OE planar cross-sections- 

domraa~oh4-6, 

ZLddE2d t0 &E! pdyl3X~~ SdU~Qn, iS X&&k with the IX.&CdV~ll~ Wed 
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Chapter 2: Equilibrium Thermodynamics of a  Quaternary  Membrane.  Forming  System .... 

As an example of a  quaternary  membrane  forming  system,  the  following 
system  is used 

1 - nonsolvent:  water 
2 - solvent:  I-methyl-2-pyrrolidone (NMP) 
3 - membrane  forming  polymer:  poly(ether  sulfone) (PES) 
4 - macromoleculer  additive:  poly(viny1  pyrrolidone) (PVP) 

The  interaction  parameters  belonging to this  system are used as starting 
point for parameter  variation.  The  effects of the  molecular  weight of the 
additive, and of the  polymer-polymer (3-4) and additive-nonsolvent (1-4) 
interaction  parameters  are studied. The  position of the critical line in the 
system, and its effect on  the  membrane  forming  properties are discussed. 

Phase Diagrams 

The  composition of a homogeneous  four-component  system has thr,ee 
degrees of freedom.  Therefore,  the  isothermal phase diagram of such a 
system  should  be  represented in three  dimensions.  The most logical  way 
to represent  a  quaternary  phase  diagram  is in the  form of a  tetrahedron. 
This is shown in figure 1. 

Figure I .  Schematic  representation of a quaternary  phase  diagram; 1 and 3 are 
not miscible,  all  other  pairs  are  miscible  over the complete  binary  concentration 
range. Two ternary phase  diagrams 1-2-3 and 1-34 show  a demixing gap  (outer 
planes of the  tetraeder). One cross-sectional  plane is also given (l-2-A). 

-21 - 



Ea&  corner  represents  a pwe component. A point on the edge between 
two corners gives a binary  composition,  while  a point on one of the outer 
planes  represents  a  ternary  subsystem- All points inside the tetrader are 
quaternary compositions.  The  original  ternary  membrane firming system 
consisting of nonsolvent (I), solvent (2) and membrane  forming  polymer 
(la) is showra as the triangle at the  front. It shows  the usual demixing gap. 
The  subsystem  nonsolvent-polymer-polymer (1-3-4). is the other subsys- 
tem that contains  a  demixing  gap. Other ternary subsystems do not  contain 
a demixing  gap,  since the additive (4) is supposed to be miscible with all 
other  components in the system. 
The.critisal point in the orÍ@& ternary  membrane forming system (1-2-3) 
(point C ïn  f i p e  l) is extended into a  critical  line (C is the starting point of 
this line). The position of this critical  line is dependent on the molecular 
weights of the components-  present.  The  intersection of the critical line 
and the  planar  cross-section (I-2-A in figure l) is the aitical point for that 

Since the representation of a three-dimensional phase diagram on a Wo- 
dimensional sheet is not always  without  complications  we d make  use 
of planar cross-sections through the quaternary phase diagram. Such a 
cross-section is drawn through two corners and one point on the opposite 
edge.  The two components  belonging to that edge are lumped together and 
represented as one (mixed) component in the corner of a semi-ternary 
phase diagram. h this phase diagram &e 1umped.components are present 
at a  fixed  ratio  between  them; their total  concentration  changes. as if they 
were one, third, component. By taking two such plots in which two 
different pairs of components are lumped togetherr an impression of the 
phase  separation  properties can be obtained. 
h many  membrane forniing systems  the two polymers are regarded as 
one p ~ l p ~ e r ,  SO it is convenient to take the two polymers (3 and 4) 
together in the phase diagram,  The  corners of the semi-ternary phase 
diagram then are:  component 1, component 2, and components 3 and 4 
together- From such a plot the separation between  polymer (3+4 together) 
rich and polymer lean phases  can  be  seen;  see  figure 2a. 
h this  chapter we are foassing on the effects of the  addition.  of  a  fourth, 
macromolecular component-  The  separation  between  the two polp~ers in 
suck a system is an important factor. It is therefore useful to use also a 
serrai-temq phase dÏagrama in which the solvent and the nonsolvent are 
taken as one component*  The  corners of the phase diagrams are then 
somponats 1 and 2 togetherr component 3 and component 4, From SU& a 
plot the pdynaer-pdpa separation in the system is abtahed. This is 

cPQSS-SeCtiOII (point c). 
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Chapter 2: Equilibrium  Thermodynamics of a Quafemay Membrane  Forming Sysfem ... 

shown in figure 2b. 
In figure 2, the  intersections of the  binodal  surface and the planes  through 
the phase  diagram as described are indicated  as  uninterrupted  lines. This 
line is a so-called cloudpaint  curve; it represents  compositions that are just 
at the border of the demixing  gap.  The  concentrations that -are  at 
equilibrium  with  these  compositions  on  the  cloudpoint line are situated 
elsewhere in the quaternary phase  diagram.  They are in fact  incipient 
phase compositions.  Although the incipient  phases are represented  in 
figure 2 by a dashed  line, it is important to realize that generally  these 
compositions are not situated in the  cross-sections  themselves.  They are 

. only projected  onto  the  cross-sections. 

Figure 2: Cross-sections  through  the  quaternary  phase  diagram, in which  the  ratio 
of componetzts 3 and 4 is kept constant at unity. The  cloudpoint lines for the 
cross-sections a and b are  shown  (uninterrupted lines). In the fìgures (a) and (b), 
the  compositions  that  are  at  equilibrium with the  cloudpoint  curve,  are  shown as 
.dasheii curves (which 'are not located in the  plane of the cross-sections) are 
projected onto the  moss-sections. 

It is assumed  that  the  volume of the  incipient  phase  is  still  very small;  the 
composition of the cloudpoint phase  has not ,yet  changed.  'The  curve 
(dashed  curve in the  figures) that represents  the  incipient  phases  may  be 
called  the shadow  curve. This  term  was introduced  by  Koningsveldl9 for a 
quasi-binary  system  consisting of a  solvent  and  a  polydisperse  polymer. 
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in which +i and ni are respectively the volume  fraction and the number 
of moles of component i. ‘It is assumed that the binary FPory-Huggins 
interaction  parameters gij are tnrly binary, i.e. that they are only 
dependent on the components i and j. This implies that we assume that 
the interaction parameters do nat change  when other components are 
added to the system. This assumption is very  probably not justZieck as an 
example the interaction  parameter g34 will almost certaidy &=ge U~QII  

addition of water to the systemc Later- in this chapter we will expore the 
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effects of vqiations in  the  values of the  gij’s. 
Formally  the  interaction parimetets äre now  dependent  on the following 
system  variables: 

. I  

g12  is dependent on u2 = $2/($2+$1) 
g23  is  dependent  on  v2 = @2/($2+$3) 
814 is  dependent  on ,q, =,+4/($1+$4) 2) 
g24 is dependent  on w2 = $2/($2+$4) 
g34  is dependent  on v3 = $3/($3+$4) . - 

The  interaction  parameter x13 is probably  concentration  dependent. It is 
however  very difficult’ to  obtain  information  concerning this concen- 
tration. dependence6.  Therefore,  the  interaction  parameter  between  poly- 
mer and nonsolvent  is  simply  assumed  to  be  constant. 
The other  system  variables are the  ratios of the  molar  volumes s, r  and t: 

The  derivatives of the  free  enthalpy of mixing  with  respect  to  the  number 
of moles of each  component  yield  the  cheÍnical  potentials of mixing: 

Following  Altenag and Reuver&,  the  chemical  potentials of mixing are 
expressed  per  mole of segments of the  nonsolvent8~9: 
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For reasons of convenience  constant  interaction  parameters  were  used. 
The  effects of changing the systems  parameters  (interaction  parameters 
and  molecular  weights) are evaluated  later  on.  The  values  for  the PES- 
NMP-water system  were  taken  from Tkacik et al.20; interactions OE PVP 
with  the  other  components  were.  measured by high-pressure  osmometry 
in OUT own laboratory  (see  appendix). 
The  molecular  weight of PES was  taken  as 18 O00 g/mole20,  while  the 
molecular  weight of PVP was  varied. 

Results 

I. Molecular  weight of the  polymeric  additive 4 

The  effects of the  macromolecular  additive,  component 4, can at least be 
partly ascribed to the  macromolecular  nature of this  component.  Figure 3 
gives  cross-sections  through  the  quaternary  phase.  diagram  for  different 
molecular  weights of component 4; the  ratio of components 3 and 4 is kept 
at unity here. 
Although the cloudpoint curve (the ùninterrupted line) somewhat 
resembles  the  binodal of a  ternary  membrane  forming  system  consisting of 
polymer,  solvent and nonsolvent,  this  resemblance  is  misleading. 
In all calculations it appears (see figure 4) .that the  two  polymeric 
components do separate over the phases.  Component 4 has  always 
preference  for the phase that is lean  in  component 3. Below the  (semi- 
ternary) critical point component 4 remains in the cloudpoint phase; 
above the critical point component 4 accumulates in the separating, 
incipient phase.  This is almost independent of concentrations and 
interaction  parameters,  as  long  as  component 4 is  macromolecular. 
This  effect is entropic  in  nature: two polymers in the  same  phase  have  a 
low  entropy of mixing, and will try to maximize  their  entropy of mixing 
by  separating. 
At higher  concentrations of polymer  the  cloudpoint  curve k d  the  shadow 
curve are both  bending upward to  higher  polymer  concentrations.  In 
figure 3 (components 3 and 4 taken  logether)  the  cloudpoint  curve  and  the 
shadow  curve  nearly  coincide. 
This  does not mean that the  cloudpoint  composition and the  incipient 
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With increasing polymer  concentration in the cloudpoint phase the 
cloudpoint  approaches  the  &tical line and. crosses it  at a  certain  compo- 
sition. This point is given  as  a  black..dot in figures 3, and 4. It represents  the 
critical point. in our  semi-ternary  cross-section. At higher  polymer  concen- 
trations in the'cloudpoint phase,  the  shadow  curve  represents  the  polymer 
3 lean-phase, and the  cloudpoint curve the  component . .  1 3 rich  phase. 
It is, interesting that ai higher  concentrations of .the polymers,  the iota1 
conc&trations of polymer,  (component 3 &d 4 together) in the two phases 
are  almost equal. . .  

3 

Figure 4: Ternary  plots. for the same  cloudpoint  curves as in figure 3. Here the  low 
molecular  weight  components 1 and 2 '  are taken.  together. In this fashion' the 
separation  between .the  two higher  molecular weight components can be 
monitored.  MÓlecular  weight of component 4 is: 99.12 glmole in fisure 4a,  1000 
glmole in figure 4b, 3000 glmole in figure  4c and  10  kglmole in figure 4d. 
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The difference  between  cloudpoint  phase and incipient phase is mainly 
the ratio between the polymers 3 and 4. The  total concentration of 
nonsolvent and solvent in both phases are practically the same- This effect 
is most strongly present at higher  molecular  weights of component 4. 

It appears that with increasing molecular weight of the additive 
( C O X I I ~ Q I I ~ ~  41, the  compatibility of the  system with the  nonsolvent P is 

5 shows  the amount of nonsolvent I in the solution at 
the cloudpoint; for sohtions containing 10 volume% of somponent 3 and 
10 volume % of component 4. The molecular  weight of component 4 is 
varied. 

20 

10 

O 5000 4 O000 - MW of component 4 (g/mole) 

At high concentrations of component 3 and 4 the soncentration of 
component 3 in the phase that is lean in 3, is small when using low 
molecular weight component 4. The low  molecular  weight  component 4 
as6 as a normal solvent dor component 3. For higher  mo1ecda.r  weights of 
component 4J howeverr the situation is different- We would  expect &at if 
&e moledar weight of 4 increases, the separation  between 3 and 4 should 
increase- In factr in our semi-ternary cross-sections (figme 4) we see a 



Chapter 2: Equilibrium  Thermodynamics of a  Qua€ernay Membrane Forming System ... 

different  behavior. . 
In figure 6 the  calculated amount Ó f  component 3 ,in the incipient  phase of 
a  solution at the  cloudpoint,  containing-35  volume%  component 3 and 35 
volume%  component 4 is given,  as  function. of the  -molecular  weight of 
the  additive. We see that when  the"mo1ecular  weight of 4 increases, Che 
incipient phases contain  more and more  component 3. Therefore, it 
appears  that  the  separation  between 3 and 4 is  decreasing.  This  stems from 
the fact that the  critical line is bending upwards to higher  polymer 
concentrations,  when  a  high  molecular  weight  component 4 is used. At 
high polymer concentrations  on  the  cloudpoint  curve,  we  come  closer to 
the  critical  'line;  therefore  ..the  compositions of the two  phases are nearing 
each  other. 
We will expand  below on the  consequences of the location of the  critical 
line in the  quaternary  phase  diagram. 

MW of component 4 (g/mole) 

l 

2. Va ying ratios of components 3 and 4. 
In the preceding paragraph a  'constant ratio (1:l) of concentrations of 
components 3 and 4 was  used.  Figure 7 and 8 give  cloudpoint  curves of the 
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Figure 8: Plots fm the  cloudpoint  curves  shown in figure 7. The low molecular 
weight  components 1 and 2 are plotted as one component. In  each plot three 
ratios .@3/@4 are drawn. Mol. weight of component 4 is:  figure 8a: 99.22 glmole; 
figure ab: 1000 gtmole;  figure 8c: 10 kgtmole. 

With  decreasing  ratio $3/$4 (i.e. with increasing content of component 4), 
the critical  point in these  cross-sections  is  shifted to higher  (total)  polymer 
concentrations. From figure Sa it appears that  the critical point is 
practically  remaining at the same $3. This should be so, since  component 4 

. ' . . is - here equivalent to the solvent concerning  molecular  weights.  This 
equivalence holds, more  or  less up to 1000 g/mole for  component 4 (figure 
Sb). 
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The situation is different  for higher molecular weights of c~mponent 4. A 
decrease of the ratio t$3/@4 then causes  the critical point to shift upward. 
From the calculations it follows that at a ratio $3 /q4 of 0.5, with a 
molecular weight of component 4 of 10 kg/mole, the criticd point is 
situated at approximately 24 volme % of component 3, or 73 .volme % 
of polpers 3 and 4 together (see figure $c). 
In figure 9 the phase diagrams of the  ternary subsystems 1-3-4 
corresponding to situations a, b and c in figures 7 and 8 are shorn, 

3 
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The  critical  points in these  ternary  systems are shifting upwards with 
increasing  molecular  weight of component 4. This upward shift also 
occurs inside the quaternary phase  diagram,  when  solvent '2 is  present. 
This dso results in the  shifting  upward of the  critical  line  already at lower 
polymer  contents,  which  gave  the  higher  semi-ternary  critical  point. 
In figure 8, we.have seen  that with increasing  molecular  weight of poly- 
'mer 4, the  critical  point in. the  semi-ternary  'cross-section  shifts  upward. 
The  critical  lines  themselves are shown in figure 10. These  critical  lines 
are the collection of critical  points  from  the  semi-ternary  cross-sections, 
when  the  volume  fraction of component 4 is  systematically  varied. 
It follows  from  figure 10 that it must  always  be  possible to have  a  planar 
cross-section that remains  below  the  critical  line.  Since the critical line 
shifts  more  strongly  upward  with  increasing  molecular  weight of polymer 
4, the  ratio @3/@4 at which the cross-section  remains  below  the  critical  line 
is increasing  for  higher  molecular  weights of component 4. 
It  is  therefore  possible  to have a  semi-ternary  cross-section  through the 
quaternary phase diagram that does not contain  a  critical  point.  This 
implies  that  a  solution  with  a  ratio @3/@4 that  corresponds  with  such  a 
cross-section  .always  shows  nucleation of a  polymer 3 rich  phase,  regardless 
of the polymer  concentration;  see figure 11. Membrane  formation  with 
such a solution must be  impossible, since forming  a  porous  membrane 
structure is  closely  connected  with  nucleation of a phase  lean in polymer 
3. The situation as depicted in figure .l1 must  lead to the  formation .of a 
dispersion of polymer 3 - rich  droplets  in  a  mixture of the  other 3 compo- 
nents  (see  discussion  section). 

3 

1+2 L 
Figure 10: S&i-ternary  representation of the critical  lines in three systems with 
different molecular  weights of component 4: a: ZOO0 glmole, b: 10 kg/mole, c: 100 
kglmole. 
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3. Variaticm of fhe compatibility of the ddifive with nonsolvex f arui polymer 3. 
The additive shows interactions witli the three other components.  The 
most important- interactions  are. those with the nonsolvent and with the 
membrane forming  polymer. 
The interaction  with  the  nonsofvent  governs  the  tendency of &e additive 
to be leached out of the polymer solution, into the coaplatkm bath.. Tbis 
is the most important property of an additive,  which  has Ied to the appli- 
cation of PW as additive in MF and UE membranesl3-l& 
The  compatibility of the additive w i t h .  polymer 3 is of course important 
since it controls the homogeneity of the resulting membrane: incom- 
patible polymers wilI never form a membrane with a matrix that is 
homogeneous, 

The influence of the interaction  between  the  polymeric additive 4 and the 
nonsolvent P (e.g. the hydrophilicify of the additive P W )  is shown in 
figure 1 5  in which the interaction  parameter g14 has been varied. 
The cloudpoint line with g14 = O (&is means a stronger mutual inter- 
action thana at g14 = 0.5) is shifted  somewhat to lower nonso1vent content. 
At higher polymer concentrations  (above 30 volume %).the cloudpoint 
curve remains fie same, 
The critical point of the cross-section appears to skift to lower poIymer 
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concentration;  the  critical point shifts to only  a  few  percent of polymer. 
Apparently the position of the critical point is dependent on the inter- 
action  parameters of the sptem. 
An  appreciably  higher  interaction  parameter  than 0.5 gives  demixing  bet- 
ween  the  additive 4 and the  nonsolvent 1. 

3+2 

Figure 12: Variation of the  interaction  parameter betwem the polymeric additive 4 
and  the nonsolvent l ,  8x4. The value was varied from 0.5 (a)  to 0.0 (b). 

The  interaction  between  the  two  polymers is an important aspect  of  a 
system as considered  here.  The  system  we  chose  as. an example (PES-PW) 
has a. strong interaction, i.e. a  low  interaction ,parameter g34. In many 
systems PVP shows  a  strong  interaction  with  the  second  polymer  (e.g.  with 
poly(ether  imide)l6,  .or  poly(ether  amide)24).  Figure 13 shows  that  actually 
the strength of the  interaction is not  very  important  as  long  *as  the  two 
polymers remain miscible (g34  5 0.5). Only at very high polymer 
concentrations  a  difference  can  be  seen  in  the shadow curve. A larger 
interaction  parameter (i.e. ’ weaker  interaction)  seems  to  promote  sepa- 
ration  between  the  two  polymers  over  the tyo  phases. 

In the  .preceding  discussion, it was  assumed  that  the kscibilities between 
the  various  components  remained  as  they  were  chosen. .Figure 14 shows 
what happens  when  we  abandon  some .of  these  assumptions. 
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We can  also  choose an additive  that is not miscible  with  the  nonsolvent, 
component 1. The  phase  diagram  shown  in  figure  14b  represents such a 
system.  The  tielines of the  originally  binodal  surface  now end at one side 
in a new  ternary  demixing  gap, in the  subsystem 1-2-4. The  composition 
lean in polymer 3 demixes  again  in a phase  rich  in  polymeric  additive 4 
and  a  phase  rich in nonsolvent 1: Now  we  effectively have a  three-phase 
equilibrium- A polymer solution containing a membrane forming 
polymer and a  polymeric additive that is not compatible with the 
nonsolvent, which is immersed in a coagulation bath containing 
nonsolvent  will  exhibit  a  membrane  matrix  (rich in 3), a  dispersed  phase 
(rich in additive 4) and  pores  (rich  in  nonsolvent l). 
This situation  is  evaluated  experimentally  elsewherG5. 

Discussion 

The  molecular  weight of component 4 has a  profound  influence  on  the 
thermodynamic  properties of a quaternary  membrane  forming  system as 
discussed  here. 
The  higher  this  molecular  weight  is  chosen,  the  higher  is  the  concentra- 
tion of the  polymers at the  intersection of the  critical  line  with  a  certain 
cross-section through the quaternary phase, diagrams. This  effect i s  
stronger at lower $3/$4 ratios  (higher  content of component 4). At a 
certain  point  the  critical  line  does not even  cross  the planar cross-section at 
all anymore: there appears to  be  no  critical point in the  cross-section 
considered. 
In this  case a solution that is starting to demix  (crossing  the  cloudpoint 
curve),  will  exhibit  nucleation of a phase  richer  in  component 3 than  the 
original solution, since the  shadow curve is situated at higher 
concentrations of component 3 than  the cloudpoint curve itself.  This 
situation  can  always  be  reached,  when  the  concentration of component 4 
in the  polymer  solution  surpasses  a  certain  minimum  value. At higher 
molecular  weights of component 4, this  minimum amount of component 
4 is smaller. 
The  implications of this  phenomenon on membrane  formation  will  now 
be  discussed. A polymer  solution  containing  components 2, 3 and 4 is 
contacted  with  .a  coagulation bath containing  component 1. The  polymer 
solution  remains  above  the  critical  point  as  long  as  the  concentration of 
component 4 is  not  very  high.  Any  nuclei  formed  consist of a  phase  lean 
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in (membrane  forming)  polymer 3: a  porous  membrane will be  formed. 
At higher  concentrations of component 4, the  opposite can happen:  the 
~smg~sition in the  polymer  solution  that is crossing the doudpoint curve 
is situated below the critical  point: nudei are formed that are richer  in 
polymer 3 than the original solution- The consequence is &at the 
continablous phase is lean in polymer 3 and richer  in  polymer 4, Polymer 4 
dissolves in &e coagulation  bath,  taking  the nudei rich in po ly~~er  3 with 
it* The polymer solution  dissolves,  creating a dispersion of component 3 
in the coagulation  bath. In practice  indeed  there is a  certain  upper  Emit in 
the  concentration  of  polymeric additive that can be used for  membrane 
formation.  The  authors found it impossible to prepare  membranes  from  a 
solution containing 15 weight % poly(ether sulfone) and 20 or  more 
weight % p~lpr(Viny1 pyrrolidone) (of mol. weight  app. 200 kg/mole) in n- 
methyl  pyrrolidone- It leads to. dissolution of the  polymer solution while 
the  coagulation  bathr is turning mipky white. For further details see'ref. 23- 
h the  previous  lines, the situation  was  explained in terms of ,a nudeaftion 
and nucleus g ~ ~ w t h  mechanism.  The  situation  remains the same'when a 
spinodal mechanism is taking  place: the term nucleus should 'then  be 
replaced by the term "phase with the  smallest volume".  The  discussion is 
only  performed here in tenns of a nudeation and nudeus growth- mecha- 
nism for  maffer of clarÏty. 

At higher (totd) polymer  concentrations  (e.g. 30 volume % of polymer). 
the phase separation Ïs only taking.  place  between the polymers 3 arad 4, 
The incipient phase appears to have approximately the same  concen- 
tration of n ~ n ~ o l ~ e n t  I and solvent 2 as the  cloudpoint  phase from. which 
it is formed.. This is not expected,  since  polymer 4 is more  compatible with 
the nonsolvent 1. One would therefore intuitively say that the phase 
richer in 4 should also be  richer in 1. This appears not to. be the case; one 
might say that at concentrations  interesting for membrane  formation (at 
least 28 % of polymer)  phase  separation  only  concerns phase separation 
between the two polymers. This result is used  elsewhere  for the mddelling 
of mass transfer during immersion precipitation21,z. 
When the molecular weight of the polymeric additive increases, the 
amount of component 3 that is present in the phase lean fn this 
component,. is increasing, as shown in figure 6.  This is only valid :for the 
clo~dpoints; i.e. it is only valid as long as the composition of the s6lution 
(at the doudpoint composition) is not changed by mass transfer: to t.he 
incipient phase (in other words, as long as &e  incipient  phase is negligible 
in volume). Other calculations (not further evaluated here) show that 
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addition of somewhat  more  nonsolvent l to  a  cloudpoint  composition 
(e.g. during immersion  precipitation  by  indiffusion of nonsolvent from 
the coagulation  bath)  results in a  very  thorough  separation  between  the 
two polymers.  One  phase  then  contains  only  components l, 2 and 3 and 
the  other  contains  only  components l, 2 and 4. In our  calculations  these 
concentrations of the expelled  polymer  can  become  smaller than 10-340, 
showing  that in this phase  the  fourth  component  is  not  present at all. 
We can therefore assume that during immersion  precipitation the two 
polymers have a driving force  to  separate  completely.  Whether  they  will 
do so depends to a  large  extent  on  the  kinetics of mass  transfer  and on the 
rheology of .each of the  phases  involved. 

The  interactions  between  the  polymeric  additive and the  nonsolvent, and 
the  membrane  forming  polymer  appear not to  be  very  impdrtant. A pair 
of polymers that is  miscible but shows  less  interaction than is  considered 
here will show approximately the same thermodynamic behavior. 
Polymers that do not  mix will show  a  different  behavior. 
An additive that is not miscible  with  the  nonsolvent but that is  miscible 
with  the membrane forming polymer will simply remain in the 
membrane  mafrix. It will  be  very hard to  distinguish  then  between  the 
two polymers.  For  membrane  formation,  the two polymers  react  as if they 
were one  polymer. 

An attempt  was made to  measure  equilibrium  compositions in the  system 
that  was  chosen  as  model  system (PES-PW-W-water). This  proved to be 
nearly  impossible.  The  two  resulting  phases .both contained quite some 
polymer (as is expected from the calculations); the resulting high 
viscosities  of  both  phases  prevented  the two phases  to  become  clear. Even 
after one year  (thermostatted)  sedimentation time, ,both  phases  remained 
turbid. To  make  a  measurement of these  compositions  possible, other 
techniques  must  be  developed  to  separate  the  phases in a  reasonable  time 
span. 

Conclusions , .  

It was shown that addition of a second  polymer  to  a  ternary  polymer 
solution  has a large  influence on the  ,properties of the  system. 
The  critical  point in the  semi-iernary.  system  consisting of polymer  (3+4), 
nonsolvent and solvent, is 'shifting upwards with increasing concen- 



tration and molecular weight of component 4, This Beads to the 
- expectation that when a certain Power limit in the concentra%isn of 

ccmponent 4 is surpassed, the polymer solution does not €mm a 
membrane anymore; it dissolves while creating a dispersion of 
component 3. This may  happen at quite high concentrations of membrane 
forming p o l p e r  3. The  concentration of component 4 required €or this 
effect  becomes  lower  when the molecular weight o€ polymer 4 increases. 
This theoretical forecast is  in accordance with qualitative prac%ical 
experience, 
The  in%eracfion  between the additive and the nonsslven~ and &e in%er- 
action  between additive and the membrane forming polymer is not of 
great importance as long as miscibility is ensmed. 
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Measurement of the Binary Interaction Parameters 
of PES and NMP, P W  and NMP, and PES and P W '  

by Means ob High-presswe  0smometr-y 

High-pressure osmometry was used to measure the osmotic  pressure of 
soIutîons of P W  and PES in NMP, relative  to gure W. A membrane 
was used that did not  show  any permeability for the polymers, thus 
enablimg accurate  measurement of the osmotic  pressure- The modified 
ROT-Huggins theory is used to convert the osmotic pressures into 
Iinedy concentration d e p d a t  interaction  parameters. 
By measuring the osmotic pressure of a ternary dution of PES and PW 
together in M (relative to pure NMP), and applying. the  values found 
for &e bhary interaction  parameters of P E S - M  and P V S N "  in the 
Hory-Huggins theory, the interaction  paramefer  between PE5 and P W  in 
%he d u t i ~ n  codd be estimated. 
The  interaction  parameters of PES-NMP and PW-NA47 appeared to lie 
around 0.5, indicating that NMP is a theta-sohent for PES and PW. 
Interaction between FES and P W  appeared to be quite S ~ Q I I ~ :  the , 

measwed values of the interacti0n parameter  were  between -0.5 a d  -l. 
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First appendix fo Chapter 2: Measurmenf of the Bina y Inferaction Parameters ... 

The  interaction  parameters are a  measure of the enthalpic interaction 
between the components;  moreover  they  contain  a  non-ideality  term.  The 
determination  can  be  performed in a  number of ways.  Well  known are 
static light scattering2 and osmometry3.  Especially  the  latter  method  is 
suitable for measuring  concentrated  polymer  solutions. 
Studied here is  the  ternary  system  poly(ether  sulfone) - poly(viny1  pyrroli- 
done) - n-methyl  pyrrolidone.  Solutions  prepared from these  components 
are used,  together with water  (a  nonsolvent  for PES) to prepare micro- 
filtration and ultrafiltration  membranes  with  outstanding  properties*-8. 
The interaction  between  the two polymers  (present in the  same  solution) 
is an  important  parameter. It is known that PES and PVP can  blend  homo- 
geneously4, indicating that without solvent the interaction parameter 
probably has a value  lower  than 0.5. 
It is  essential that at least an estimate of the interaction  between  the  two 
polymers can be made.  This should be done in a situation that is 
reasonably  close  to the circumstances that are valid during membrane 
formation.  Measurement of interaction of the pure polymeric  blend  (e.g. 
by X-ray scattering  experimentss)  would  not  yield  information  that  can  be 
reliably  extrapolated  to  a  solution of 30 weight% of total polymer in  a 
solvent. 
The  method  we  chose is as follows.  First the  binary  systems PES-NMF and 
PVP-NMP are measured  by  osmometry.  Then  the  ternary  system PES- 
PVP-NMP is measured  by the same  method.  Using  the  Flory-Huggins 
theory one is able to describe the ternary situation from binary 
interactions. By using of the  binary  interaction  parameters  for PES-NMP 
and PW-NMP, we  can  obtain an estimate  of  the  interaction  between PES 
and P W  in a  solution of NMP. 

Theory 

Binary systems 
The  Flory-Huggins  theory  gives  the  following  relation  for  the  chemical 
potential of mixing  of the solvent in a  polymeric  solution: 

in which  the  indices 2 and 3 denote  respectively  solvent and polymer, ipi is 
the volume fraction of component i, Vj, the  specific  volume and Mi the 
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First appendix to Chapter 2: Measurement of the Bina y Interaction  Parameters ... 

The  osmometer 
As was  shown  by  Stavermanl2,  special  care  should  be  taken  to  ensure  that 
equilibrium is measured  instead of under conditions of a constant  (small) 
flux through the membrane. Hf the  membrane,  being  used  to  separate  the 
pure solvent  from  the  polymer  solution,  is  only  slighty  permeable for  the 
(lower  molecular  weight  fractions of the) polymer or polymers, a low flux 
of solvent  through  the  membrane is tilways  present,  and  real  equilibrium 
is never  obtained.  The  friction of the solvent with the membrane  then 
results in an erroneous  value  for the osmotic  pressure. 
We therefore  chose  a  membrane that only swells a few  percent in the 
solvent used (NMP). It was found that CuprophanTM membranes  fulfil1 
the requirements, while being resistant enough to enable long-term 
experiments. 

Figure l:  Experimental setup. Circles  represent  valves. Side A is the  low (atmos- 
pheric) side, side B the high  pressure  side. The pressure was preset with'valve 3 
before  each measurement.  The  complete  setup was immersed in a  thermostat 
bath  kept at 298 K .  
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Resullts 

The low swelling of the  membrane  results in a negligible permeability for 
the polymer through the  membrane. The permeability  for the solvent was 
also q ~ t e  How: about 6 hours were  needed to attain equilibrium. 
The osmotic pressure did not show any decrease with time: even after W o  
weeks the pressure was still within 10 mbar of the initid equï.librim 
vdue, during a single measurement (of CQUIX this was only checked a few 
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Firsf appendix fo  Chapter 2: Measurement of fhe Binary Interaction Parameters ... 

times). 
Refreshing  the  solvent  after  some  time  should  result  in an increase of the 
pressure difference  whenever  polymer  molecules  would  have  diffused 
into the  solvent  compartment. We never saw any effect of refreshment at 
the  solvent  side. 
Thus we  could  be  reasonably  sure  that  the  measured  pressure  difference  is 
indeed the actual  osmotic  pressure  difference. 

Since in literatur$,13,14 often linear dependencies of the interaction 
parameters  on  the  composition are found,  we  assumed  a  linear  depen- 
dence of the  interaction  parameters  on  the  concentration. 
Figure 2 gives  the  values found for PVP in water and NMP. The  PVP- 
water  measurements are used  as a check  for  the  validity of the  experi- 
ments. ~iteraturel5.16 gives  a  value of 0.48 for g14 at $4 = O. Our measure- 
ment of 0.475 is in excellent  agreement.  Figure 3 gives  the  values  found 
for the  binary systems PE§-NMP ~ and PVP-NMP (included for 
comparison).  Reproducibility  of  the  measurements  was within a few 
percent. 

I .O 

t c 
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.L c 
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c .- 

o PVP in NMP 
A PVP in  water 

0.0 
ö.o . 

- I  

0.2 

> weight  fraction PVP 

Figure 2: Interaction parameter of PVP in water and NMP. The results for PVP in 
water are in excellent agreement with literature values.l5,16 All measurements 
were performed at least in triplo; especially at high& polymer concentrations the 
value for gij was quite accurate; only one point could  be drawn. 
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It appears that the  interaction of  PES with NMP is not very  &rong:  the 
value of somewhat  lower  than 0.5 suggests  almost  theta-conditions.  This 
is in agreement  with  the results by  Tkacik and Zeman  from  static light 
scattering.  The  interaction of P W  and NMP is  comparable with the 
interaction of PES and NMP. . 
The ternary  experiments  were  done  with  a  fixed  ratio  between PES and 
P W  of 2.03 : 1. From  the  measurements,  the  interaction  between PES and 
P W  turns out to be  quite  strong:  measurements  give  a  value of -0.5 to -1.0. 
This  indicates  that  the two polymers  have a strong  enthalpic  interaction. 

Discussion 

The  results  from PVP in water  indicate that our experimental.  set-up  is 
quite  reliable. 
P W  seems to have  only  a  weak  enthalpic  interaction  with  either  water  or 
N M P  (the  interaction with NMP is  somewhat  stronger). It is  to  be  expected 
that P W  should  not  have  high  (enthalpic)  interaction  with NMP, since 
the structure of a molecule of NMP strongly  resembles  a  segment of the 
PW molecule.  In  the  case of a  polymer  dissolved in its monomers,  the 
enthalpic  interactions  should  be  zero  (theta-conditions).  Therefore  these 
measurements  are in agreement  with  the  expectations. . 

PES has  approximately  the  same  interaction  with NMP  as  PVP  has.  The 
results are in  agreement  with light scattering  experiments17.  The  authors 
were not able  to  carry out accurate  static  light  scattering  experiments,  since 
the solutions of  PES in NMP always appeared to  be  slightly turbid. 
Wijmans and  Smoldersl8  found  that  this  type of turbidity (in their  case of 
polysulfone) was due to  crystallization of oligomeric  fractions of the 
polymer. GPC measurements indeed indicate that we  also .have a 
significant  amount of oligomers  in our polymer. 

The  measurement of ternary solutions  is  only  carried out for one fixed 
ratio  between the two polymers.  For a  complete  picture-'of  the  interaction 
between the polymers we need to evaluate  more  &ixing  ratios.  With  the 
available  results we  can  conclude that the interaction  between  the  two 
polymers  is  strong.  Roesink4  found  that  a  blend of  PES and P W  gave  only 
one  glass  transition  temperature,  indicating  that  hömogenous  blends  were 
prepared. From  the  dependency of the  glass  transition  on  the  composition 
he  could  conclude that the  interaction  between  the two polymers  is  strong. 
He found that many (membrane forming) polymers show a strong 
interaction  with PW. What  exactly  causes of the  ease of blending of a 
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variety of polpers with P W  is not known. 

Pt should be  noted that in our equation 3 we  neglected any ternary para- 
meters, resuEng from  ternary hterac~ons3. &y  of these  effects are lm-  
ped  together in the PES - P W  interaction parameter. Thereforer although 
the repreducibility  was  always witkin a  few  percent, the values  measured 
for PES - PW s h d d  not be seen as highly exact. 

High-pressure  osmometry appears to be  a powerful t d  to determine 
interaction parameters in binary s o h ~ o n s  of polymers, and a g o d  
method to obtain information on the  interaction  parameter  between two 
polpers in a (ternary) soMion- 
The results show that N M P  is more or less  a  theta solvent b r  PE3 and 
P W *  
The  interaction  between PVP and PES appears to be very strong. The 
measured  values of the  interaction  parameter Iie between -0.5 and -1.Oe 
§aCe only one  fiked  ratio bemeen the concentrations of the polymers was 
measured sd far,  more  measurements  need to be carried out to obtain a 
C Q I X I ~ H & ~  impression, 
It appears. tha% the vdue suggested  by  Tkacik and Zeman for P E S - M  (g23 
= 0.5) is reasonable; for quditative evaluation, the interaction  parameter 
for P W - W  can also be  assumed to be 0.5. For the PES-PW coupIe  a How 
value has to be assumed between -0.5 and -1.0. 

l P.J. Fpory, Prhaples of Polymer Chemistry, Cornell Univ. Press, New York, 1953 
2 TkG. !&holte, Eur. P o l p .  J., 6 (1970) 1063; 
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thesis, University of Twente, The NetJxrhds, 1989 
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Second appendix to Chapter 2: The Influence of a Second Polymer on the Cloudpoint Curve 

doudpoint compositions is relatively  straightforward. 
These cloudpoint compositions can, then be compared with earlier1 
theoretical  predictions. 

Experimental 

Poly(ether  sulfone), Victkex 5200 .P,. .suppIied by IC1 Itd. (Mw = 43 800 
g/mole, Mn = 22 3OO,g/mole),  was dried for at least 12 hours at 80 "C before 
usage;  no further  purificafion-  was'  applied.  Poly(viny1  pyrrolidone),  grade 
K90 (M, = 228 200 g/mole, Mn = 99 800 g/mole) from  Jansen  Chimica, 
was used as  received.  N-methyl-2-pyrrolidone ( W P )  was  obtained  from 
Merck, synthesis  grade,  and  used  as  received.'  Water.  was  demineralized 
and ultrafiltrated.  All  solutions  were  prepared  with  special  care  to  prevent 
sorption of water  from  the  air. , 
The  cloudpoints  were deterhned  "by, a  simple titration mëasurement. 
Thermostatted flasks were  filled  with an amount of the  polymer  solution. 
W@ a  syringe  water  was added very  slowly.  T.he doudpoint was  defined 
as  the  composition  at  which  the  solution did not  become  clear  again  after 
12 hours of. homogenation.  All  cloudboint measurekents were  performed 
at 298 K. Although  some  authors  use  temporary  heating of the  solution to 
enhance  the  homogenation  process2,  .this  was  not  done,  -since  this  can  lead 
to  loss of water  from  the  solution (due to  the  large  difference in boiling 
points of water and NMP). 
For details on the  calculation -~ procedure  we  .refer  to  other  work1- 

Results 

Figure '1 shows  the  experimentally  determined  cloudpoints  for the system 
water-NMP-PES-PW,  for different  ratios  between  the two polymers.  The 
use of PVP clearly  reduces  the  water  content at the  ,cloudpoint  curve. 
Figure 2 shows results by  Roesink3  obtained in our laboratory,  for  the 
system  water-NMP-PEI-PW (PE1 stands  .for  poly(ether  imide)). Also in this 
system  we  see  a  lar'ge  influence of the  addition of  WP. We  clearly see that 
the  addition of PVP to  the  solution  results  in a large  decrease of the  water 
content at the  cioudpoint  compositions. 
In figure 3 the experimental data are compared  with  some  calculated 
cloudpoint curves.  Details on the calculation procedures are given 
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Second appendix to-Chupfer 2: The Influence of a Second Polymer on fhe Cloudpoint Curve. 

2 0  

o 

I I I 

1 O . ,PVPJPES = 111 
ternary  system without PVP 

n 
U 

Figure 3: Comparison of ,-experimental cloudpoints with calculat  ions1 for the 
ternary systems water-NMP-PES (a) and the  quaternary system water-NMP- 
PES-PVP (b) in which the ratio of PVP over PES is'kpt at  1/1 (wt%/wt%). 

. Discussion 

It is  clear that the addition of PVP K90 reduces  the  amount of water that 
can  be added to both PES-NMP and PEI-NMP solutions. A larger  ratio of 
concentrations of  PVP/PE.S .results in a  lower ,water content at the 
cloudpoint. 
These  conclusions  folIowed also 'from  calculations*.  Figure 3 shows  how- 
ever, that the  agreement i s .  not  more than qualitative. 
It appears  that for this range of concentrations,  the  predicted  binodal  for . 
the  basic ternary system  is not very  accurate.  This  is  probably  caused  by  the 
polydispersity of the  polymer.  Around  the  critical  point  (situated at about 8 
wt% of PES, for  the  ternary  system4)  the  influence of the polydispersity 
cannot  be  neglected5,  as  was  done  in  the  calculations. 
. I n  the quaternary systems, the effect of PVP is exaggerated by the 
calculations,  compared to the  experiments,  concerning  the  molecular 
weight of the PW. This may at least  partly  be  caused  by  the  polydispersity 
of the polymers.  Especially  when two polymers are present,  effects of 
polydispersity  can  not  be  neglected. 
A  polydisperse polymer: holds only a limited  fraction of high  molecular 
weight  molecules.  The  concentration of this  fraction  in  the  (polydisperse) 
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The qualitative  thermodp&c behavim of the solutions containing two 
poQmeric species can be easily understood with h e  help of calculations 
based on the Flory-Huggïns approach in which the polydispersities are 
neglected. 
Addition ob P W  reduces the concentration of wafer at the doudpoht 
curve. A larger amount of P W  (relative to the amount of the other poly- 
mer) results in a larger effect  on  the doudpoint composition. 
For adequa%e quanfitufive description of the  cloudpoint curve of a quater- 
nary system, polydispersity of both polymers should be taken.into account 
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r I Chapter3 

Mass Transfer. and. Thermodynamics 
_. During Immersion  Precipitation for a 
Four-Component  System  with-Two  Polymers 

. .  

R.M. Boom, Th. van den Boomgaaid, . I  CA. Smol&ers I 

I ,  

+I extended  version of the mass transfer  model  by  Reuvers et al. for  a  four- 
component  system has been  developed,  which is shown  to ' b e  generally . . . 
valid  for short .times. If the fourth component is of polymeric nature  and if 
the.  binary  friction  coefficient  betwem'  the two polym&s  is.  assumed  .to 
orders of magni&ce ,larger than the other friction  coefficients  (which is 
corrFt for short times) this leads  to a simplification of the  system into a ' 

semi-tFmary situation. The  molecular  weight of the additive should be 
higher than a certain minimkm  value  to  justify  t&s  assumption.  The 
thermodynam&s  valid under this assknption  are evaluated. A shift of the 
binodal to higher  nonsolvent  concentrations  seems to indicate that the 
polymer  solution is more  compatibIe  with the nonsolvent. 
Initial  composition paths (concentration  profiles) are calculated. It ,appears 
that  delay 'of demixing 'is not  possible  when a polymeric  additive is used, 
which- is soluble in fhe nonsolvent. The, thermodynamic properties, under 
these  conditions are mainly  determined by the  interaction of both polymers . , 

and the solvent with the  nonsolvent.  Mutual  interaction  between  the &o 

polymers  has  no  influence,'as  long as they are still miscible. 

. c  

The  immersion  precipitátion  technique1  is  very  suitable  for  preparation of 
asymrrietric  membranes  with  properties varying from  microfiltration to 
gas  separation. -The most simple  system to perform  immersion  precipi- 
tation is a (quasi-)  ternary  system  consisting of a  polymer, a solvent and a 
nonsolvent. 
The  immersion  precipitation  process is governed  by  the  thermodynamic 

. .  
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and diffusional  properties of the components present in the system. The 
understanding of the membrane structures  resulting from immersion 
precipitation will have to come from the study of those  properties, and 
from the study of how these properties exert their influence on the 
membrane formation process. 

The ~ ~ ~ I T I L Q ~ ~ U I I ~ C S  underlying membrane formation in SU& a teanary 
system have  already been studied intensively by e.& Tompa2r m u  et al.sI 
and Altena et aE.4 They  showed that from the Flory-Huggins theory5  for a 
system  consisting of a monodisperse  polymer, a solvent and a nonsolvent, 
the phase behavior of the membrane forming system can be -quite 
reasonably  predicted. h such a system, the influence of the p ~ l y d i ~ p t ~ ~ i t y  
of the polymer is less pronounced than the effects of the interaction 
parametas+ 
It became clear that by assuming concentration dependent interaction 
parameters between polymer and solvent, and solvent and nonsolvene;, 
the use of ternary interaction  parameters  could be avoided% 
Altena also showed  that  crystallization of the polymer is usuaUy a very 
slow process  compared to nonnd liquid-liquid dewixing. It appeared thus 
sufficient for most systems to focus on liquid-liquid demixing  as the 
essential membrane forming mechanism. Only rapidly  crystallizing 
polpers (eg. some diphatic polyamides) form an exception. 

On the basis o€ the thermodynamics, a thorough study of the kinetic basis 
~f the immersion precipitation process was started  by Cohen et d 6  
Reuvers et  d ' r 8  further developed this model; they showed that the 
assumptions on cross-diffusiond- coeffiaents that  Cohen made codd not 
be justifiedo 
Reuvers'  model  assumes that the compósitions at the interface between 
magenlation bath and polymer solution remain constant as long as the 
diffusion front has not  reached  the bottom of the  polymer solution h. If 
this is the case, it implies that every position in the polper  solution film 
undergoes the same compositiond changes (with different  velocities). 
This point will Pater  be elucidated further on.  The  compositions of d 
positions are therefore  called a composition path, which is a curve 
represenfkg all compositions existing in the polymer solution at one 
moment, or all compositions at al l  times at one position ïn the p d y ~ ~ ~ r  
solUtion. 
Reuvers et d..%,$ sh~wed that  the use of binary data on  thermodynamics 
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Chapter 3: Mass Transfer and Thermodynamics during Immersion Precipìtarion ... 

and  on the diffusional behavior of the components  could lead to a 
prediction of the  observed  characteristics of mèmbrane  formation. 
More  specifically  the  two  types of demixing  (and  therefore of membrane 
formation), that can  be  distinguished  for a ternary membrane  forming 
system, can be adequately  predicted.  The  first  type,  called delayed demixing, 
is characterized by 'a measurable  time  between the moment of immersion 
of the  polymer  solution  in  the  coagulation  bath,  and the moment that the 
polymer  solution  becomes  turbid due to  demixing into a  polymer  lean 
phase (which ultimately  forms  the  pores) and a  polymer  rich  phase  (whtch 
finally results in the membrane  matrix).  In  practice,  this  delay  time  is 
'several tens'of seconds  to  several  minutes;  in  some  cases it may  even  be 
measured in 'hours. With  the help of the  mass  transfer  model,  Reuvers 
was able  to  predict this 'delay time  reasonably  well. It became also possible 
to understand that this' type of demixing usually' results in gas tight 
'membranes,  which have a  thick  (several pm); dense toplayer, and a 
sublayer  with  isolated  'pores. ' ' 

The  second  type of demixing,  called instanfaneous demixing, ìs characte- 
rized  by  the  fact that demixing starts immed,iately  after  immersion of the 
.polymer solution 'in the  precipitation bath. There is no  noticeable  delay 
between immersion and the start of demixing. In terms of the 
composition path the composition path immediately  crosses  the  binodal, 
introducing  instable  compositions  in  the  polymer  solution.. In contrast,. in 
the case' of delay of demixing,  the  composition path is completely  situated 
outside the  binodal in the  beginning.  The  membrane that results  from  the 
instaitaneous demixing  process  possesses an ultrafiltration-type  toplayer, 
with a sublayer that is  more  porous  than  a  delay of demixing  sublayer.  The 
most  specific property  of^ the instantaneously formed  sublayer is the 
occurrence of large conical  voids,  usually  called  macrovoids,  which  may 
extend  through  the  entire  sublayer of the  membrane. 
Smolders and Reuversg  noticed that macrovoids are connected  with  the 
instantaneous  demixing  mechanism.  They  proposed  a  mechanism  for  the 
formation of macrovoids  which can be summarized as follows: during the 
instantaneous demixing  process, it  is possible  that at a  certain  distance 
from the interface  nuclei are created that have a high solvent concen- 
tration. This' high solvent concentration  then induces Zocal delay of 
demixing  between  the  nucleus and the surrounding polymer  solution. 
Delay of demixing  usually is characterized  by a shrinkage of the polymer 
solution and -.increase in volume of the  coagulation  bath. In this  case 
this  corresponds with the  undisturbed  growth  of  the  nucleus. As long as 
delay of demixing  continues  the  nucleus will grow: a  macrovoid  results. 
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time span  that the polymer solution film can still be regarded as  being 
infinitely thick. In recent years,  MeHugh et a2.10-12 have  further 
developed &e mass  transfer models. to describe the solvent/nonsolvent 
exchange ~ Q C ~ S S  not  only in the first moments, but until the  demixing 
takes place 
h our case, we restrict ourselves to the initial  composition path (vide 
infra). Therefore  the  extra  computational effort for  the McHugh approach 
is not for us. W e   ill on~y apply  Reuvers  modeP',g. 

Understanding of the processes taking place in a ternary system is 
absdutely essential as a basis €or comprehending, the membrane  forma- 
tion mechanism.  However, -in practice  membranes are nevei made fkom 
ody the three components  mentioned  earlier.  Usually, extra components 
(additives) are used,  which can result in membrane structures h a far 
greater  variety &an can  be  explained with a ternary modd. 
As an example, a weak  nonsolvent  may be added to the  polymer sokion. 
This  causes the polymer solution to become  less  compatible with the 
coagulation bath. Demixing is faster and e.g.  macrovoid  formation  may  be 
suppressecW. 
h the past decades, several authorsI4-16 reported on the use of a non- 
solvent  (water)  soluble  polymeric additive to the po lpe r  solution, which 
suppressed macrovoid formation, and increased pore intercsnnectivity. 
Higher psrosities  and a modification of the surface properties of the 
membrane  pores  could be obtained. The hydrophobic membraneforming 
polymer  appeared to be  "coated1 wifh a layer of the  water-soluble polymer. 
This increased the hydrophilicity of the membranes, and significantly 
iinproved the fouling properties of &e membranes.  Recently,  Roesink17 
developed a very  well  defined miaoiXtration membrane on the  basis of 
poly(ether  imide) and poly(vinyl  pyrrolidone), PW. 
A real mderstmding of the effects of SU& an additive is not yet available. 
Cabassol8 suggested  that the PW not r e a y  mixes with ~e polymer rased 
and therefore created "islands" of PW in a membrane forming polymer 
matrix- These islands - were then later removed during rinsing of the 
membrmes after the precipitation  step. This could  explain &e fact that 
with P W  added to the  polymer solufion, gas separation mmbranes codd 
never be prepared- If this  were the correct explanation however, one 
wodd expect the PW to be M s e d  out completely from &e membraner 
which is not &e case. 
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PW molecules started to  diffuse out of the  polymer  solution, into the 
nuclei  formed, and became trapped on their  way  out,  .due  to  the  extremely 
low diffusivities in a  concentrated polymer, solution. Although this 
approach  explained  the  fact that PW can  never be'completely. removed 
from  the membrane.by rinsing, it could  not  explain  other  effects,  like  the 
effect of P W  .addition  -on  macrovoid  formation., 1 . , .  4 

In our opinion,  a  quaternary  membrane  forming  system  consisting of -a 
nonsolvent, a solvent,  a  membrane  forming  polymer and a  polymeric 
additive,  is  too  complicated  to  be  approached  without  a  fundamental  basis. 
As an illustration of the  complexity of the  system,  one  should  realize  the 
following  facts:  to  describe  thermodynamic  properties  of  such  a  system 
completely,  one  would  need six binary,  three  ternary  and  one  quaternary 
interaction parameters, and four molecular  weights. To describe the 
kinetics  comprehensively,  one would need  six  diffusivities, instead of 
three in the  ternary case.  All  these  (concentration  dependent)  parameters 
can have  influence  on  the  membrane  forming  process. In our opinion it is 
not possible  to  estimate all the  effects that *can  occur in such  a  system 
without  systematic  modelling. 

In this  chapter we will  therefore  develop  .a  mass  transfer  model  for a four 
component  system, from the  three-component  mass transfer model  .by 
Reuvers et al. The  th&modynamics are described  by the modified Flory- 
Muggins  theory, in" which  we have assumed that all ternary 'and 
quaternary  interaction  parameters can be  neglected. 
The  model'  will then be specified  for our system,  which  contains two 
polymers in the  same  solution. Most likely  the  diffusivity  between  the two 
polymers is low, due to  their  high  molecular  weights.  This  has  a large 
influence on the  thermodynamics and ,especially on the initial  kinetic 
behavior.  The  significance of the results for the basic  phenomena of 
membrane  formation  will  be  discussed. 

Modelling  mass  transfer 

I .  The polymer solution 
We  will  use the  mass  transfer  model  developed by Reuvers et al.7~8 on 
the  basis of the  work of Cohen et a1.6, derived  for  a  four-component  sys- 
tem.  The  following  indices  will  be  used to indicate  the  four  components: 
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Component 4 is soluble in or miscible with a l l  other components;  the ~ d y  
pair in the system that is not miscible is pair 1 - 3. 
A volume balance in terms of the vohme fraction of component i, $i9 is 
written for a Cartesian system: 

to account for the moving iitterface  between  the  coagulation bath and the 
polper.bilm. This transformation is based  on.  the fact that the polymer 
stays behind in the p01yme.r sohtion, and can  therefore  act as a reference 
component. Fiapre 1 shows the  meaning of m with respect to x. 

The system is described reIative to the motion a. referace. component, 
the polymer (31, and a new mass balance results (a compIete.derivation is 
s h o ~  by R e w e d ) :  

-64- 



Chapter 3: Mass Transfer. and Thermodynamics during Immersion P.recipitafion ... 

in which the fluxes are taken  relative to the  motion of the polymer, 
component 3. The  fluxes are here  defined as 

=<pi ( v i  - v3) . i = 1,2,4 

in which V i  is the velocity (ms-1) of component i in laboratory 
coordinates.  'The  fluxes are linearly related~ to the chemical potential 
gradients, according  to  the  theory of irreversible  thermodynamics20: 

Here, pi is the chemical potential, and, xi the sp.ecific volume of 
.component i (appearing  from  the  conversion  from  mass flmes to  volume , 

fluxes,  which are used here).  The .Lij's are called phenomenological 
coefficients  dnd are diffusivities  stripped of their  thermodynamic part. . 
The  'complete set of diffusion equations for a quaternary soru'kon ,is 
obtained by  combining  these  flux  equations 5 with the mass  balance 3 
(again the complete  derivation is given  by  Reuvers7): 

" * 

TO find expressions for the  phenomenological  coefficients Li$ the Mm- 
well-Stefan  approach7t8~21  can  be  used.  The  Maxwell-Stefan  equations for 
this system  are: 

R*- is the friction coefficient between components i and j; C i  is the 
concentration of component i (defined  as +i/xi), and Vi is the  velocity  in 
laboratory  coordinates  again. 
From  this, it 'can be  derived that the driving forces X are related  to  the 
friction  coefficients by: 

IJ 
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by which the phenomenological coefficients are now related to the frictiòn 
coeEdents. 
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The relation. between the phenomenological  coefficients and the friction 
coefficients  follow  from  relation 10. 

3. hitia1 and  boundary  conditions 
As in the model of Reuvers7, we will  assume: . 

- local  equilibrium at the  interface, and 
- the  fluxes of components 1,2 and 4 to  be  equal at both  sides  of.  the 

interface 

Our system is now  defined.  The  chemical  potentials are determined  by  the 
Flory-Huggins  theory.  Knowledge of the  friction  coefficients  enables us to 
calculate  all  diffusion  profiles. 

A solution for .sholtt times 
. .  

Immediately  after the polymer  solution has been .brought into contact 
with the  coagulation  bath,  the  concentration  profiles are step wise  func- 
tions.  This  causes,  mathematically,  the  fluxes  to  be  infinitely  large at t=O. 
In other  words:  the  diffusion  behavior  features a singular  point at t = O 
and m = O. To overcome  this,  the Boltzmann-conversion~~~~~~~*~ may  be 
used 

spatid/time coordinate 6 = m- 
2fi’ 

time  coordinate z = Js 

the spatial  coordinate m is converted to m/(2&)  while time is converted to 
dt.  The  diffusion  equations 6 then  become: 

Normally,  fluxes in such  a  problem are dependent on the  square  root of 
time. It can  be  proven22  that  while  the  time-derivatives of the  concentra- 
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Qne now sees that it is not necessary for the time-derivative of the 
compositions to be zero at the  interface, as Reuvers et d. assumed. They 
may even be infinitely large, as long as the z-derivative is finite- 
It appears that we obtain the same  approximation as found by Reuvers, but 
without the  assumption of constant interfáad compositions. We have an 
approximation now, v&d only for short b e s :  . 

We wiH approximate relation 15 by calculating  the true diffusion  equa- 
tions 7 for a very short time (eg. 0.1 s) with the help of the EhP3PGF-routi.ne 
from the National Algorifhaws Group fibraryz4. 
The procedure is as follows: 

I, h interfacid composition on the binodal is  assumed 
2 The diffusion profiles in the polymer  solution are calculated 
3. The fluxes to and from the polymer solution are cddated  
4. The flwces are used to calculate  the  diffusion  profiles in fie 

5. the flues to and from the  coagulation bath are calculated 
6- These fluxes are compared  with the fluxes from step 3. 
7. The  whole  procedure Ïs repeated with different  interfacid 

coagulation bath 

compositionsr until the fluxes from step 3 and step 5 z e  equal. 
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The friction coefficients 

In our model  we  will  use  the  same  assumptions  as  Reuvers  used.  That  is: 
quaternary friction  coefficients R4 are only  dependent on the two .compo- 
nents i a d j .  Therefore  the  binary  friction  Coefficients  may  be  used in the 
form of: , 

This enables  us  to  use data measured in the  Iimiting  binary  systems7. 
As a  model  system,  we will use  the  system  consisting of: 

I - nonsolvent water 
2 - solvent:  1-methyl-2-pyrrolidone . ( N M P )  
3 - membrane  forming  polymer:  polycether  sulfone)  (PES) 
4 - polymeric  *additive:  poly(viny1  pyrrolidone) (PW) 

Since on the diffusivity of poly(ether  sulfone) in NMP not so many data 
are available,  the  relation  from  'Radovanovic et aZ.23 for  the  diffusivity of 
polysulfone in DMAc is used. 

This relation approximately agrees .with the experimental data from 
Tkacik et aZ.25t26 on the system PES-NMP-water, and with values 
measured in our  laboratory. 

Diffusion  coefficients of NMP in water are taken  from ref 26. The  friction 
.coefficient  obtained  from  these data is estimated  to  be  constant: 

The  thermodynamic data from  the  system  PES-NMP-water is based on the 
work by  Tkacik et 112.25, and. work from our lab.  The data on the 
interaction of P W  with  other  components are given  in  reference 27. 

-69- 



In dilated solutions (i.e. under the overlap concentration), binary diffu- 
s i ~ n  coefficients  for  low  molecular  weight  substances and polymers are 
usually inversely related to the square of the  molecular  weight of &e. , 

& l p e r  solutions  meant  for  membrane  formation are always quite c m -  
centrated: a typical concentration in a system considered her& is: 25 
weight%  membrane  forming  polymer and 15 weight%  polymeric  additive. 
A total polymer weight  content of 40 weight%  indicatés that the  polymer 
solution can be regarded as m intertwined  network s€ polymer molesdes 
'swcsllen' with solvent and nonsolvent  molecules.  Since the two polymers 
that are used mix well, they will be  well  entangled. 
De  Gennes29  has developed  theoretical  ideas on such  concentrated solu- 
tions. According to his ideas, such a solution cart  be regarded as csnsisting 
of 'blobs', parts of a polymer chain that mainly interact with &msdves, 
and that d0 not interact  with  other chains. The number of blobs is related 
to the concen%ration of the  polymers. In rather concentrated sdutions, the 
properties of the solution are determined  by the properties of the  blobsf 
and n0t by &e properties of the complete chairas+ This situation is. sche- 
matically shorn in figure 2a. The  molecular  weight of .the poIpers has 

effect on diffusion of solvent (or n0nsolvent)  molecules thou& such a 
network of blobs,. since the moledar wèight of a blob is much smaller 
&an that of the complete  polymer  chain.  Therefore, above the overlap 
concentration, the  diffusion  coefficient  between a solvent and a polper  is 
independent af the molecular  weight of the polymer. 
Diffusion of dne of the  polymer  molecules through &e solution,  how- 
ever,  is  very  diff5cult. A polymer chain can only move al0ng its long axis. 
One  may visualize this as movement of the  polymer  coil in a tube, shown 
in figure 2b; while the polper  coil is moving,  new  parts Of the tube are 
created at one  end,  while at the other end parts of the tube are destroyed 
(see De Gemes29). De Gennes showed- that in this sÏtuatiÖn the diffusion. 
coefficient  is  inversely proportional to &e square of the moIecu1a.r weight 

p0lper. 

of the pcslper(s). . 
§ m a k h g ,  for more concentrated solutions  (i.e.  clearly  above the over- 
lap concenkration), the dÏffusion  rate between solvent and polymer is 
independenf of the  molecular  weight of the polymer; the poPper-pPymer 
diffusion rate is quite  dependent on the molecular weight %his is 
s&matically shown in figure 2c. 
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Figure 2a: A schematic  picture of' diffusion processes in a concentrated  solution. 
Nonsolvent and solvent can di'se through the network of blobs (figure 2a), 
while movement of polymeric  molecules with respect to other  polymer  molecules 
is restricted to movement through u 'tube'  (reptution;  figure 2b). The conse- 
quence is shown in figure 2c:  the  friction  coeficient  between two polymers (i and 
j )  increases with the  square of the  molecular weight; the friction coefficient 
'between a low molecular  weight  component ( j )  and a polymer (i) is independent 
.on the  molecular -weight of the  polymer. 

The  implication of this is, that  accordingly  the  mass  exchange of solvent 
and nonsolvent is much  faster  than  the  diffusional  processes  between  the 
polymers.  During  the  very first momenfs of immersion,  the  polymeric 
additive does not have the possibility to move at all  relative  to 'the 
membrane  forming  polymer.  The two polymers  behave as one  polymeric 
network. 
'h our mass  transfer  model,  which  is  only  meant  for  the  first  moments of 
immersion,  one  can  conclude  that  the  friction  coefficient  between  the  two 
polymers is very  large  when  compared to  the  other  friction  coefficients  in 
the system. We can  therefore  assume  that  the  velocity  difference  between 
the two polymeric  components is negligible  compared  to the other 
velocity  differences  in  the  diffusion  system. 

The  condition of  no movement  be'tween  the  two  polymers  imposes  two 
alterations  on  the  system. 
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The first one concerns the mass transfer model.  Since the polymers 
behave as one single polymer, the system  reduces into a semi-ternary 
system, The phmomenologicd coaaents  cacn be caldated fmnx 

Comparison with the analogous  expressions by Reuvers shows that the 
polymer  network  behaves  as  a  weighted  average  over the two pblperic 
components- 

The  second adaptation to  be made is thermodynamic h natureD During 
the first moments of immersion, the assumption of local equilibrium at 
the  interfacial  boundary  be  maintained. 
During phase separation, the two polymers present always tend to 
separate,  regardless of their mutual miscibility, as long as one polymer is 
mainly  soluble in only one phase (the  membrane  forming @ p e r )  and 
the other  polymer is soluble in both  phases (the polymeric  additive). This 
has entropie reasons: two poIymers have very low entropy of mixing. This 
e e c t  has been clearly shown earEe9. 
For the initial stage we can only assume  local  equiI1brium for the IQW 
molecular weight components, solvent and nonsolvent,  since they can 
move freely through the polymeric  network and the coagulation  bath. We 
pose on the  system  the  restriction that alI polymer  remains present k the 
polymer  phase, and that in the other  phase  no polymer is present at d. h 
the  next  paragraph this restrictioQ will be worked out in detail. 

As was discussed bdore, the  phase  behavior at tlae interface for short times 
is different  from the equiiibritura phase behavior  €or the quaternary sys- 
tem.  Due to the kinetic  restrictions of the  system,  we have to assme that 
tke polymers act as one single  polymeric  network. 
The phase diagram for the first moments is calculated by assunning 
equiIibriuna  for the solvent and nonsolvent,  while  forcing the polymer 
concentrations in  the diluted phase to be zero. The polymer concen- 
trations in the csncenbated phase arë c h ~ s e n  as independent variables. 
For the concentrated  phase, the following relations are used €9 describe f.he 
&anical potentials of solvent and nonsolven$% 
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' 24) 

In these relations, the binary  interaction  parameters 'are assumed to b.e 
only dependent on  the two components indicated by the interaction 
parameter  itself.  The  following  parameters  have  been  introduced30: 

g12 is  dependent  on u2 = +2/(+2++1) 
g23 is  dependent on v2 = $2/(+2+$3) 
g14 is  dependent  on u4 = +4/($4+$1) 
g24 is  dependent on w2 = $2/(62++4) ' 

g34 is  dependent  on v3 = $3/($3+$4) 

Any concentration dependence of x13 cannnot be measured (since 
components I and 3 are not miscible); the absence of concentration 
dependence  is  therefore  assumed4.  The  entropic  parameters  are  the  ratios 
of the molar volumes of the  different  species: 

in which xi is the 'specific  volume and Mi is the  molecular  weight of 
component i. 
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F Q ~  the calculation, the usual numerical procedure is used (see EXSUS, 
Altena4). The chemical  potentials  as  defined  by  equations 22 to. 25 are set 
equal for ea&  component, by varying the nonsolvent  concentrations in 
both phases-  The  concentrations of components 3 and 4 are fixed in one 
phase;  component 2 is determined by the mass balance. 

Phase diagrams calculated h this way are shown in figure 3 a to h. h these 
figures &e thermodynamic  parameters are varied.  Since  these  binodals are 
only  valid  for  very short times, and are completely  different kom the red 
bhodalr one might call these curves virtual binudak. 

It appears ~ Q I I I  figure 3a that the addition of component 4 decreases the 
size of the demixhg gap: the solution becomes more  compatible with the 
nonsolvent. It should be remembered that the red doudpoint curves of 
these systems (i.e. when  kinetics are not hampered) are around one 
v o ~ m e  percent of nonsolvent or less30: the solutions are in reaEty very 
incompatibk with the  nonsolvent.  Nevertheless,  for short times# figure 
3a shows that the solution can  contain up to 50 volume% of nonsolvent 
(this is as long as no  movement  between  the  two polpers  is possibk). 
This is not very dependent on the molecular  weight of the additive, as 

as the additive is still macromolecular ïn nature. This is shown in 
figure db. When the molecular  weight of the  additive becomes b o  low (i.e. 
c 5000 g/mde), the binodal shifts even Eusther to the right.  Since  we 
already need a high molecular weight for  the additive to hinder the 
diffusion between the ~ W Q  polymers (e.g.# several tens of thousands 
&mole), we can  assume  that  the  actual  molecular  weight .has no influence 
on these virtual binodals. 
Figures 3c arad 3d give  the effects of the parameters that are a k a y  present 
in B ternary system without component 4; we see the same  behavior as h 
a ternary s y s t a 4 .  
It is observed that polymer-solvent  interactions, g23 and g ~ 4 ~  are n ~ t  h- 
portant, of course as long as misabilities are ensured (see f i p e s  3e and 
30. The interaction  between the poQmeric addditive and the nomolv~t ,  
g14 (figure 3g) is andogous to the gl3. 
The  interaction  between the two  polymers, 834, seems not to have any 
Muence (again as long the p ~ l p a ~  are still miscible), as shown in figme 
3h- 
Generally, from figure 3 it may be concluded that for.  the short-term 
thermodynamic  behavior of t.he polymer solution only the interactions 
with &e nonsolvat are important, í.e- the parameters ga2, 813 arad 8x4 
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Figure.3a:  Variation of the ratio of additive  to  polymer  betwem O and l ;  other 
parameters  see  below.  Figure 3b: Variation,of the molecular  .weight of the additive 
between 500 and 500 000 glmole. 

91 2 g13 
a 4.0 3d 

Figure 3c: Solvent-nonsolvent interacfion:  variation of 812 between 0.0 and 1.0. 
Figure 3d: Nonsolvent-polymer interaction: variation of 813 between 4.0 and 1 .O. 
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(see figures 3c,  3d and 3g).  The influence of the solvent-nonsolvent 
interaction parameter has been well investigated by Smolders and 
coworkers4~*. We  may say  that  in our quaternary  system, this influence 
looks analogous. The  same  can  be said of the polymer-nonsolvent 
interaction  parameter.  The  influence of the additive seems to be  mainly 
governed  by  the  interaction  between  the  additive and the  nonsolvent, 814. 
This can be  easily  understood. If the  value of this  parameter  were  the  same 
as the  value of 813, there  should  be  no  shift of the  binodal  whatsoever,  the 
additive should behave  exactly the same as  the  membrane forming 
polymer.  The parameter. g14 therefore  is  a  measure of the  difference 
between  the two polymers. 
To summarize the effects  shown in figure 3, it appears that the thermo- 
dynamics during the  first  moments of immersion are mainly  governed  by 
one  parameter, the nonsolvent-additive  pararneter,  which  expresses  the 
"hydrophilicity"  (when the nonsolvent is water) of the additive- Apart 
.from  effects  from  the  basic  ternary  membrane  forming  system without 
polymeric additive (effects of 813, g23, and g13), the  system  is  relatively 
insensitive to the  other  parameters in the system. 

Mass Transfer 
3cL  

Figure 4: An initial  composition path for a system  with an equal amount of 
,additive 4 and polymer 3. The friction coefficients X i 4  are chosen as equal to the 
friction coefficients Ris. Other  parameters are as in figure 3, and  as  indicated in 
the text. Initial  composition of the  polymer  solution: 20 vol% polymer ( 3 4  in 
solvent.  Initial  composition of the  coagulation  bath:  pure  nonsolven f. 
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The  "short-term" thermodynamics (valid for the first seconds of immer- 
s.ion) as shown on the  preceding  pages is used as the  basis  for  the 
cdcdatbra of composition paths for &e system. 

Figure 4 shows a; typical initial composition  path.  The  nonsolvent flux . 

through the interface is much higher than in the  ternary  system, and that 
it k comparable to the solvent fllaxc 

Preliminary  measurements  performed in 'our lab indicated that the 
cliEd~8y of P W  is of the  same  magnitude as the  diffusivity ob PES. We 
therefore asstamed that they were the same and possessed  the same 
concentration dependency. 

3+4 
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of the  systems  more  closely. In figure 6 the  ratio of additive  to  polymer in 
the system is varied  from  zero  to  unity. A characteristic feature appears 
with increasing $4/@3 viz.  a  lowering in polymer  concentration in the 
toplayer. When the ratio $4/+3 is  enlarged  further,  the  interfacial polymer 
.concentration stays approximately constant. ' From the calculations it 
appears that nonsolvent  fluxes through the interface  increase  approxi- 
mately  three-fold  when  increasing the ratio from zero to 0.25; after  this 
they  remain  approximately  the  same. 
W e  can  see- that the  initial  composition path without any addition,  which 
is typically of an  instantaneous  demixing  type,  shifts  to a delay of demixing 
type when  additive is present. No demixing  takes  place  as  long as the two 
polymers cannot move relative to each other. Of course we should 
remember that..this assumption holds only  for the first few  moments. 
After this initial stage the two  poIymers start to move  relative  to  each 
other. The demixing  itself is determined by the  demixing  between  the two 

Figure 6: Initial composition  paths with a varying amount of additive  in the 
polymer soltctim. Ratios of additive (4) to polymer (3) are a: O, b: 0.25, c: 0.5, d: 
0.75,'e: 1 .O. Other  parameters and concentrations are as in  figure 4. Dashed lines 
represent  the (local) equilibrium at the  interface. 

Regarhing  the  mechanism of formation of macrovoids  the  behavior of the 
solution  immersed in a  coagulation  bats  that  contains  increasing  amounts 
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of solvent is of importance. 
h &e basic ternary membrane forming system, an increase d the solvent 
concenfragion in the coagulation bath results in  a slowing down of the 
nonso1vent hdiffarsion. Above a certain solvent coqcentratbn, t& in- 
stantaneous type of depnixing is replaced  by a delayed type of demixing. 
The composition of the  coagulation  bath €or a quaternary systemr &om 
zero to 80 volume% of solvent; see figure 7, As we can see, the polymer 
concentpation at the interface  decreases to zero: at around 50 vol% of 
solvent h the coagulation  bathy there is no discrete  interface to prevent 
membrane forming polymer to diffuse into the coagulation  bath.  Since 
our" model is based on the stagnancy of components 3 and 4, and is 
developed  only for short h e s ,  these initial composition paths s b d d  not 
be  faken too literally, although they might still be used  qualitatively.  What 
one expects on the basis of figure 7 is the following. When &e solvent 
concentration in the coaguIafion bath increases, the polymer 
concen&a€bn in the toplayer drops to 'zero. Initially this means that the 
membrane forming polymer  (together with the additive)  dissolves in the 

3 +L 
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In the polymer solution near the interface,  the  polymer  concentration 
becomes  very  low,  allowing  relatively fast polymer-polymer interdif- 
fusion.  When  this  interdiffusion  has  become  possible,  the  compositions  in 
the  toplayer  are  very  instable;  they  are  actually  situated  inside the spinodal 
area of the  normal  phase  diagram. This  solution  will  therefore  relatively 
quickly  demix  according  to.  a~ .spinodal decomposition  mechanism.  It  is 
important to  notice  that under conditions that would  normally  cause 
delay of demixing  (i.e.  high  solvent  concentration in the coagulation  bath), 
the  use of a  polymeric  additive  which  is  soluble in the  nonsolvent  makes 
delay of demixing  impossible as a  membrane  forming  mechanism. 

General conclusions 

A mass  transfer model for  a quaternary membrane forming system is 
developed  for  the  first  moments of immersion. 
It is  shown that a  particular  system,  incorporating two polymers in the 
same  solution,  has  some  specific  characteristics. By using an additive  with 
a  certain  minimum  molecular  weight,  the  movement  between  the  two 
polymers is negligible-'initially, compared to the  movements of non- 
solvent and solvent. It is  therefore  possible  to  distinguish two different 
time  scales during membrane  formation  with such a  system. 

- 

- 

It is 

During  &e  shorter  time scale, movement of one  ,polymer  compared 
to the  other  can  be  assumed  zero. Only solvent  and  nonsolvent  are 
exchanged. A high  nonsolvent  concentration in the  polymer  solution 
results. 
In the  longer  time  scale,  the  movement  between €he two  polymers  is 
possible  again.  The  polymeric  additive  forms  a  second  (pore)  phase; 
the  original  polymer (4) forms the  membrane. 

essential  that  the  molecular  weight of the  polymeric additive is high 
enough  to  decrease  the  polymer-polymer  diffusion  dramatically. A precise 
estimate of such  a  minimum  molecular  weight  cannot  be  given;  on  the 
basis of a  reptation  mechanism  one  .might  expect  quite a large  molecular 
weight  to  be  necessary. 
During the shorter  time scale; both the  kinetic and the  thermodynamic 
properties of the  system  are  c&mged.  The  polymer  solution  appears  to be. 
more  compatible with the  nonsolvent.  The  thermodynamics during the 
shorter  time  scale are mainly  determined  by  the  enthalpic  interaction of 
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the p ~ l y ~ e ~ i c  additive with the  nonsolvent.  Other  interactions do not 
deviate  from  the effects in the  ternary  situation  without  the fourth 
component.  Significant is that  the  interaction  between  the ~WQ polymers 
does not seem to have any effect, as long as the two polymers  remain 
miscible. 
Calculation of the initial composition paths indicates that when a pony- 
meris additive is used, the polymer concentration in  the  skinlayer 
remains  low. The initial  nonsolvent flu though the interface  increases 
very  much upon addition of the nonsolvent-soluble  polymer. 
It appears that the  initial  composition paths are not  very  sensitive to the 
values of the b e t i c  parameters. 
An increase of the amount of solvent in the  coagulation bath resulted in a 
reduction of the amount of polymer in the toplayer mtil it becomes ZCZQ. 

This faditates the  transition to the behavior  belonging to the Ionger  time 
scale  (i.e. demixhg into two phases),  since aIl dZhsion processes are faster 
in more diluted solutions.  Effectively,  the addition of solvent to the 
coagerlatim bath will cause  the polymer s01ution to demix quickly- This 
implies  that  even  for  very  high soLvent  concentrations, dday of demixing 
i ~ .  not IpossibIe- TKS is h accordance  wit^^ practical  experience28- 
The cloudpoint curves  valid for the  longer  time  scale  are  always situated 
close to the polymer-solvent axis. During  the shorter time  scale, very 
instable compositions in the  skinlayer are created,  according to the  phase 
behavim of the’longer time s d e .  One  could  say  that  the short time  scale is 
equivalent to a very deep  quench of the polymer  solution. It may  initiate 
spinodd decomposition processes. 

Siunmarizingr we can say that the introduction of a nonsoIvent-saluble 
polymeric additive inhibits  any  delay of demixirng, as  long as the diffusion 
between the two polymers is significantly  slower -than the other diffwion 
processes taking place. 
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matrix of phenomenological  coefficients 
phenomenological  coefficient  between  components i and j 
spatial  coordinate  corrected  for  movement of the  interface  (m) 
molecular  weight of component i (g/mole) 
IlM1/@42 

inverse  matrix of L 
friction  coef€icient  between  components i and j 
matrix  element of E 
- v lM1/aM4,  or  time (s) 

@2/(@2+$1) (-1 

velocity of component i (ms-1) 

$3/($3'$4) G) 
specific  volume of component i (m3g-1) 

11M1 /%M3 

$4/($4+$1) (-1 

$21 (@2+$3) (-1 

$21 ($2+$4) (-1 
vector of driving  forces  (chemical  potential  gradients) 
spatial  coordinate  in  the  polymer  solution  (m) 
distance  between the interface  on  t and the  interface  on t=O (m) 
spatial  coordinate in the  coagulation  bath  (m) 
chemical  potential of component i (Jmole-1) 
volume fraction of component i (-) 
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Chapter 4 

Membranes  Prepared 
From a Polymeric  Blend Part I: 1 

Membranes  from  Poly(Ether , Sulfone) 
and  Poly(Viny1  Pyrrolidone) 

R.M. Boom, S. Zanic, Th. van den Boomgaard, C.A. Smolders 

Membranes  were  prepared  from  poly(ether  sulfone),  with  poly(viny1  pyr- ' 

rolidone) as polymeric  additive,  l-methyl-2-pyrrolidone as solvent and 
water as nonsolvent. In the  polymer  solution, the membrane  forming  poly- 
mer  concentration,  the  polymeric  additive  concentration and its molecular 
weight  were  varied, as well as the solvent  concentration in the  coagulation 
bath. 
A series of empirical  rules is found  to  describe  the  resulting  membrane  mor- 
phologies. It appears  that PVP is a  macrovoid  suppressor at fast  demixing 
conditions only (low solvent content  in the coagulation' bath); at slow 
demixing  conditions  (high  solvent  content in the coagulation  bath), PVP 
promotes macrovoid  formation.  Delay of demixing as known for ternary 
systems is suppressed  by PW?. 
A mechanism  for  the  effects of PVP is proposed,  based  :on  the  assumption 
that under fast  demixing  circumstances,  the  polymer-polymer  diffusion is 
much  slower than other  diffusion  processes in the  system.  Structures  formed 
under extreme  circumstances (very high solvent concentration in the 
coagulation  bath,  very  thick  membranes)  can  be  comprehended  from  the 
proposed  mechanism  for  the  effects of P W  addition. 

. ,  

Introduction 

It is known that  ultrafiltration  or  microfiltration  membranes prepared'by 
the immersion  precipitation techniquel, with a water-soluble polheric 
.additive such as poly(viny1  pyrrolidone),  have  superior  properties  when 

' compared to membranes prepared in the same  way but without the 
additivG-6. 
The fouling properties of the  membranes are improved  since  the  origi- 



nally  hydrophobic  surface of the  membrane  acquires hydmphilic properfies 
from the additive molecules  which  €or  a part remain in %he membrane 
after prepratiod. effects of the additive on the morpkslo 
mernbranesZt3 are of equd importance. . .  . .  

Much work kas already been done in the past on the preparation of m&n- 
branes using poly(viny1  pyrroIidone),2-6 PW, as an additbe. In general/ 
macrovoid formation is found to  be suppressed by  the addition of PW. One 
needs  a  certain minimum concentration of PW, with at least a certain 
minimum  molecular  weight. This turns out to be dependent on other 
process  conditions, such as the concentration of the membrane forming 
polymer. Further, on a  smaller  scale, the pore structure obtains  a better 
interconnectivity by the addition of PVP. This results in higher ffmxes 
through the membrane,  while  maintaining high particle  retentions. The 
overall  porosity of the  membrane is larger  when  compared with the  same 
membrane prepared without the use of such an additive. 
Hna summary, the most important effects  of PVP on  the  membrmes are: 

- increased  hydrophilicity of the  membrane  (pore)  surface 
- suppression of formation of macrovoids 
- enhanced  interconnectivity of the  pores 

Despite al€ investigations, a systematic study of  the  eEects of P W  on the 
membrane  morphology  has  never been carried out. 
h this chapter  some of the most important process parameters of the 
immersicm precipitation process are varied: the membrane forming 
polymer concentration, the concentration of the  polymeric additive (PW)p 
and. the solvent (NMP) concentration in the coagulation  bath. 
The  morppioIogical  changes resulting Erom the concentration variations 
are compiled into a. number o€ empirical  rules that describe the different 
effects of PVP on membrane structure Light  transmittance through the 
membranes as a  function of time has been recorded durhg the prepara- 
tion of all  membranes. It is. shown that the effects of P W  on membrane 
morphology are closely connected to changes in the light transmittance 
profiles. 
It has  been shown earlier  that  the  most  important  effect ~f the presence ~f 
P W  in the polymer solution is that the mutual diffusion  between  the two 
polymers is significantly  slower  compared  to the other diffusion  processes 
h the system.- This has a profound influence on the  immersion  precipita- 
tion  process7.  The  effects of this low  interpolymer  mobility are used to 
explain the dfects of PW addition on membrane structure shorn in this 
chapter. 



Chapter 4: Membranes Prepared from Poly(Ether Sulfone) and PolyWinyl Pyrrolidone) 

Experimental 

Poly(ether  sulfone),  Victrex 5200 P, supplied  by IC1 Ltd.,  was dried  at  least 
for 12 hours at 80 "C before  usage. No further  purification  was  applied. 
Poly(viny1  pyrrolidone), grade K30 and K90 from  Jansen  Chimica,  was 
used  as  received. In table 1 the  molecul&  weights of the  various  polymers 
are given. 

Table I :  Molecular weights.of the polymers used, measured by gel  perment.ion 
chromatography 

Polymer M, (g/mole) M, (g/mole) 

PES Victrex 5200 P 22 300 43 800 

PVP K30 8 700 18 100 
PVP K90 99 800 228 200 

N-methyl-2-pyrrolidoner  or NMP, was  obtained  from Merck, synthesis 
grade, and was used without further purification.  Water  was  demine- 
ralized and ultrafiltrated. 
The  .polymer  solutions  were  cast  with  a  thickness of 0.2 mm on  a  glass 
plate. It was found that the  temperature of the coagulation bath has  a 
significant effect on  the membrane morphology. Therefore the 
coagulation  bath  temperature  was  fixed at 298 K. The  membranes  were left 
in their  coagulation  bath  until  they  got  completely  detached  from  the  glass 
plate.  Then  they  were  transferred  to  a  rinsing bath of .pure water.  After 
several hours they  were  transferred to a  solution of 4 g/1 of sodium 
hypochlorite in water, in which  they  stayed  for  three  days, to crosslink 
PVP6. Finally, membranes were kept  under water until  further 
investigation. 
Samples  for  the  scanning  electron  microscope  were  broken  in  the  wet  state 
under liquid  nitrogen, and dried in vacuo for at  least 6 hours. A thin  layer 
of gold  was  deposited  on  top of the s ~ p l e  with  the Balzers  Union SCD 
040 sputtering apparatus. Samples  were studied with a Je01 JSM T220 A 
scanning  electron  microscope. 
The setup used for  the  transmission  experiments9  is  shown  in  figure I. 
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Re sul ts 

Membranes  prepared  without  addition of  PVP to the  polymer  solution, 
with  varying NMP concentrations in the  coagulation  bath are shown  in 
figure 2. Structures  obtained  are in agreement  with  findings  by  Reuvers et 

dg-10. One  can  see  from  the  structures  and  from  transmission  experi- 
ments  (figure 9) that  a  transition in the  mechanism of membrane  forma- 
tion  from  instantaneous  demixing to delay of demixing  occurs  at  approxi- 
mately 70 weight% of NMP in  the  coagulation  bath.  This  is  accompanied 
by a  vanishing of the  macrovoids  which  are  typical  for  instantaneously 
demixed  membraneslo. One  can  observe  that  enlarging  the  polymer 
concentration  deminishes  the  tendency to form  macrovoids.  The situation 
of the  transition  from  instantaneous ,to delay  type of demixing  is  not 
significantly  influenced* 
The  membranes  prepared  by  delay of demixing  exhibit  a  layer of larger 
pores  close to the  interface  with  the  coagulation  bath. 

In figure 3 the  effect of the  addition of  PVP to the  polymer  solution, 
coagulated in a  bath  with  a  low (40 wt%) concentration of  NMP in water  is 
shown.  The structures  are the  same as the  structures  prepared  with  a  still 
lower  concentration of NMP (or  even  pure  water)  in  the  coagulation  bath 
(not  shown). 
For 15 wt% PES, use of low  molecular  weight  PVP  gives a slight  tendency 
to reduce  macrovoid  formation.  This  effect  is  much  stronger  when  high 
molecular  weight  PVP  is  used as  addition to the  polymer  solution.  Here, it 
appears  that  all macrovoids  have disappeared  upon  adding 10 weight% of 
PVP K90. 
The use of 20 wt% PES  shows  different  results. It appears here that  addi- 
tion of low  molecular  weight  PVP  promotes  macrovoid  formation. At 15 
wt% PVP K30, the  toplayer  has  a  regular  porous  structure;  the  macrovoids 
start somewhat  deeper  in  the  membrane. A high  concentration of  PVP 
K90 reduces  macrovoid  formation;  a  regular,  more  or  less  co-continuous 
structure  is  formed. 

Figure 4 shows  membranes  coagulated in a  bath of 50 wt% of NMP in 
water.  Addition of  PVP, whether  low  molecular  weight  or  high  molecular 
weight,  now  first promotes the formation of macrovoids.  When the 
concentration of the  high  molecular  weight  additive  is  €urther  enlarged, 
the initial  increase in macrovoid  formation  is  overtaken by a  decrease. 
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This is also, but far less clearly visible in figure 3. With a low 
concentration of solvent in the  coagulation  bath, in combination with low 
molecular weight PVP as additive, the suppressing effect of PW on 
macrovoid  formation is not  very  large. It is,  therefore, not surpris 
the  suppression of macrovoids  with IOW molecular  weight PW cannot be 
found at al1 with 50 weight% of N M P  in the  coagulation  bath-  One  only 
sees  the  increase in macrovoid  formation. 
A pore Q ~ C  less co-continuous structure appears around the macrovoids 
(eg. visible at 10 wt% FVP K30 and 5 wt% PW K90, with 15 wt% FES). The 
walls of the macrovoids  obtain  a  mu&  more  open structure by the 
addition of PW- 

Figure 5 shows membranes prepared with a  coagulation bath of 60 wt% 
N" in water.  Again  one  can  see that PW K30 promotes  macrovoid  for- 
mation. The co-continuous structure mentioned  for  figure 4, seen around 
macrovoids, is more  pronounced here 
At a  higher  cmcentration of PW K90, a regular  open  porous structure is 
obtained that has been  described by lXoesink6. The s t ruchre  shows 
completely  interconnected  pores:  a  typical  co-continuous  structure. 
Comparison of the membranes prepared with 10 wt% PW K90 (and  15 
wt% PES) with 40,50 and 60 wt% N M P  in the  coagulation  bath  (figures 3,4 
arad 5) shows that an increase of the  concentration in the  coagulation 
bath enlarges &e typical pore size in &e open porous structures. 

The  transition kom instantaneous to delay of demixing without P W  Pies 
just below 70 wt% of NMP in the  coagulation  bath.  Membranes  prepared 
just beyond this 'bansition,  with 70 w€% NMP in &e  coagulation bah, are 
presented in figure 6. 
Results wif& 15 wt% PE5 are discussed  first. Low molecular  weight PW up 
to a concentration of 10 weight%  seems to maintain €he cellular (delay of 
demixing) structure. The  closed  pores  have  become  much  larger  here.  The 

. larger celIs appear  near  the  interface with the  coagulation  batho  The  more 
PVP is added, the larger  the  effect  is. 
Unlike a typical  membrane from a  ternary  system,  formed by delay of 
demixing,  small  pores  appear  in-between  the  large  cells. We will see later 
that this is a general  phenomenon of systems  with PW coagulated  under 
these circumrastaraces. 
A concentration of 15 weight% PW K30 in the polymer solution causes 
macrovoids to be formed. A low concentration (5 wt%) of high molecular 
weight P W  (=O) Ieads  to a structure with  macrovoidsp and a very ogen, 
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completely  interconnected  pore structure in-between.  The  pores in this 
structure are much  larger  than  the  pores in the  membranes  with  less (O 
wt%) or  more (10-15 wt%) PVP K90. This  might  be  compared  with  the 
creation of larger  cellular  pores  by  using up to 10 wt% PVP K30. Addition 
of more PW K90 again  gives the typical  open  porous structure reported 
,earlier  by 'Roesink6 without  any  macrovoids. 
The use of 20 wt% PES in the polymer solution does not show the 
observed increase,.in size of the  closed  cells, at low PVP concentrations. 
One  sees  again  that  addition of PVP induces  macrovoid  formation.  At 15 
wt% PW K30, a structure is  obtained  that  is  similar to the structure of 15 
wt% P W  K30 or 5 wt% PVP K90 with 15 wt% PES, in the same  coagulation 
bath. It features  oval  voids,  with  an  interconnected  pore structure and a 
typically  large  pore size. 

Further  increase of the NMP concentration in the  coagulation  bath to 75 
wt%, as shown 'in figure 7, shows the same trends, although more 
pronounced. 
Again  membranes  from 15 wt% PES are  considered  first. 
A  small  addition of PVP K30 does  not  enlarge  the  typical  size of the  closed 
cells, although  the  cellular structure itself is maintained.  At 20 wt% PVP 
K30, a  different structure is  obtained. It seems that the  walls .of the  pores 
contain  some  small  pores  themselves.  The structure can  .be  characterized 
as  bicontinuous, in which  both the (large) pores and the  polymer  matrix 
are continuous. 
PVP K90 approximately shows the same trends. The  co-continuous 
structure now appears already at 5 wt% PVP K90. The  thickness of the 
bicontinuous membranes is smaller than membranes with a  cellular 
structure.  One  can  see  more  clearly  here  that  the  pore  walls  themselves  are 
porous. A larger PVP K90 concentration  results  in  smaller  pores,  and an 
increase of the  overall  thickness of the  membranes. At 15 wt%,  a  more  or 
less  normal  open  porous  structure6  is  obtained. 
Membranes prepared with 20 wt% PES also  show the transition  from  a 
closed  cell structure to a co-continuous structure, accompanied by a 
decrease in membrane thickness.  Addition of 15 wt% PW K30 causes  the 
formation of irregular  voids.  The  same  addition with 15 wt% PES gave  a 
structure with  smaller and more  regular  pores. P W  K90 does  not  give  the 
.structure with large  voids.  The structure directly  changes  from  a  cellular 
structure (5 wt% PVP K90) to a  relatively  fine,  co-continuous structure (10 
wt% PW K90). 
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The largest concentration of NMP in the  coagulation bath  studied is $0 
wt%, which is more than 10 wt% above  the  transition froan deIayed to 
instantaneous demixing for  a ternary system without PW. Structuses are 
given in figure 8. 
Membranes  from 15 wt% PES are first discussed. With. IQW PVP K30 
concentration,  again a cellular sfructwe is obtained. An addXon d 18 wt’o , 

FVP K30 shows an irregular, celIrnIar structure similar to the  structures 
obtained with Power N M P  content in the coagdation bath- 
The occurrence of a co-continuous structure is much more prsn0unced 
here. Large voids are obtained in a matrix which is porous by itself, 
featuring a  dosed cell structure-  The surfuce o€ the walk of the voids  is not 
very open Note that generallyr the use of PW causes the surface of the 
walls of macrovoids to be  quite  open (see e.g-  figure 4). Apparently there is 
a diffkrence  between  macrovoids and the voids  oecurring  here- We will 
Iater expand on this. 
Pur%her increase of the P W  K30 concentration  reduces  the size of the 
voids. At 15 w€% PW K30, a more or less  co-continuous structure with 
large por- is obtainedr while inside the walls of these poresr a dosed cell 
structure ïs s t i I l  ClearIy present. 
At 5 wt% PW K90, we  can see both dosed pores, and the typical irregular 
voids discussed  earlier. An increase in PVP’K9Q content lowers the gore 
s i ze  Comparison of the structure obtained with IQ. wt% PW l330 with the 
structure from 15. wt% PVP K30, shows a more r e e a r  structure in the 
case of PW? K9Q. The  interface  between the large  pores and the dosed cells 
inside the porewalIs is nonporous again. Further  increase of the P W  K90 
content resdts in a smalIer pore size and thicker  membranes again. 
The use of 28 wt% PES maintains the cel€dar structure up %o Egher PW 
content. At 15 wt% P W  KSO, €he voids are so larger. that nat mu& c m  be 
said about the rest af the  structure, 

T7arrsmittaace picofilis 
In figure 9, the transmittance  profiles at the start of membrane  formation 
are given as recorded  for the mernbraraes shown in figure 2 (no P W  
added). One c m  see that there is a clear  transition  from instantaneous 
d-g to delay of demixing. 
This is differerat when PW is added to the polymer solution, h figme 10 
the trmsmiffmce profiks are  given  for diffkrmt polymer saItztiomr  under 
variable  coagulation conditions. 
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From O to 60 wt% NMP in the coagulation bath, roughly the same 
transmittance profiles are obtained, although the absolute velocity of 
decrease  ofithe  transmittance is higher  with  less  solvent in the  coagulation 
bath.  The  differences.  between  the  different  polymer  solutions  remain  the 
same.  Therefore, only. the profiles  for 60 wt% NMP and-higher in the 
coagulation  bath are shown. 
Up to 60 wt% NMP in. the coagulation  bath,  all  profiles  indïcate  instan- 
taneous  demixing. It. appears that addition of PW slows down the  demix- 
ing processes. .. I . . ,. 

At 70 wt% NMP in  the  coagulation  bath,  membranes  without P W  show 
delay *of demixing,  Addition of a  moderate  amount of P W  (> 5 wtL%) to 
the  polymer I solution  induces  instantaneous  dernixing. A large,  amount of 
PW K30 added (2 15 wt%) results in a minimumin the  transmittance, 
after  which  the  transmittance  temporarily  increases  again.  The  more P W  
is  added,  the  stronger this effect.  The  minimum  can not  be  observed at 70 
wt% NMP with PVP K90, although irregularities in the  profiles  could 
indicate that the  effect is present. 
Although the initial  delay of demixing is, suppressed (the transmittance 
starts ko decrease  earlier),  later-on  the  transmittance  is  decreasing  more 
slowly than without  the  use of PW. Summarizing:  demixing starts earlier, 
but proceeds more slowly by  addition of WP. .~ 
A coagulation  bath of 75 wt% NMP in  ,water also shows  the  minimum in 
transmittance.  The  slowing  down of the  decrease in transmittance by P W  
is more  pronounced  here. The. jnitial  rate of decrease in transmittance is 
quite  ‘large when PVP is used: the demixing process is clearly 
instantaneous. 

At 80 wt% of NMP in the coagulation  bath,  one  can also see  the.  minimum 
in transmittance  with  the  solutions of 15 wt% PES and P W  K90. 
Addition of  more solvent to the  coagulation bath lowers  the velocity of 
demixing, as is expected. 
Delay of demixing  can only be somewhat  preserved  when  small  concen- 
trations of low  molecular  weight P W  are used.  This is reflected in the 
closed  cell  structures  obtained  with  low PW K30 content  (see e.g. figure 6). 
Still,  even the conditions  which  gave  these  cellular structures show a 
(small)  initial  decrease of transmittance.. 

Thickness of the membranes 
In figure l1 the  thickness of the  membranes  are  represented  as a function 



of the P W  concentration. 
For membranes without PW, the membrane thickness somewhat 
decreases upon enlargement of the solvent  concentration in the coap- 
Iation bath, At higher PVP concentration the decrease of the membrane 
thickness witpa increasing  solvent  content in the bath  becomes  skonger. 
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5. 

6. 

7. 

8. 

9. 

At slower  demixing  conditions  (higher N M P  content) and moderate 
concentrations of PW, PW promotes macrovoid  formation. 
At larger PW concentrations,  macrovoid  formation  is  again  suppres- 
sed. 
Even at conditions  that  would  give  delay of demixingh the  absence of 
PW, macrovoids are formed 'when PVP is  present.  This is closely 
connected to point 3. 
When macrovoids  are  formed in the  presence of PW, the walls of the 
macrovoids are more  open  than  when rio P W  woirld have been  used 
(such an  .effect  has  also  been  .observed  €or  other  types of additions,  like 
,glycerol). 
Around  these  macrovoids,  a  co-continuous structure is  observed that 
resembles  the  structure to be  mentioned  under 13 and 14. 

Pore structure 
10. 

11. 

12 
13. 

14. 

Upon  addition of PW, the  poorly  interconnected  pore  structure  typical 
for  ternary  instantaneous  .demixing  is  modified into an  open  porous, 
co-continuous  structure,  as  earlier  reported6. This structure is charac- 
terized by 'a  :fairly  regular  pore  size.  After  a  post-treatment to remove 
excess PW, the  pores  are  completely  interconnected. 
An increase of the solvent concentration in the coagulation bath 
enlarges  the  typical  pore  size,  as  long  as  macrovoid  formation  is sup- 
pressed. 
An increase of the P W  content  lowers  the  pore  size. 
At concentrations of solvent in the  coagulation bath that are conside- 
rably  above the transition  from  delay to instantaneous  demixing in 
the ternary  system  without PW, the  cellular  structure  changes into an 
'irregular  structure,  characterized  by  large  pores  .or  voids, surrounded 
by walls that are porous  themselves.  The  occurrence of this  structure is 
accompanied  by  a  decrease in membrane  thickness. 
At higher PW concentrations  this  structure  with  large  pores  becomes 
more or less  co-continuous (the pore  walls  break  up).  The structure 
then  resembles the original structure obtained  (mentioned in point 
101, for  coagulation  with  a  small  amount of solvent  in the coagulation 
bath and  sufficient P W  present. 
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2016 

20/5(K30) 

15 

20/15(K30) 

[z 
20/5(K90) 

2011  O(K90) 

Fìpre 3: Membranes prepared in a  coagulation  bath of 40 wt% NMP in water. 
The  polymer  solutions used are  indicated as: wt% PESlwt% PVP (type of PVP), 
in NMP. 



l §/O 

& i: 
15Jl O(K30) 

6 
I 

15/20(K36) 

I .  

Figure 4: Membranes  prepared iz a  coagulation  bath of 50 wt% Nï" iz water. 
The polymer solutions used  are  indicated as: wt% PES/wt% PVP (type of P W ) ,  
in M m .  
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L 

1 510 

~ 

15/5(K30) 

?O(K30) 

5(K90) 

1 O(K90) 

'1 5(K90) 

Figure 5: Membranes prepared in  a coagulation  bath of 60 weight% NMP in 
wafer. 
The  polymer  solutions  used  are  indicated as: wt% PES/wt% PVP (type of PVP), 
in NMP. 
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T 
l 

l 
F 
1 510 

15/5(K30) 

i 

15/15(K30) 

T P 
1515(  K90) 

1511  O(K90) 

1511  5(K90) 

Figure 7: Membranes  prepared in a coagulation  bath'of 75 weight% NMP in 
water. 
The  polymer solutions used  are  indicated as: wt% PES/wt% PVP (type of W P ) ,  
in NMP. 
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*\ f 

time 
Figure 9: Transmission profiles for membranes with 15 and 20 wt% PES in NMP, 
and va y i n g  amounts of NMP in the  coagulation  bath. No PVP was used. 
The  indices  a to f indicate the  difikrent  concentrations  used: . ’  

index Polymer solution Coagulation bafh 
wt% PES in NMP wt% NMP in water 

a 15 O 

b 15 60 

c .  15 

a 20 O 

f 20 

75 

e 20 60 
75 

- 203 - 





Chapter 4: Membranes Prepared from Poly(Ether Sulfone) and Poly(Viny1 Pyrrolidone) 

WtYo NMP 
in  bath 

60% 

70% 

75% 

80% 

20 weight% PES 

PVP K30 PVP K90 

I 

time 

I 
time 

time 

8 r 

time 

time 

time 

time 

Figure ZO: Recorded  transmittance  profiles for  membranes shown in figures 2 to 8. 
Indices  reflect  the PVP concenfrafions of the  polymer  solutions: 
(a) O, (b) 5, (c) ZO, (d) 15, (e) 20 wt% PVP. 
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WP/, NMP in the coagulation bath: 
A 10 

Q 4 8  

f 75 

Figure 11: Thichess of membrunes obtaìmd with 15 and 20 wt% E S ,  for 
z?arious  quench conditions (composifiom of the coaguhtion ba€hr and for various 
amounts of PVP ($30 and K90) added to the casting solution). 
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Discussion 

We will  now  discuss the empirical  rules found in the  preceding  para- 
graphs for  the  effects of addition of PVP to the  polymer  solution,  on  mem- 
brane formation. 

Ad I :  Absence of PVP. 
From  Reuvers et a l 5 9  we can see  that  for  every  polymer  solution,'delay 
of demixing  can  be  obtained  by  adding a certain  critical  amount of solvent 
to the coagulation bath. Figure 12 shows some calculated initial 
composition  paths  for  the  ternary  system. 

PES 

Figure 22: Composition paths calculated  for  the  ternary system PES-NMP-water, 
for diflwent amounts of solvent in the  coagulation  bath: a: pure  water  bath; b: 50 
% NMP  in water; c: 70 % NMP in water. Only part of the phase  diagram is 
shown. 
Parameters  used  are given in reference 7. One  can  see that  at a certain  amount of 
solvent  the  composition  path  shows  delay of demixing (case c). 

The  transition  from  instantaneous to delay of demixing  is  more  or  less 
adequately  predicted  from  the  Reuvers model. It  appears in figure 2 that 
the  delay of demixing  membranes  (coagulated  with 70 or  more wt% NMP 
in the  coagulation  bath) are characterized by the  appearance of large'  cells 
just below  the  (dense)  toplayer. An explanation  for  this  can  be  found in 
figure 12. At  high  solvent  concentrations in the coagulation  bath,  the 
polymer  concentration in the  toplayer  remains  low.  Nuclei  being  created 
just below  the  toplayer  can  grow  larger  than  with  less  solvent  in  the 
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coagsrlatïon bath. 
The  reason that st i l l  a  dense  toplayer is created ïs that whik  nudei at the 
toplayer  can not be  created (the toplayer  itself is in local  equilibrium wit31 
the coagulation  bath), the nuclei  underneath  the  toplayer  extract  solvent 
and nonsolvent from the polymer solution between interface and 
nucleus, leaving there  a  higher  concentration of polymer, which then 
forms a dense toplayer. 
The thicknesses of the membranes  follow  the  trends as expected from  the 
m ~ d d  by Eeuvers  and Smolders8~9~l5. 

Ad 2: between PVP K30 and PVP K90 
It has been shown befsre1217 that t h e r m o d p m i c ~ y ,  not much dif- 
ference exists between the addition of B>vF with a IOW (18 kg/mok) OT a 
high ( B Q  kg/mole)  molecular  weight. Hn both cases the solution becomes 
less  compatible with water. 
It was &o argued before that the direct  influence of the moIedar weight 
of the additive on the difhsion processes of solvent and nonsolvent is not 
largGrl3. The only substantial. effect is the  influence of the chain length on 
the reptation mechanism of diffusion which is thought to determine the 
diffusion of polymeric additive relative to the  membrme forming 
poIymer during membrane fonnation*l~13. On the basis of the difference 
in IIQIZL~~, 'cooperafive'  diffusion and reptation or  'tracer'  diffusionJ  a 
model  was  proposed that describes  the  influence caf PW on macrowid 
formation under fast demixing  condïtions7~**.  The observation &at P W  
K30 and. P W  K90 behave anaIogously, but on different concentration 
scales, is a confirmation  of **s mechanism. For the sake of clarityJ the 
mod& will be summarized shortIy. It will be further used in the 

The essence of this mechanism is that fhe  movement of &e ~ W Q  polymers 
is assumed to be slow  compared to the movement of solvent and non- 
sdvent through the polymeric  network. This is ody valid as long as &e 
additive (PW) has a high enough molecular  weight7. 
The relative  immobility  between  the two polymers leáds to a  simplifica- 
tion ïn  &e- system at the Initia€ stage: the two polymers together  act as one 
polymer, in a mixture of solvent and nonsohent- From thermodpmic 
calculations7 it appeared that, depending on the concentration of additive1 
this one (hypofhetical) polymer Ís  relatively  compatible (but not yet 
miscible) witkt the nonsolvent,  water, The S o w  of nonsolvent into the 
polymer soPution is high, as a r e d %  of which the polp& concentraticm 
in the toplayer remains relatively IOW. ComposÎtions are created that are 

diSCWSÎQn fq4p pokt 4. 
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unstable at the  moment that the two polymers  can  move  relative to each 
other.  The  situation  remains  the  same  even  for  quite  high  concentrations 
of solvent in the coagúlation  bath.  Figure 13 shows  a  typical  system,  based 
on the  thermodynamic and kinetic  parameters  available  for the system 
PES-PVP-NMP-water, with a  fixed ratio between PES and PVP, and 
varying coagulation  bath  compositions. 

PES + PVP 

Figure 13: Initial composition paths fm the system  PES-PVP-NMP-water. Ratio 
PESIPVP is ,513, as  is often used in practice. Coagulation  bath  composition was 
varied from 100 % water  (a),  to 40 (b), 60 (c) and 75 % NMP in  water (d). The 
dashed curve is the  calculated 'virtual' binodal,  valid only for the fi7st moments of 
imrnersion.7 

This  one-polymer  situation  is  valid  as  long as the  reptation  (tracer)  diffu- 
sion  velocity  is  small  compared to the  normal  cooperative  diffusion  pro- 
cessed. Unlike  cooperative  diffusion,  the reptation velocity  is  strongly 
dependent on  the  molecular  weights of the  diffusing  components.  The 
difference in reptation  diffusivity  between ,the two  types of PVP can  be 
estimated  with  a  scaling  relation  by De  Gennes13: 

From this relation it is  estimated  that  for P W  K90, the  reptation  diffusitity 
is 160 to 560 (two to  three  orders of magnitude)  lower  than  for P W  K30. 
It is therefore  logical  that PVP K90 has  a  stronger effect on the  membrane 
structure- 
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Ad 3: Suppression of &luy of demixing. 
From- the proposed  mechanism, it can  be seen thai experhentalHy no 
delay of demixing  can  be  observed  when a significant =QW~ of PW is 
usd. Hn figure 13 some initid composition paths  are S ~ Q W I I ~ .  The 
cloudpoint curve for the systems considered  is  situated at a few percent of 
nonsolvent (water)*l- When &e water concentra~on in &e polymer 
solution becomes  higher, the two  polymers in the system wilL phase 
separate 
During the first moments of immersion,  compositions are created that 
contain mu& more water  than a few percenzty, as is shown h f i p e  13, 
This is even true when  e.g. 70 or 80 vol% of solvent in the coagulation 
bath is  used.  Although  delay of demixing is obtained  according to the 
thermodynamic regime valid dor the first moments of immersion, the 
c<smpositions created in the  poIymer solution  are so rich ï n  water that  the 
poIymers phase  separate.  Even for very  high  concentrations sf sollvent in 

- the coagdation bath,  deEzixing takes place  relatively quickly. Delay of 
demixing  therefore is suppressed by phase separation between the ~ W Q  

polymers. This is confinned by the fransmission profiles already shown in 
figure 10. Addition of P W  inhibits t.he occurrence of delay of demixing up 
€0 very high concentrations of sdvent-in the coagulation  bath. 

0% 
o aime 
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Only at very  high  solvent  concentrations  (e.g. 85 wt%) no  instantaneous 
demixing  is  obtained.  The  term  'delay of demixing'  is  not appropriate 
here,  since  the  polymer  solution  simply  dissolves  in  the  coagulation  bath. 
Still,  instead. of giving  no  demixing at all,  the  films  first  become  slightly 
turbid (indicating  some phase separation between the two  polymers), 
before they 'dissolve into the coagulation  bath.  Even  now,  delay of 
demixing  is  appdrently  not  taking  place.  Figure 14 shows  this  behavior and 
how it compares  with  the  behavior at lower  solvent  concentration in the 
coagulation  bath. 

The inaease of the  thickness of the  membranes  when PW is added to the 
polymer  solution  is a result of .the  higher  influx ,of nonsolvent  from the 
coagulation  bath7. 

Ad 4: Suppression  of-macrovoid  formation. 
To understand the  effects of the addition of  PVP on  the  formation of 
macrovoids,  we must first discuss the mechanism of formation of 
macrovoids,  as  proposed  by  Reuvers et al.10f15. 
The instantaneous demixing  process  .is  characterized  by a composition 
path that  lies  partly  within  the  demixing  gap,  even  directly  after  immer- 
sion in the  coagulation  bath. Just beyond  the  demixing front (i.e. in .a thin 
layer  past  the  point at which  demixing  has  begun),  the  solution  generally 
is instable, due to the  fast  penetration of nonsolvent. In that region  one 
expects  continuous  formation of new  nuclei i.e. the  coagulation  front  will 
generally  proceed  rapidly. 
The further the  demixing  front  has  advanced  from  the  interface  with  the 
coagulation  bath,  the  slower  the  diffusion  processes at the  diffusion  front 
take  place. At a- certain  moment it is  possible  that  locally,  the  solution 
beyond  the  demixing front is not instable  anymore.  Since  this  stability of 
the  polymer  solution  is  characteristic Öf delay of demixing, we might  call 
this  phenomenon local delay of demixing. It is accompanied  by  a  high 
concentration of solvent in  the nucleus.  The  nucleus  now  grows further 
until another  process  stops  the  growth. A very  large  pore (a. macrovoid) 
results. 
It has been  shown  earlier  that PVP has  a  large  effect  on  the  demixing 
behavior7. As long as the  two  polymers  present  cannot  move  relative to 
each  other;  the total system  exhibits  delay of demixing:  no  demixing  takes 
place  for  some  time. In oeer words,  the  separation of the two polymers  is 
essential in the  demixing  process. We have  seen that the  movement 
between  the  polymers  is  much  slower than other  diffusion  processes. 
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~ r o m  earEer  mass  transfer  ca1cu~ations7 it appeared d at after m e r s i o n  
of &e polper  solution an initial  composition path results that includes 
deeply  instable  compositions  concerning polper-polper separation 
During the Ïm.mersion step the  formation of a phase  that is lean in mem- 
brane forming polymer (PES) and rich in additive (PW), is so SPSW that 
along the diffusion profile instability of the solution exists  even at lirge 
penetrating distances in the  membrane. Local delay of d e m g  c m o t  
occur, and thus the formation of macrovoids is suppressed. 
Since the difference in diffusivity  between  the two polymere relative to 
that of other components is essential in this  effect, we can see that 
reduction of the  velocity of indiffusion of nonsolvent  (by reducing the 
~ O ~ S O ~ V ~ I X ~  concentration in the coagulation bath) must lead to less 
suppression of the formation of macrovoids. We can d s o  see that 
enlarging the thickness of the membrane should always result in the 
formation of macrovoids a€ great distances  from the interface. we Will 
exploit this later on. 

Ad 5 a& 6: Mkcrovoid formation under various coreditims. 
The difference in poIymer-polymer  diffusivity and other difksivities is 
essenti& in the suppression of macrovoids.  Reduction of the mount of 
nonSolvent ïn the coagulation.  bath  results in a  slower in&.€í%sion of the 
nonsdvent (lower  water ffwc &om coagulation  bath to polper  solution), 
and the difference with the polymer-polymer  diffusivity becomes less. 
Then more time is available  for  the  formation af a phase that is lean h 
BES, and macrovoids  can be formed more easily. 
I.ntroductio~1 of a larger amount of P W  in the polymer soh.~tion induces a 
larger quench of the polymer solution7: the  instability in the polymer 
solution is larger and macrovoids are more  effectively  suppressed. 
The use of high molecular  weight PW (K90) gives  suppression of macro-- 
voids at Iowa concentrations of additive,  since the (reptation-)  diffusion 
of longer  polymer  coils is €ar  slower than the difhsion of lower  molecular 
weight  additive (PW K30). 
The dierence  in the  diffusion  effects  for PW K30 and PW K90 can be 
seen in figure 10. At high N" concentrations in the coagulatiara  bath, he 
difision of P W  K30 is s t i l l  so fast that the separation  between FES and 
P W  can be completed (i.e. low transmittance) before' other demixing 
processes can start. Later on, the transmittance  increases again due to 
coalescence of the P W  phase. A distinct minimum in &e frmsmittmce 
curves  esa ar lts^ PW? K90 separates so S~QWIY from PES, that although &e 
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effect  can be vaguely  identified,  separation  between PES and P W  is still 
going  on  when  other  demixing  processes  start. 

Ad 7: Macrovoids above  the ternary  transition to delay of dernixing. 
The transition from instantaneous. demixing  to delay of demixing  as 
encountered in the ternary  system  without PVP8,g does  not  occur  in  the 
quaternary  system studied when at least  a  moderate  amount of  PVP has 
been added (see  point 3). Solvent  concentrations in the  coagulation  bath 
higher than the  one at which  this  transition  would  be situated in the 
ternary  system still give  normal  instantaneous  demixing, and macrovoids 
are formed  (given  the  right  circumstances). 
However, at sufficiently low concentrations of  PVP K30, the delay of 
demixing  character  is  maintained.  Cellular  structures are formed.  In  this 
case an increase in the  size of the  isolated  pores  can  be  seen. This can be 
explained in the following  way: In the  beginning of the  immersion  step, 
PVP induces  a  higher  influx of water in the  toplayer (it has  been  shown7 
that even  a  small addition of  PVP enhances  the  inflow of nonsolvent 
considerably).  The  polymer  concentration in the  toplayer is somewhat 
lower than without PW. PVP fairly  quickly  phase  separates  from PES, but 
because  the  concentration of PVP is low, this is not  noticed in the  trans- 
mission  profiles  (only a slight  decrease in turbidity  results).  The demixhg 
between  the PES phase  then  follows  a  normal  delay of demixing  process. 
For  higher  concentrations of PW, the  delay of demixing  is  replaced by 
instantaneous demixing. At moderate PVP concentrations,  macrovoids 
are formed, and at still higher PVP concentrations formation of 
macrovoids is suppressed  (see also the  discussions  around  points 4 - 6)., 

Ad 8 and. 9: Stvuctures  surrounding  macrovoids 
These  points will be discussed  together with points 13 and 14, 

Ad 10: Formation of a co-continuous  pore structure. 
The  formation of an open porous structure,  induced  by  the addition of 
PVP has been  discussed  earI'ier  by  Roesink6.  For  the sake af clarity,  his 
ideas  on  this  subject will be  summarized  shortly. 
In his  thesis,  Roesink  suggests-  that,  after  nucleation of the  phase  lean in . 

membrane forming polymer  (poly(ether  imide); PE1 in his  case)  has  taken' ' : . . 

place, PVP is partly transferred into the nucleus  while  the  membrane 
forming  polymer  moves  away  from  the  nucleus.  The  interpolymer  move- 
ment  that  is the basic  phenomenon  underneath  this  transfer  should  create 
a boundary  layer  between  the  membrane  matrix and the  nucleus,  which is 
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€ e m  in PEP and rich in PW. According to Roesink, part of the P 
becomes trapped in the PEP matrix during the diffusion  process, and 
s m o t  diffuse into the nucleus. 
Transfer of P W  into the nucleus indeed takes place, since the ultimate 
membrane only contains a few percent of WP; nevertheless some 

1 remarks should be  made  on this movement.  The interface between 
. polymer solutiora and nucleus is characterized  by a stepwise change in &e 

concentration of the somponents  over the interface.  On the nudeus side 
of this interface, the PES (PEI) concentration is practically zero. P W  in the 
nucleus is iwroranded only by solvent and nonsolvent. The composition 
in the nuclens is homogeneous (no concentration gradients). It is 
:therefore  not  expected, as Roesink assumes, that  a boundary layer on fihe 
nucleus side of the interface is created that is rich in PW and lean in PE1 
BP PES- Iust outside the nudeus, the  concentration  gro€iIes that give rise to 
outdiffusion .of P W  must give a higher PE1 (FES) concentration m d  a 
lower PW concentration than in the  polymer  solution b u k  After rinsing 
and a€tertreating  the  membrane to remove the PW out of the pores, a 
stru&re should result WE& has a low PVP concentration at the surface. 
Figure 15a  shows the essentials of this  process. In practice we find a 
hydrepkilic  pore surface6, WH& suggests that the aforementioned 
mesha~srra is at Ieast not comp1ete. 
AnQther  problem is that the growing nuclei of the PES lean phase 'push' 
PES forward PES molecules  accumulate h the S Q ~ U ~ ~ Q X I  between the 
growing  pores.  One  would  therefore  expect that a little Bater, in-between 
the  pores solid walls would be  presentr  that  cannot  be opened up by a p s t -  
treatment.  Since in reality  the  walls  between the pores do break, b.he PIES 
concentration in &e w a s  between  the  pores must remaina relatively low- 
This process is shown in figure 15b. 

We have S ~ Q W  that the mechanism  presented  by Roesink is probably not 
complete. It ís an experimental  fact that part of the PW is transferred to 
the nuclei, and that also t.he walls between the pores  break up- There  must 
be  a  process that keeps  the  concentration of membrane  forming  polymer 
in between the growing  nuclei at a  relatively IOW Pevel, 
This process  may  stem from the mechanism of spinodd decompositione 
In  every  solution,  concentration  fluctuations are present16-*ge'  hey are 

roGa7Taian motions. The- size of the concentration fluc%uatiows 
depends on the. stability of the solution. In a very  stable  solution, the hrce 
(phenomendogically,  the con~entration-derivatives of fie OSIIIO~~C 

pressure)  to  restore  the original composition  is  large and concdration 
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solution 
(matrix) 

nucleus polymer 
solution 
(mat ñx) 
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process I /’ \ proce: ss 2 

Figure  15a: Concentration profiles during nucleus growth, according to the 
authors. The PVP-  concentration a t .  the  matrix side of the  interface  always 
remains  low,  due to thermodynamic and kinetic.restrictions. 

Figure  15b: Nucleus growth according to the assumed  process  can not lead to the 
very open  porous structures obtained with PVP.  The  polymer  solution in between 
two nuclei becomes  more  and  more  concentrated’ in PE1 or PES. Coalescence 
between  pores (as shown in process 1) on a regular  basis is improbable;  more  likely 
is that a honeycomb structure (structure 2; the  regularity of the structure is exag- 
gerated)  would result. A honeycomb structure is usual in membranes  prepared. 
without the  use of PVP. 
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fluctuations  remain  small. In a  solution  that is less  stable &e driving force 
to eliminate fluctuations16 is smaller. A solution on the border of 
instability, the sginodal, has no driving force at dalp against fluctuations. 
The fluctuafions are permkent. Inside the spinodd, the solution wil1 
dewix according to created concentration fluctuations. This is called 
sphodal decompositionl8. 
The situation during the first moments of immersion, with ~ W Q  polymers 
present, is complicated. We assume that the poIymers are immobile 
relative to ea& other. We showed before7 that under ihis assumption the 
binodd shifts to  the  nonsolvent corner of the phase diagram. Since this is 
not the real binodal (the real binodd is connected with the separation of 
the polymers), it may be called  a ‘virtud binodal‘.  The virtual binodal is 
related to phase separation between the polymer solution a d  a phase 
without polymer. Figure 16 shows examples of the position of the virtud 
binodal as a function of .the m o m t  .Q€ the polymerie additive. The 
compositions created during the first moments of immersion are only 
stable during these first moments. . 

The real doudpoinf curve (binodal) of the system lies at a  few vol% of 
nonsolvenatll. Compositions with more  nonsolvent .have a  tendency to 
phase separate. The  phase separation consists  mainly of a separation 
between the two polymers, as followed from the study of the equilibrium 
thermodynamics7- From the phase diagrams, it appears that the compo- 
sitions created during the first moments are situated far  into the demixing 

- 226 - 



Chapter 4: Membranes Prepared from Poly(Ether Sulfone) and PolyWìnyl Pyrrolidone) 

gap. A large  driving  force  for  polymer - polymer  separation  is  present. 

In our system two different  kinds of concentration  fluctuations can  occur. 
The first kind  consists of fluctuations of the  total  polymer  concentration. 
These  correspond  with  the  concentration  fluctuations  possible  in a ternary 
membrane  forming  system without additive.  The  polymer  reacts  as  a 
network. It can  locally be densified or diluted; much interpolymer 
movement  is  not  necessary. Most of the  transport  is  between  the  polymer 
and  low  molecular  weight  components (cooperative diffusionl3). 
The  second  kind is a  fluctuation of concentrations of the  two  polymers 
relative to each  other, A somewhat  equivalent  phenomenon in ternary 
systems with one polymer is the  self-diffusion of a. polymer  coil.  The 
fluctuations are created by a rqtafion (tracer)  diffusion  mechanisml3. This 
diffusion process  was  earlier  reported  as  being  much  slower  than  other 
diffusion  processes  occurring  in the systemy.  The driving force for these 
fluctuations  is  related to the  driving  force  for  the  polymer-polymer  phase. 
separation,  which  is  the  driving  force  present  in our system. 
We have  seen earlier7,ll that  a  large  driving  force  for  the  creation of poly- 
mer-polymer  concentration  fluctuations is present during the first mo- 
ments of the immersion  step.  After  immersion,  concentration  fluctua- 
tions start to be  formed  between PES and PW. Areas are  formed  that  have 
higher PES. (PEI) concentration and lower PW concentration, and vice 
versa. In between  two  areas  with  higher PES concentration  an  area  is 
located  with  a  lower  concentration  of PES. Areas with the  lowest PES 
concentration  are.  identical to areas  with  the  highest PVP concentration. 
For reasons of convenience, an area  with  a  maximum  concentration of 
PES (and  a  minimum  concentration  of PVP) will be  called a maximum. A 
minimum  has  a  low  concentration of PES, and a  high  concentration of 
PVP. In between two maxima and two  minima is a saddle point. Such a 
saddle point  is  characterized  by  approximately  the  average  concentration 
of all  components  present, 
The  difference in concentration  between  a  minimum and a  maximum 
(the  amplitude)  increases  in  time.  The  minima  form  a PES lean  phase  (the 
pores), and the maxima form the  solid structure around the  pores. In 
between two pores,  not  a  maximum, but a saddle point  is situated. In 
between  two  pores  therefore  the  polymer  concentration  remains  relatively 
low.  When  the  growing  minima  (pores)  approach  each  other;  the  polymer 
concentration in the  'wall'  between  the 'pores (the saddle' point)  remains 
low, and the  wall  will  easily  break  up. A structure. results in which  the 
pores  are  well  interconnected.  Thus the most  probable  demixing  type for 
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the  case of two  polymers, the spinodaf.mechanism,  gives  a natmal expIa- 
nation for the  formation of well  interconnected  pores.. . 
The  concentration  gfadients during the spinodal  decomposition  regime 
are continuous:  near  a minimum, the P W  concentration gradually gets 
higher  when  approaching  a minimum, while the P W  concentration bi a 
saddle point (the  wal€  between two pores)  has not changed  considerably. 
The aikomt of PW in &e  ultimate  membrane  strbct&e WilI. therefore be 
significant. 

Ad 11: Dependeme of € h e  pore size on the amount of solvent in the hth. 
From the mechanism discussed ad point 10, one can see that more  solvent 
in the  coagulation bath wiIl 'edarge the characteristic pore size: €he 
concentration of nonsolvent in the polymer  film will then  increase  more 

i slowlyr  thus  causing  a  less  deep quench into the dernaixing gap. Theories of 
concentration fluctuationsl9 show  that  the  typical  wavelength  (geometric 
diameter) of the concentration  fluctuations  decreases when enlarging  the 
quench  depth.  Therefore, with increasing'NMl?  content in tihe coagulation 
bath, and consequently  Iess  deep  penetration in the instability  region, the 

. typical p r e  size  should increase. 

Ad 12: Dependace of the pore size  on fTze PVP concentration. 
h the same way €he decrease of the pore  size with increasing  amount of 
PW can  be  explained.  Figure 16 shows that with a higher  concentration of 
PW?' in the  polymer  solution, the binodd valid  for  the first moments of 
immersion shifts further to &e nonsoIvent  corner of the phase  diagram. 
This implies that when  a  larger amount of PVP is used in the polymer 
solution, the  quench depth by  nonsolvent will be  stronger. As said before, 
a larger quench into the instability  zone  reduces the fluctuation  wave- 
leng* pores become  smaller. 

Ad 13 and 14; 8 and 9: Co-conti-mous sfrucfures. 
At very high  concentrations of solvent in the coagulation bath, the 
nonsolvent  concentration in the  polymer  solution is increasing so slowly 
fhat the two  polymers  have time enough to phase separate- after the 
immersion, a  phase rich in PW and a  phase ri& in PES are created. Figure 
17 illustrates this process. 
At these high  concentrations of solvent in the coagulation  bath, a ternary 
system  consisting of PES, M and  water  would exhibit delay of demixing. 
The created phase  that is rich in PES shows  renewed  delay of demixing. 
After  removal of PVP from this phase, IW further demixing occurs dor 
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some  time. The, other  phase,  the  phase  rich in . P W  and lean  in PES, is 
stable with all coagulation  bath  compositions and cannot  possibly  demix 
further. In summary,  after  the first step in  phase  separation  between  the 
two polymers, further demixing  stops  for  some  time.'  The  concentrations 
of the polymers remain relatively  low, and the viscosities of the two 
phases  remain  low.  Coalescence of the P W  rich  phase OCCUTS. Large,  some- 
what irregular  voids are formed  which  contain PW, solvent and nonsol- 
vent. In between these voids, a solution  is  present  that  contains' PES, N M P  
and water.  After  a  certain  time  (the  delay  time of demixing),  this  solution 
starts to demix again. In the PES phase,  a  new  porous structure results, 
with much  smaller pores than the pores  that  contain P W .  The  pore 
structure inside  the  walls can be compared  with  the  morphologies  found ' 
at delay of demixing  conditions  when no, or very little PVP is used 
(structures  with 70 wt% NMP or more in the  coagulation  bath  shown  in 
figure 2). 

NMP NMP 17 &lay of demixing 

Figure 17: Schematic representation of the  processes that lead to the formation of 
the irregular  voids and  the  cellular  pores  around them. PVP is transferred to a new 
phase,  which  forms  the voids. The  remaining PES solution exhibits  delay of 
demixing, and gines a closed  cell structure around the voids. 

At  lower P W  concentrations,  the vohme fraction of the PW phase  is so 
low, that the voids remain more or less isolated. The higher the 
concentration of PW, the  larger the volurne  fraction, of the PVP phase  will 
be, and  the more this phase can -establish interconnectivity. A co- 
continuous structure can result again,  when  the  volume  fractions of both 
phases are comparable  in  size.  Indeed  we  found  that  for  high PVP content 
the  structure  obtained  a  much  better  interconnectivity. 

This process  can  actually  also  be  found in membranes  formed  with  less 
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extreme  coagulation  bath  compositions  (see points 8 and 9). 
During ternary  membrane  formation,  macrovoids are formed by a local 
high concentration of solvent in a  nucleus of the polymer Bean phase, 
which induces  local  delay of demixing. 
If was shown, that in our quaternary system delay of deanixing is not 

anymore, A slightly different mechanism must therefore be 
responsible for the growth of maaovoids. 
We have seen that at very high solvent  concentrations in the coagulation 
bath, indiffusion of nonsolvent is SQ slow that the two polymers  separate 
first,  After this, the two phases are stable  with  respect to the coa,oarlatim 
bath again. This is also what happens  when  macrovoid  formation  occurs 
in systems with PW. Near  the  interface with the coagulation  bath, the 
solvent and nonsolvent diffusion processes are fast relative to the 
polymer - polymer  movement.  The demixing process may well f~ll~piv 
sginodal decomposition, N0 macrovoids are formed- Deeper in the 
polymer  solution,  diffusion of solvent and nonsolvent is dower. The 
polymer-polymer  diffusion  becomes of the  same order of magnitude. A 
P W  phase and a PES phase are created-  The  situation then corresponds to 
the membrane  formation with very high solvent  concentrations in the 
coaguläjion  bath. 

Figure 18: A membrane in which mcnmoids end in a v u y  opex, co-continuous 
shuctuice. Composition of the polymer solution: 15 wt% PES, 5 aut% P W  K90 in 
NMP; coagulation  bath 60 wt% NMP ia water. 
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Due to the high solvent content, the two  phases have not too high 
viscosïties.  Other  droplets of the PVP phase  can  coalesce  with  the  growing 
macrovoid.  Since  the PES phase  shrinks,  the  polymer  concentration  inside 
this phase increases, and the coalescence  will not be  complete. A .  . . 

macrovoid results, with walls that contain large openings. It is the 
expectation that  the membrane matrix around the macrovoid is 
somewhat  porous  itself,  with  a  closed  cell  structure.  The  reason  for  this 
was 'given earlier. 
In practice,  circumstances  can  be  found  under  which  the  transition  from 
the  macrovoid to the  underlying  co-continuous structure is  gradual:  here, 
the  coalescence of the  macrovoid with the  underlying PVP phase  has 
progressed  further  than  usual.  Figure i8 shows  such  a  structure.  Detailed 
study of the  macrovoid  walls  shows  indeed  some  porosity  in  these  walls. 
Figures 2 to 7 give  other  examples,  of the typical  open  macrovoids.. 

Very thick  membranes 
It was argued before that if the polymer-polymer  movement  is  the 
limifing  process  that  causes  the  supression of macrovoids,  macrovoids 

Figure 19: A very thick  membrane  (casting  thickness 2 mm) prepared  by  coagu- 
lating 15 wt% PVP K90 and 15 wt% PES in NMP, in a pure water  bath. 
Coagulation time was. taken longer than  two weeks. The voids probably  are 
macrovoids,  although they have  a  somewhat  irregular  shape, due to the  extreme 
circumstances. 
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will be formed  anyhow, but further away from the  interface  between 
polymer solution and coagulation  bath. It should therefore  always be 
possible to obtain macrovoids with any polymer solution, when the m m -  
brane is made thick enough. 
From experiments it appears that it is indeed possible to obtain 
macrovoids in a  system with 15 wt% PW K90 and 15 w€% FES in &e 
SOhtiS~, coagulated in pure water  (see  figure 19). In nonnaal membranes 
this polper solution does not give macrovoids, but a co-continuous 
structure (see e.g. figure 2). 
Only at a depth of approximately 240 p the first macrovoids  are  formed, 
thus indicating that in a IIQITIX~ membrane (thickness up t~ 200 pm> these 
.macrovoids  would not have be& formed. 

It tbulas out that the additive PW introduces a wide variety  of  effects on 
membrane formation. At low solvent content in 'the coagulation  batfa, 
P W  suppresses macrovoid  formation. At higher  solvent  concentrations 
in the coagulation  bath, it promotes  formation of rnacrovoids,  although a 
high enough concentration of a high molecular  weight P W  sti l l  reduces 
macrovoid  formation. 
A transition from a- not very well interconnected por& structure in a 
ternary  system  to  a  completely  interconnected,  co-continuous  pore strut- 

' ture is obtained  by  the  addition of PW, in which pore sizes are influenced 
by the amount of P W  added  and the concentration of solvent in the 
coagdation bath- 
Delay of demixing such as occurring in the ternary system is effectively 
suppressed by addition of PW. At very  high  solvent  concentrations in the 
coagulation bath a more or less  bimodal structure (two disfinct  sizes of 
pores) is created. This structure is related to structures found around 
rnacrovoids,  occurring in membranes  coagulated with moderate mounts 
of solvent in the  coagulation  bath (e.g. 50 wt% NMP in water),  see also 
figure 18. 
A. hypothesis  was  given  for the mechanism of membrane  formation h 
these quaternary systems,  based OR the properties found earlier with 
equilibrium11  and mass transfer calcdations7. The formation of the 

. . . completely  interconnected,  co-continuous pore structure may  well be 
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spinodal of nature. 
A prediction  from  this  hypothesis  concerning  very  thick  membranes  (e.g., 
10 times  as thick as  normally  used)  appears to be  correct. 
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Chapter 5 

Membranes from a  Polymeric  Blend  Part 11; 

Membranes  Prepared from PES  and PS; . . 

Comparison with the PES-PVP System 

R.M. Boom, E. Rolevink, Th. van den Boomgaard, C.A. Smolders 

Membranes were  prepared from solutions of poly(ether sulfone) and 
poly(styrene) in l-methyl-2-pyrrolidone.  Mixtures of the  solvent and water 
were  used  as  the  coagulation  medium. 
At fast quenching  conditions (pure nonsolvent  baths)  the  two  polymers 
appeared  not to have separated  on  a  macroscopic  scale, although DSC 
measurements  indicate that the  polymers are phase separated. At  lower 
quenching  rates  (higher  amount of solvent in the bath) the  poly(styrene1 
could  separate  into  a  clearly  distinguishable  phase.  At very high solvent 
content  in  the  coagulation bath  the separation  between  the  two  polymers 
was  complete. 
These results support an earlier developed model that describes the 
formation of membranes  from systems like poly(ether sulfone) and 
poly(viny1  pyrrolidone); it is based  on  the  difference in rates of diffusion 
of polymer  coils and of solvent  molecules  through  a  semi-dilute  polymer 
solution. 
On  the basis of the results obtained  with PES and PS, membrane 
preparation  from  the PES-PW system  could  be  arranged  into  four  distinctly 
different  demixing  regimes, giving characteristic  structures. 

Introduction 

Since the development of the phase inversion processl, membranes 
prepared by phase  inversion  have  become of great ,importance both in . I 

research and  in industrial applications. Most if not all polymeric mem- 
branes  contain  asymmetric structures emerging  from a phase  separation 
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The use of more than one po lpe r  in the casting sdution turned out to 
give new possibilities  for the preparation of UF and M 3  membranes. Mem- 
branes prepared from  a  polymeric  blend of poly(viny1  pymolidone) and a 
membrane  forming  polymer like poly(ether sulfone), poly(sulphone)  or 
poly(ether E d e )  show greatly improved permeation properties while 
maintaining high particle  rejection  values.11-14 
With such-a  bknd  it became  possible to suppress khe formation of macro- 
voids that usually are disadvantageous  for  the  mechanical strength of a 
membrane-  Furthermore, the interconnectivity  between €he pores codd be 
enhanced,  thereby reducing the flow  resistance through the membrane. 
Thirdly, the surface  properties of membranes prepared with poly(vinyl 
gyrolidone) could  be  changed,  affecting  the fouling properties of the 
mem~mmes positively14. 
The present authors have extended the Reuvers  model  for the case in 
which two polymers are present in the  polymer  solution,  resulting in a 
quaternary  membrane  forming systeml5-17. The  model  clarifies the effects 
of PW from a fundamental point of view. The suppression and  the 
formation of macrovoids, the pore structures found, and the structures 
found  at extreme (either fast or slcyw) quenching conditions can be 
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explained. 
From thermodynamic  considerations18 it appears  that  phase  separation  in 
a  solution  containing  two  polymers,  induced by the  addition of a nonsol- 
vent  for  one of the  polymers  into  the  polymer  solution,  almost  exclusively 
consists of separation  between  the two polymers at equilibrium.  This  shows 
that the demixing of a solution . containing two polymers must be 
accompanied  by  diffusion of one of the  polymers  present  through  the 
poIymer  solution.  On  the  other  hand, during immersion  precipitation,  the 
demixing  is induced by indiffusion of nonsolvent  from  the  coagulation 
bath.  Thus, during the  immersion in the  coagulation  bath,  two  diffusion 
processes must be active:  diffusion of low  molecular  weight  components 
(solvent, nonsolvent) through the semi-dilute polymer solution, and 
diffusion of  the polymers with  respect to each  other. 
De  Gennes19  has  defined  these  two  modes of diffusion  as cooperative  motion 
(in  which  the  intertwined  polymer  coils  do  not  move  with  respect to each 
other) and tracer difiusion or reptation, which  is  typically  the  diffusion of a 
single  polymer  coil  in  a  concentrated  polymer  solution.  He  showed  that  in 
a  concentrated  polymer  solution  these  two  diffusion  coefficients  differ 
many orders of magnitude in  size.  The reptation mechanism  is  always 
much  slower than the coopsrative diffusion process. High molecular 
weights of the  polymers  present and higher  concentrations of the  polymers 
enlarge  the  difference in speed  between  the  two  diffusion  processesl5-18. 
In our immersion  precipitation  process  this  means  that  the  phase  separa- 
tion  between  the  two  polymers  is  much  slower  than  the  diffusion  process 
of exchange of nonsolvent and solvent  with  the  coagulation  bath. This  is 
the  basis of the  model  proposed  earlier. 
For the first moments of immersion,  we  may assume that the  two 
polymers  can  hardly  move  with  respect to each  other.  They  act  as  if  they 
were  one  single  polymer. It was shown. that this results  in  a  large  flux  of 
nonsolven€  into  the  polymer  solution,  while  the  demixing  process.  (based 
on  polymer-polymer  movement)  remains  relatively  slow. 

Occurrence of local  delay of demixing,  according to Smolders  and  Reuvers8 
necessary for the  formation of macrovoids,  can  not  take  place  since  the 
indiffusion of nonsolvent  is  much ,faster than  nucleation  or any other 
demixing  process.  Macrovoid  formation  is suppressed as long as  the 
movement of the  two  polymers  relative to each  other  is  clearly  slower  than 
the  movement of solvent and nonsolvent. 
Under  slower  quench  conditions  (i.e. in, a  coagulation  bath in which  a 
considerable  amount ,of solvent  is  present)  the indiffusion of nonsolvent  is 
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slowed  down,  since  the driving force  for nonsolvent indiffusion is much 
smaller- The  two  diffusion.  modes  may then become  comparable in 
velocity.  The  velocity of formation of a  second  phase (e.g. nudeation of a 
membrane forming lean phase) is compatible with the speed of the 
nonsolvent/solvent exchange.  Local delay of demixing is not imigossible 
anpore  and  macrovoids  can  be  formed  again. 
At very slow quench conditions (very high solvent content in the 
coagulation.  bath),  the  demixing  process  between  the  two  polymers  has h e  
enough to reach  completion.  Effectively,  the  nonsolvent  indiffusion  is now 
made  slower *an the polymer-polymer  interdiffusion.  After dernixhg in a 
phase  rich in membrane  forming  polymer and a phase rich in polymeric 
additive (eg. poIy(viny1  pyrrolidone}), the membrane  forming  polyraer 
phase  shows  delay of demixing: the mass transfer with the coagulation bath 
continues  while  this phase not yet demixes.  Large irregular voids of the 
polymeric  additive  phase  are  formed  surrounded  by  regions  of  a  membrane 
forming polp~er  phase, which has a porous closed cell stmstme, onse it 
demixes. 
It was shown before that this is in complete  acsordance with experimental 
data on the  system  poly(ether  sulfone) - poly(viny1  pyrrolidone) - n-methy1 
gyrrolidone - waterI7.  Preliminary  results with another polymeric additive 
that is soluble in water,  i.e.  poly(ethy1ene  oxide), indicate that indeed h e  
behavim is not restricted to polybinyl pyrrolidone) but is characteristic of a 
quaternary membrane  forming  system with a  polymeric additive that is 
soluble in the nonsolvent. 
Summarizing,  the  model is based on two principles: 

a- the demixing in such quaternary polymer solutionsp given  enough 

b - the  exchange of nonsolvent and solvent  is  faster  than  the  diffusion 
time is mainly taking place  between  the two polymers present. 

(reptation)  process of polymer-polymer interdifbion. 

We can check the  proposed membrane forming mechanisms by 
investigating  a  system in which a Aifierent kind of polymeric additive is 
chosen,  namely , i n  which the compatibility  between  the additive and the 
nonsolvent is bad. h example of such a  system  is: 

l - nonsolvent: water 
2 - solvent:  I-methyl-2-pyrrolidone 
3 - membrane  forming  polymer:  poly(e%her sdfone) 
4 - polymeric  additive:  poly(sfyrene) 
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~~~~ 

h this chapter  we  will first look into the differences  between  this  system 
and the system  with  poly(viny1  pyrrolidone) as an additive. We will  then 
compare experimentdy obtained  membrane  morphologies  with  the  struc- 
tures xpected  on  the  basis of the model  that  was put forward. 

Theory 

We will use poly(styrene)  (further  abbreviated  as PS) as additive to check 
whether the movement of the polymer  coils through the entangled 
polymer solution under fast quenching conditions is slower than the 
nonsolvent. indiffusion from the coagulation bath.  This is the second 
principle, mentioned earlier, of the model proposed to describe the 
membrane  forming  behavior of a polymeric solution containing a poly- 
meric  additive. 

We first have to study the thermodynamic  differences and similarities 
between  the  systems  using PS and poly(viny1  -pyrrolidone) (PVP) as  addi- 
tives. 
Figure l shows  schematic  phase  diagrams of both  systems. We have strong 
indications. that PVP is miscible  with all other  components  present,  inclu- 
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ding the  membrane  forming  polymer,  poly(ether  suldone) (Pas). 
Poly(styrene) is probably  immiscible with PE. We start the formation of 
the nambranes by preparing a homogeneous solution. Clear  polymer 
solutïons were obtained in all -experiments, witfa up to 30 wt% of totd. 
p ~ l p ~ ~ ~  at any ratio of concentrations ,o€ the polymers. We may fierefore 
.assume that the Muence of this ternary demixing gap is not very large. 
PS -is quite immiscible with water. A demixing gap in a third ternary 

subsystem is introduced ira the system  nonsolvent-solvent-PS (1-2-4)- The 
other ternary demixing  gaps present are the demixLng gaps in the ternary 
systems 1-2-3 and 1-3-4, which are also present in the system with PW- 
PS does not.have a driving force to move into the water phase, during 
immersionin a  water  bath. On the oher hand, PS does have a driving force 
to phase separate fiom PES. h short, a three phase equilibrium is created: (i) 
it phase rich in PE, (E) a phase  lean in PES and rich in PS and (Ei) a  phase 
lean in both  polymers- We may therefore conclude that the PS has m 
~ I M . ~ O ~ Q U S  driving force  to  phase  separate from’PES, as P W  hars, although 
with PS the demixing process is .more complex. 
. I n  both cases (the systems PE-PW and PES-BS) the polymer-polymer 
demixing is of entropic name; it results  from a very ‘low entropy of mixing 
between the two polpers. We can therefore compare the separation of PS 
from P E  with fie separation of PW from PES. 

The phase separation  between the polper  (PES + PS) lean phase and the 
PS phase causes the PS to remain in the membrarte. This enables us to  find 
out where the PS has moved. 
Taking relatively  fast quenching conditions first, we should expect some 
differences  between  membrane structures from  the P W  sy5tean and the PS 
system. From the model, ‘it appears tha€ the presence of PS should not 
hinder or delay the nucleation of a polymer  lean  phase.  Therefore, i€ o m  
model is correct,  addition of PS should  not suppress macrovoid  formation. 
We must obtain the .morphology of an Ínsfantaneously  demixed .mem- 
brane (see also Reuvers and ~moIders3A8) in which the macrovoids are 
surrounded by a  heterogeneous  blend of the  polymers. Furthermore, if 
indeed the polymer-polymer interdiffusion is slow relative to the 
nonsolvent indifhsion, the blend  should  only  be  microphase  separated. 
Reducing the qnench speed  by adding a significant amount of solvent to the 
coagulation ba€h should result in a separation between the two polymers 
Q I ~  a larger  scale- 
h a situation in which the  interpoIymer  movement is not the rate limiting 
steg in the  membrane  formation  anymore  (i.e.  €or large solvent  content of 
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the  coagulation  bath),  we should expect  phase  separation of the  polymers 
showing large regions of one  polymer  phase  dispersed in the  other  polymer 
phase. 

Experimental 

Membranes were prepared from poLy(etfref sulfone), V1ctrexTM 5200P, 
kindly supplied by ICI PLC. Poly(vhy1 pyrrolictone), €ran Fanssen  Chimica, 
grade K90 and  poly(styrene),  no. 29789 from BDH, ChemicaIs Ltd., were  used 
as additives. Solvent used was l-me'thyl-2-gyrrolidone, synthesis grade, 
from Merck, and the  nonsolvent  was water, demineralized  and 
ultrafiltrated  before usage. 
To redissolve PS from the membrane matrices,  toluene, synthesis grade, 

Before preparation of the polymer dutions, PES and PS were. dried for 
severaì hours at 80 *C. 
MoIecuIar weights are listed in table L 

MW& W ~ S U S ~ .  

E S  Victrex 5200 P 22 300 43 800 
P W  K30 8 700 18 100 
P W  K90 99 800 . 228200- 
PS f 100 Ooo* 

The membranes  were  cast on it. glass plate, with a thickness of 0.2 mm. The 
time between  casting and immersion in the coagulation bath was kept as 
short as possible.  After  coagulation, the membranes  were  extensively  rinsed 

Membrane  samples.  were  broken under liquid nitrogen, and evacuated €or 
at least 6 hours. A thin layer of goId was. spúf&red on top' of the sampIe 
with the BaIzers Union SCD 040 sputtering apparatus,  before  evaluation 
with a Je01  JSM T220 A scanning dectrorr mimscupe- 
DSC scans were performed on a Perkin Elmer DSc-7 with a scan r&. of 15 
OC/min, from 75 to 250 O C -  Each sample was  scanned twice. 

..-. . . witlx water, and dried at 80. "C 



Figure 2 shows membranes  obtained by immersion of polymer sohfïons of 
15 weight% PES and 10 weight% PS ïn NMP, into  coagulation baths of pure 
water, 60 weight% N M P  and 80 weight% of N M P  in water,  respectively. 

The membrane formed in the pure water  coagulation bath confains, as 
expected, many macrovoids. No structures can  be  observed (at mapidi- 
cations of up to a few thousand h e s )  that may represent a PS phase. It 
appears that the indiffusion of nonsolvent here took place  faster thana the 
phase  separation  between  the two polymers. 

A coagulation bath of 60 wt% NMP in wafer results in approximately the 
same structure. Deeper in the membrane, under the maaovoids, w e  can 
see some spherical entities  (probably  consisting of PS) embedded in the 
membrane  matrix.  Apparently, fhe polymers did not have time to phase 
separate before the membrane structure was  formed. Bdow macrovoids 
which are formed,  local  delay of demixing should be present- Local delay of 
demixing means that under the macrovoids, no demixing into a poIymer 
lean phase can yet take place; only mass &ansfer is going oxi. O€ course here 
the two  polymers have time  to phase separate. The PS droplets being 
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formed  coalesce to form  larger  droplets,  which  can  be  seen in the  region 
below  the  macrovoids. 

The  membrane prepared with 80 wt% of solvent in the coagulation bath 
shows  a  completely  different  morphology. .From a  later  experiment  we will . 

see that  the  spheres  consist of PS. 
Apparently  the two polymers here had enough  opportunity to phase  sepa- 
rate  before  a  polymer  lean  phase  was  formed.  What  happened is probably  as 
follows.  The PS diffused out of the PES solution,  forming drops of PS in 
NMP, surrounded by  a  polymer  solution  containing PES and NMP (and 
some  water). Both phases  exhibit  delay of demixing with respect to the 
coagulation  bath. No further demixing  takes  place  for  some  time.  Only 
when enough water has  accumulated  in  the  polymer solutions (the PES I ' 

and the PS phases),  they  both  phase separate again,  forming  pores  and  a 
membrane  matrix.  Indeed  from  photographs  (at  higher  magnifications) it 
appears that the  spheres  themselves  are also porous. 

We can compare these spheres with the spheres found  under the 
macrovoids in the structure  prepared with 60 wt%  solvent in the 
coagulation  bath. We see that, although in that case the spheres were 
somewhat less regular,  they look dike. This indicates that below  the 
macrovoids  local  delay of demixing is indeed presen$. Both the membrane 
matrix and the spheres are porous with a closed  cell. structure.. The 
demixing  between  the two polymers must have preceded  the  demixing  into 
the polymer'  rich  phase(s) and a  polymer lean phase (the formation of 
pores). 
The  formation of these  Iatier  structures is analogous to the  formation of the 
irregular structures formed under the  same  circumstances with PVP as 
additivel7. In the  case  with PW, the  large  voids  should be compared to the 
spheres of the PS phase.  The PW forms one phase with the nonsolvent, . 

and we  then  see  a bimodaZZy I porous  structure: large voids resulting from 
PW-PES phase  separation and small  closed  cells in the PES phase  formed 
by  the  formation of a,PES lean phase. 
Figure 3 shows  the  typical  morphology of the  pores in the membranes  from 
figure 2. The  membrane  precipitated in pure (figure  3a)  water  shows an 
irregular structure in-between  the  pores.  This  may  indicate that around the 
pores  the &o polymers have.phase separated on a  smaller  scale,  forming a 
more or less  co-continuous  microstructure surrounding the  pores. 
The membrane prepared with 60 wt% solvent in the  coagulation bath 
(figure 3b) also shows an irregular  pore wall structure, in which smdl pores 
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are present- 
The membrane from $0 wt% of W in the  coagulation bath shows a 
normal closed cell strrnc3~n-e typical of membranes  formed by a delayed 
demixhg process314. Apparently the pores  were  formed &er the transfer of 

PS froin  &e solution into the.spIxeres, as was expl&ed. Figure 3c &ere- 
fore shows a structure formed  by pure PES in which no PS is present 
mymore- 

Figwe 3: Det~ils of the membranes shown in fisuve 2. P h t o g a p k  (w) i5 a 
membrane immersed in u pure water bath, (b) i5 immmed is IE bath of 60 wt% 
NMP in watm urtd c in a bath containing 80 wt% N .  1 20 wt% water. 

We can  check the PS content of the spheres bp immersing the  membranes 
in a solvent €or PS which is a nonsolvent  for PES toluene. I X T W I ~ ~ S ~ Q I I  of 
the  membrane prepared with a coagulation bath of 80 wt% NPKP into 
toluene  results in a structure in which the spheres  have  gone (see figure 4). 
This S ~ Q W S  that  the  spheres consist of the PS phase, and that the 
surrounding phase  does  not  contain much PS anymore,  Phase separation 
between  the  polymers  has taken place  almost  completely. 
Immersion of the membrane prepared  with a pure  water bath (fast 
quenching) into toluene  results in the  complete disruption of the mem- 
brane structure.  OnIy  some  Ioose  fibres  remain after some time.  The PS 
absorbs large mounts of toluene; the swelling of the PS phase then causes 
the PES phase t~ be torn apartr since both phases formed a C O - C O ~ ~ ~ U Q P P S ,  
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intertwined  structure.  The  swelling of PS can  be  directly  observed,  by  a  side 
effect.  Immediately  after  immersion of the dry membrane  in  toluene,  air ' ' 

bubbles  appear at the  surface of the  membrane. It looks  like  the-.PS  phase ' ' 

also swells  into  the  pores  containing  air,  thereby  ,replacing.  the  air. 

. .  

4a 

-__ 

. . .  

4b 
Figure 4: A membrane from a  polymer  solution  consisting of 15 wt% PES, 10 
wt% PS in NMP, coagulated in a  bath  containing 80 wf%  NMP and 20 wt% 
water. After rinsing and drying, the  membrane was immersed in toluene to remove 
the PS from the  membrane.  Fìgure (a) is before,  and (b)  is after  the  immersion in 
toluene. 

From the  fact that in  this  case  the  structure  is  destroyed  we  can  conclude 
that PS was at least  in  close  contact.  with PES. Either  the two polymers  were 
still  homogeneously  blended  or  the  two  phases  were  well  entwined.  This 
suggests  that  the  demixing  between  the  two  polymers  could  have  followed 
a  spinodal  demixing  process. 

DSC scans  were  performed  on  samples of the  membranes to investigate 
whether  the  polymer  blend  is  homogeneous or heterogeneous of nature: 
membranes  from  a  solution of 15 wt% PES and 10 wt% PS, coagulated  in  a 
water  bath,  and in 80 wt% NMP in water.  Table 2 shows  the  measured  glass 
transition  temperatures. Both membranes  show  the  two  glass  transition 
temperatures of PS and PES,  which indicates  that in both  samples  the  poly- 
mers  have  phase  separated. In the  sample  coagulated  in  the  water  bath,  a 
large relaxation  peak is found just above  the first (PS) glass  transition, 
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indicating that the PS phase  was not yet free of stresses. This  relaxation 
peak was absent in the  second  run. 

SampIe 

Pure PS 107.5 - 
Pure FES - 227.5 
Membrane from pure water bath 5 107 * +m 

s€codrun 106.9 t 230 
Membrane from 80% NMP bath c_ 107 227 

second run 107 k 230 

The  glass transition temperatures are not shifted relative to the pure 
components.  This  indicates that in all membranes, PES and PS are phase 
separated,  even in the  membranes  where  no separate PS phase could be 
recognized in SEM pictures  (see fi0we 3). Therefore,  the two polyners must 
have  phase separaed on a  very small scale. 

In suminary, the experiments  showed that under fast quench  conditions 
the  polymer-polymer  movement is slow compared to the indiffusion of 
nonsolvent  from  the  coagulation  bath,  The  polymers  have  phase  separated, 
but ody on a very  small  scale.  Slowing dawn the  quench rate by adding 
solvent to the coagulation bath results in a  complete  separation  between 
fhe polpers. 

We observed  before that a  polymer  lean  phase  could be formed,  when 
using PS as the additive, and as a conseqúence also macrovoids  were 
formed. This is a direct confirmation of the earlier result from our 
mode126, from WIG& it appeared  that &e hydrophilicity of PVP is crarcid in 
suppressing macrovoid  formation. It was shown earlier that the low 
mobility of the fwo polymers with respect to ea& other, in combination 
with the  miscibility of the  polymeric additive P W  with the nonsolventr 
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resulted in a  dramatic  decrease in size of the (semi-)ternary  demixing  gap. 
This was illustrated by  the  occurrence of a  so-called virtual  binodall5. It 
results in a strong initial  increase in the  concentration of nonsolvent  ín  the 
polymer  solution  while the polymer  concentration in the  toplayer  had  not 
increased at all. With  respect to the real. demixing gap (related to the , . 

separation of the two polymers), these compositions  are.  very  unstable..  This . . .  

makes  the  occurrence of local  delay of demixing  which is necessary  for 
macrovoid  formation8116,  impossible. 
With  the  help of our model  system using PS, we come to the conclusion 
that polymer-polymer  demixing  from  very  instable  solutions  could  well 
develop along a spinodal decomposition  mechanism,  almost indepen- 
dently  from the quench  rate, with the  following line of thought. Let us take 
a  large  amount of PS and only  a  small  amount of PES. A structure should 
be  formed  consisting of it PS. matrix, and some PES islands  (spheres?) in this 
matrix. On the  other hand we  have  seen that the use of a  little PS in a PES 
solution  results in PS spheres in a PES matrix. h between  these two cases 
there should be a  region in which the vokume fractions: of the two phases 
are approximateIy equal, In other words, we then prepare a  polymer 
solution that is near its critical poht18. A ca-continuous structure must 
resuIt upon separation. 
Thus, it should always be  possible to obtain an intertwined,  co-continuous 
structure of the two  polymer phases (usually identified with spinodal 
decomposition  between the polymers),  by varykg the ratio between the two 
polymers, but irrespective of the  absoIute  polymer  concentrations in the 
solutions,. 

The  deeper the quench  step is (eg. by using a pure nonsolvent  coagulation 
bath), the less  probable it is that nucleation of one of the  polymer phases 
can  take  place in time- I€ we slow down the qnench  (by adding solvent to: 
the coagdation bath,  the  region in which sphodal demixing takes place, 
becomes  smaller  (becomes  more  sensitive to the exact ratio of the  two 
polymers). In practical terms, if we take  a solution that shows spinodal 
decomposition (but of course has not the exact ratio of polymer 
concenfiations  connected to the critical  point), we may bring it back to 
binoda1 nucleation and growth by  adding enough  solvent to the 
coagulation  bath. 

This h e  of thought is aIso valid for a  system wi€h P W  instead of PS as the, 
second  polymer.  EarIier,  the  theoretical  phase  behavior was caIcdated as  a 
b c t i o n  of the ratio of the two polymers in the  solution1.8. It was  indeed 
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found that by adding more  h?@-molecular  weight P W  to the polymer 
solartion, the criticd point shifted strongly  upwards. It is even possible  to 
eliminate the crit ical point in the system  completely by imposkg a  ratio of 
P W  bver PE5 above  a  certain  value-  The shift of' fie ait ical  point as a 
hictioaa OE the  concentration of additive  is  given in f i p e  !X Here we recali 
that the position of the critical point is important for the cpestion WE& 
~ h a s &  ~ e m  or  rich  in  polymer) w i l ~  nucleate. ~[f the c o q o s ~ c s n  path enters 
the  demixing gap at higher confent of a polymer than the mitical point, the 
nucleating  phase  will be lean in the polymerr and vice versa. 

. . . .  " .  

, -  

NMP i- 

E@ue 5: Semi-ternary  cross-section of cz theoretica1  quatema-Py phase diagam of 
the system water-NMP-FES-PVF. Water and NMP are pIoi&d &IS one camponext. 
The critical line is sho-m for a system with PW, MW = 100 kgIrnok. Smmal moss- 
sections (fixed ratios PESjPVP) are shown in which the critical point (= 
intersection wi%h €he critical line) is shifting to higher Q O ~ I ~ O  concent-îations  when 
m w e  PVP is present in t k  systed8. 

We may .now use the same  reasoning  as  was  given above for the @§-PE5 
system. If we  take  a small mount of PW, the  effect  of the PVP is not large 
enough to change the type of nucleation, or %Q eliminate macrovoid 
formation: we see  a normal 'instantaneously  demixed' sfructme., On 'the 

' other hand, if we take a  large  enough amount of PW in the  solution, the 
soiution  remains  below the critical point during the immersion  (see  figure 
5). Nucleation of a PES rich phase  results.  The  continuous phase is  rich h 
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PW, and the  polymer  solution  dissolves  into  the  coagulation  bath,  forming 
a  fine  dispersion of PES. In between  these  two  regions  there  should be a 
region in which the polymer solution is near its critical  point, so that 
spinodal  decomposition  between  the two polymers  takes  place. 

We should remember that usually diffusive mass transfer across  the 
spinodal is not possible,  since. (the determinant of the matrix- of)  the 
diffusion  coefficients  become  zero,  as  was  shown  by  Radovanovic ef aZ.516 
In this  case  however,  the  polymers  react as Óne polymer during the first 
moments of immersion.  The  demixing must take  place  between  the  two 
polymers,  which is not directly  connected to the diffusive  exchange of 
nonsolvent and solvent.  Therefore in our specific  case, spinodal demixing, 
folfowing  a  diffusive  solvent/nonsolvent  mass  transfer  across the spinodal, 
is possible- In the system  with PS as  additive,  spinodal  demixing  between a 
polymer  lean phase and a  polymer  rich phase is not possible  (hence 
macrovoids  can  be  formed) but spinodal decomposition  between  the two 
polymers  inside  the  already  created  polymer  rich  phase is possible. 

Difierent  regimes of demixing ' 

In the  preceding  paragraphs  we  have  seen  that  we  should  expect  at  least 
three  different  regimes of demixing when an additive like P W  is used 
(PVP is  here used as an example),  under strong quench  conditions (small 
concentration of solvent in the  coagulation  bath): 

I - at low PVP concentrations:  a  normal  membrane structure 'is  formed, 
characterized by nucleation of a  polymer  lean  phase, and formation of 
macrovoids 

2 - at intermediate P W  concentrations,  an  intertwined structure can 
be formed,  originating  from  spinodal  decomposition 

PVP rich  phase is the  continuous  phase,  and  the  demixing  solution 
dissolves  under  the  formation of a PES dispersion. 

3 - At  very  high  concentrations of PVP in  the  polymer solution, the 

In practice,  we  indeed see three  clearly  different  demixing  regimes: 

I - at low P W  concentrations  macrovoids are still formed 
2 - at intermediate PVP concentrations,  the  macrovoids  disappear,  and 

the  pore  structure  clearly  changes  in  nature  (see  figure 6) .  
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3 - At quite high PW concentrations in the polymer solution, a 
membrane is-not formed, but &e polymer solution slowly dissolves 
under a slight increase of turbidity of the coagulation batPr. 

Figure 6: Typical  membrane structures (sublayer); (a) wifhout  any P W ,  (b) with 
10 wt% B W  K90 in the solution. PES concentration in the  polymer solution was 
15 wt%, the solvmt was NA/fp and the coapbatfon bath was pure water. 

D l  

dissolution of the polymer solution * I  

instantaneous 
demixing l 

I '  

vent 
amount of solvent Ìn bafh i 

ssbent 

Figure 7: The three demixing regimes us expected from the hypothesis proposed. 
T h  transition from spinodal  decomposition to dissolution in the coagulation  bath 
is not  clearly dqfined: men spinodal d m ï ~ n g  can result in dissolution of a polymw 
info the coagulafion bath, if the volume fracfion. of the FES rich pbse  becomes too 
small (by cb ratio PVP/PPES that is high). 
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~~ ~- 

We have to assume that the structure of figure 6, connected with the 
disappearance of macrovoids, is formed  by spinodal demixing,  since at 
higher PW concentrations  the  solution  dissolves  (regime 3), and at lower 
PVP concentrations  macrovoids are formed  (regime l). 
Figure 7 summarizes  the  expected  behavior  from  our  hypothesis. 
When  a  film of a blend  solution is immersed in. a pure water ,bath, the . 

polymers do not have  much  time  to  diffuse  relative  to  each  other. As was 
explained,  the  indiffusion of nonsolvent is fast  enough  to let the  solution 
cross the  metastable  region  without  formation. of nuclei.  Experiments  with 

. the PES-PS blend in this  chapter  show  that  this  is  indeed  possible.  Increase 
of the solvent concentration in the coagulation bath (a decrease of the 
quench depth) results in a  slower  indiffusion of nonsolvent  (indicated  in 
figure 7 as trajectory l), which  enables  nucleation of a PVP rich  phase, 
implying that macrovoids  can  be  formed.  At  higher  concentrations of PW, 
this transition should appear at higher solvent concentration in the 
coagulation  bath. 
On the  other  hand, it should usually  be  possible  to go from  a structure 
formed by nucleation and nucleus growth to a spinodally demixed 
structure by adding enough P W  to  the  solution  (shown as trajectory 2). The 
transition from binodally demixed structures (whether according to 
instantaneous or according to delayed  demixing)  to spinodal demixing 
should  shift to higher  required- PVP content at higher  solvent 
concentrations in the  coagulation  bath.  Still higher. concentrations of PVP 
should lead to. dissolution of the  polymer  solution  film  (assuming that the - 

second  polymer  has  a  high  enough  mo€ecular  weight). 
Experimental  results  presented  earlier17  show  indeed  most of these  trends,, 
although sometimes not very clearly. In figure 8 some  typical results 
obtained with PVP as additive (earlier presented in a  more  extensive 
fashion17) are shown. We can  see that at low solvent  concentrations  in the 
coagulation  bath, the mechanism that forms the co-continuous structure 
(shown in figure 6b) is more dominant than at higher solvent concen- 
trations.  For PVP K30, the  molecular  weight of the  additive is so low (appr. 
10 O00 g/mole) that the  polymer-polymer  diffusion  limitation is hardly 
fulfilled.  Only  for  a  few  cases  the  typical  co-continuous structure as  obtained 
by Roesink14  could  be  found  here. PVP K90 on  the  other hand has  such  a 
high moleculer weight (approximately 200 O00 g/mole)  .that almost 
everywhere the co-continuous structure was  formed,  as  long  as  a  certain 
minimum  amount of P W  was  present. 
The  struc€ures  containing  macrovoïds,  formed  with little PVP in the solu- 
tion,  change  into  delay of demixing type  structures at high  solvent  concen- 
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trations in the  coagulation  bath,  which are cellular  in  nature. At somewhat 
higher concentrations of PVP, this structure changes into irregular 
structures, which are formed along a  mechanism of polymer-polymer 
separation,  given in the theoryl7. .The irregular strucures are formed  by 
nucleation and growth of a PW rich  phase.  The  fact that the  observed 
structures are the structures  expected  from theory18t15 is a  confirmation of 
our assumption that separation of the polymers is the demixing  process 
taking  place. 

Unfortunately  no  exact  experimental  points are available at very  high..PVP 
contents. We performed some  measurements,  however, on a  polymer 
solution  containing 15 wt% PES and 25 wt% P W  K90. The solution did not 
yield  a  membrane  when  contacted  with  a  water  bath but just  dissolved  into 
the  coagulation  bath, while the coagulation bath became, turbid- This  is in 
accordance with theory, but more  precise  measurements  should  be  carried 
out to confirm  this  first,  qualitative,  result. 

Conclusions 

From  membranes prepared with  poly(styrene) as an additive, it could  be 
shawn that under fast quenching  conditions,  polymer-polymer  interdiffu- 
Sion is  considerably  slower  than  nonsolvent  indiffusion and nucleation of 
a  polymer  lean  phase.  This  confirms  one of the two principles of a  model 
that described the membrane  forming  mechanism in systems  containing 
poly(viny1  pyrrolidone) as additive. By va.rying  the  ratio  between  the  two 
polymers  present, at constant  concentration of membrane  forming  poly- 
mer, the  formation  mechanism  can  be  varied. 
From the results, it became clear that conditions  for  spinodal 
decomposition in .a solution of a  polymeric  blend are realized  readily. 
It was shown that the  typical  co-continuous structure of membranes 
prepared with PVP as an additive can be described  as  a result from a 
spinodal decomposition  mechanism. 
We arrived at a subdivision of membrane  forming  processes for a  poly- 
meric blend containing P W  into four classes: 
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- at low PW contents  normal  instantaneous  demixing QCCUTS 

- at intermediate PW contents and lower solvent  content in the 
coagulation  bath  (depending aIso on  the  molecular weight of the PW) 
sginodal decomposition  takes place 

place 

nucleation of a PW phase followed  by  delay of demixhg .h ,the. 
membrane  forming phase 

- at ~=ay.high PW content  dissolution of the  polymer S Q ~ U ~ ~ Q I I  takes 

- at high sohent contents an irregular structure is formed by 

Thesé  predictions are in accordance with the structures found in practice. 

The  authors wish to express €heir gratitude to ir. I.M. Wied  for the GPC 
analyses of the polymers, to ir. A.M.W- Bulte for performing the DSc 
measurements,  and to both for edigh€&g discussions. 
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Chapter 6 

Metastable Demixing Phenomena h the 
Systems  PES-NMP-water and PES-NMP-PW-water. . I .  

R.M. Boom, S .  Rekveld, U. Cordilia, 
Th. van den Boomgaard, C.A. Smldms 

The  kinetics of metastable or binodal  demixing is investigated in the 
systems PES-=-water and PES-PVP-NMP-water, by  thermally induced 
demixing  experiments. A general  Avrami-type  model is developed  that  can 
distinguish  different  regimes of nucleation. 
From the Flory-Huggins  theory, a relation is  derived that describes the 
dependence of the  demixing  kinetics  on  the  supercooling quite well. 
It appears that the number of nuclei in the  solution are independent on the 
demixing  time, and  on the supercooling.  The  results  indicate that either 
heterogeneous  nucleation  takes  place on a substrate that  exhibits  extremely 
strong interaction with the nucleating  phase, or that large concentration 
fluctuations in the  solution  may act as nu&  for demixing 
The  experimental  demixing  velocity as. a function of the polymer  concen- 
tration as measured by light scattering is  found to  exhibit  a  maximum 
around 15 weight% of polymer.  Witlxindependent  measurements it could be 
established that this may be related to  a  transition to. spinodal decampo- 
sition at lower  polymer  concentrations. Interpretation of the results is 
further  complicated  by  effects of the refractive  indices of the phases, 
Addition of P W  to the polymer solution hardly influences the light 
scattering.  behavior.. This is probably  connected to the separation of the 
polymers during phase  separation,  which ïs typical for  these quaternary 
system. 

Introduction 

Membranes made by phase inversion1 form the majority of the mem- 
branes  available for industrial  or  practica1  use.. Phase inversion  consists af ' . 

submitting a thin  layer of a solution of the membrane forming polymer to 
conditions in: which ' the solution becomes instable; The essential 
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Theory 

The  process of binodal  demixing  consists. of two distinct steps: 
1 - nucleation of a second  phase; . . .  

2 = growth 'of ,the  freshly  fàrmed  nucleus.. . .  . . - .  

For convenience, w e  discuss the nudeafion of a second phase. in ,a' binary 
system consisting of a. polymer and a solvent.  The situation of one 
polymer and two solvents (or a solvent and a nonsolvent), is andogous to 
the extent that for the nucleation  process and the early  nucleus growth, 
the mixture of solvents can be regarded as being one solvent. 
In figure I the  (approximate)  dependence of the  free enthalpy of mixing of 
such a solution as a  function of the composition is shown. This follows 
from tite Flory-Huggins reIationl2pl3: 

t 

h B X C  
~. 

L- 'pporymer 

€~~~ I: m e  free enthlpy of mixixg of CL binaqr sol'tctiòn of polymer and solvent. 
The distance BX represents, the difienee in composition that a n.uileus should 
obtain before it can become  stable. Tke points A and C me flie points tht give the 
equilibrium  compositions to which  the demixing process will converge. In this 
figure, efiects of su#uce tensfon between the two phases me not yet included. 
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Only nuclei that possess a composition at the left of point B (the crossing 
' of &e taragent in point X and the curve of the free  enthdpy o€ mixing) c m  

con.@ibnte t~ a lowering of the free energy of mixing of the total system. 
For an .embryonic  nucleus situated at the left hand side of point B, .m 
activatíon energy must stil l  be overcome  before  the nudeus can be stable. 
This is caused by the surface free en&alpy of the nudeus The smaIIer a 
nucleusp the higher is the suhface free enthdpy of such a nucleus per unit 
vohrne. The free enthalpy of the nucleus AG', can be expressed by 
introducing a surface free enthdpy term in the ~ o r y - ~ u g g i n ~  adation: 

We see that if the nucleus has a: smaller radius, the free enthalpy of 
mixing is Egher. 
Thus we  have  one  more  independent  variable that describes the free 
enthalpy of mixing of the solution inside the nucleus: except for its 
composition (polymer. concentration) also the  nucleus  gize varies. 
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In the  following  we  will  assume  that  the  interfacial  enthalpy  is  not  depen- 
dent on  the  composition of the  nucleus. 
The free enthalpy of mixing of the  polymer solution in a  nucleus is 
situated on another  curve  than that for  the  bulk of the  polymer  solution: 
the line is shifted upwards. How much' the line is shifted upwards 
depends on the  surface  free  enthalpy y. The  larger y, the  larger  is  the  effect 
of the  nucleus  size. 
In the  hypothetical  case  that y = O and we  still  have  distinct  nuclei,  there  is 
no  surface  enthalpy  effect  (only  curve  a in figure 2 is  valid), and nuclei of 
any size  may  be  stable, as long  as  their  composition is positioned at the  left 
hand side of B Ïn figures I and 2. ]In this case, no activation energy exists, 
and metastability  cannot  occur, although we still need  nucleation and 
nucleus  growth  to  obtain  phase  separation. 
One can see  that at a radius of the  nucleus which is smaller  than  a  certain 
minimum  value  (indicated  with  curve  c in figure 2) no  stable  nucleus  can 
be formed;  the  tangent in point X (dashed line)  then is not crossing the 
curve  valid  for  the  nucleus  anymore.  The  larger  the  nucleus  created,  the 
smaller  will  be  the  composition  difference with the  bulk. 
A nucleus  that  has the size  rmin  (and  possesses  a  composition A in figure 
2) is stable and can grow out. The radius can  increase, and therefore  its  free 
enthalpy  can  decrease. An activity  gradient from the  polymer  solution  to 
the  nucleus is established  and the growth  process is continued.. When the 
radius  has become large  enough,  the  surface,  free  enthalpy  term in relation 
2 becomes  vanishingly  small, and the enthalpy difference  between  the 
nucleus and the  polymer  solution is only  determined  by  the  compositions. 
of both  phases. 
For the  situation as represented in figure 2, a well-known  relation for the 
activation  energy  necessary  for  nucleation, AG*, during a liquid-liquid 
demixing  process is applicable: 

Walton14  found that here AG, is  the  difference in free  enthalpy of mixing 
between the original solution X and. the weighted mean of the free 
enthalpy of mixing of both phases in equilibrium (A and C in figure l). 
The  relation is better  known  for  crystallization  phenomena; i n .  that case . . 

the  enthalpy of mixing  between  the  crystal and the bulk should  be  used  for 
AGv. 
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There are two possible  ways t~ overcome  fhe  activation enthdpy AG* 
during the  formation of nudei: 

1 - homogeneous nudeation 
2 - heterogeneous nudeation 

In the first case,  the  solution has to create nudei in the b& of the solu- 
tion, from thermal (aitical) fluctuations. In the  second process, inhomo- 
geneities in the  solution, such as dust, small crystallites, possibly from a 
low  molecular  weight  fraction of the  polymer, .can act as precursors dor the 
nuclei. The solution then forms nudei on the surface of these 
inhomogenkts, also by aitical fluctuations. 
For  liquid-liquid  demixing  the  surface  free  energy y is considerably smaIler 
than  for  crystallization  phenomena. Although for crystallization usandly 
heterogeneous nudeation is the  nudeation mechanism (as dearly shown 
by Koerdkera ef al.s), for liquid-liquid  demixing  homogeneous  nucleation 
may be of importance. 
We therefore  have to consider both nudeation  mechanisms 

which approximates  relation 5 well-  The  value of F0 is dependent (among 

others) on the value of the activation  energy dor nudeation, AG+, 
mentioned in relation 4. 

Hete-/ogeneous nucleatiolz 
The difference of heterogeneous nudeation compared to homogeneous 
nucleation  is  the  presence of a surface  on  which  droplets of the incipiat 
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phase  can  bè  formed.  Figure 3 shows  this  situation. 

polymer solution \ 

. .  

Figure 3: A surface on which heterogeneous nucleation takes place. The nuc- 
leating phase  has a smaller contact angle. with the substrate than  the surrounding 
solution;' the embryo of the  nucleus is formed by critical  concentration 
fluctuations in the solution, at the solutionlsubstrate interface. 

The  activation  energy of heterogeneous  nucleation caxi now be written as: 

The  factor 40) is  dependent  on  the  contact  angle 0 of the  incipient  phase 
on the  substrate,  with  the  polymer  solution as the surrounding medium. 
If the  contact  angle Ís smaller  than 180°, AGEet is smaller  than AGiom, and 
tfie  presence of such a  substrate  then  results in heterogeneous  nucleation. 
We  can see that heterogeneous  nucleation  follows  the  same  mechanism 
as homogeneous nucleation: concentration  fluctuations at the 
solution/substrate interface must give  rise  to  a  local  embryonic  nucleus 
that is  large  enough to posses  a  higher free enthalpy of mixing  than  the 
activation free  enthalpy (see e.g. figure 2). The difference for 
heterogeneous  nucleation  is, that the activation  energy is lowered, and 
that  therefore  the  nucleation rate can be  considerably  higher. 
The  time  dependence of heterogeneous  nucleation  should  follow  relation 
5, although  the  values of z and F0 are.different. , . 

Growth of the nuclei 
The  growth of nuclei  has .been described by Nielsenlb. Fick's  second law' .. . .. . 

reads in spherical  coordinates: . .  . .  _ . .  ' . 
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in which @ is the volume fraction. in the polymer sslxttion around the 
nucIeus, dependent on the distance r from the  center of &e nudeus and 
time t. htegration between  the  constant bulk volme fraction &he 
composition X in figure l) and t-he constant boundary volume fraction $0 
outside the nucleus (which should be the  composition C in figure l> 
the f s ~ o w h g  sohtion of equation 8: 

in which r. is the (current) radius of the nucleus; r > ra. MathematicalIy 
after t + but physicalry after t has s.urpassed a finite valuer the  error 
furaction becomes  negligible  compared ts.-unity, and 9 can be rewritten as: 

in which @n is the  .volume  fraction in the nucleus (composition A in 
figures 1 or 2). Substituting relation l1 in relation 12r we f i n d  

We find &at the growth rate dro/dt is Linearly dependent &e supersa- 
turation - q0, and that- the nucleus shows parabolic growth. Integratin 
this relation gives the dependence of the radius of the nudeus on time: 
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Simultaneous  nucleation and growth 
A demikng experiment  is  visualized in figure 4. A polymer  solution  is 
brought from  a  stable  condition (e.g., high  temperature)  to  a  metastable 
condition  (lower  temperature) at t = O. At this  moment  the  number of 
nuclei is zero;  only  after  a  transient  time z, 'the formation of .nuclei  starts; . 
it is  assumed that it immediately  reaches its equilibrium  nucleation  freq- . , ., 

uency.  Between t"= z (the onset of nucleation) and t = €m (the moment of 
observation),  a  constant  nucleation  frequency is valid,  while  all  nuclei  are 

Wijmans et a1.4 reasoned  that  the  nuclei  should  all  have  a  volume 
growing. 

V(t) = b(tm- $15 T5) 

in which b is a  constant.  This  would  only  be true if all  nuclei  would  have 
formed at time z, which is generally  not  the  case. 

Start Start Age of Moment of 
experiment nucleation a nucleus observation 

I 
e I 

-+ 
L L I I' 

t=O z t tm 

Figure 4: Time scale for u demixing  experiment. At. t = O the  experiment  starts,  at 
t = tm the  observation is performed. At time t = T, nucleation starts, and  the 
nucleation  frequency is fixed  at Fo. 

I 

Due  to  the  continuous  formation of nuclei,  a size  distribution exists,  from 
the  critical  (minimum)  nucleus  volume  (formed at t = tm) to the maxi- 
mum  nucleus  volume  (formed at t = T), equal to b(tm-~)'.'. 
The size  distribution of nuclei. as a  function of the radius of the nuclei  is 
given by: 

8 is the age of the  nucleus.  The numerator on the right hand side of 
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equation 16 can be  derived  from  the growth relation (equation 141, in 
which we neglect the criticd nucleus size rmiG 

Here Q is' the  age of the, nucleus, equal to (tm - t); the c is a constant, 
comistirag Ofi 

The denominator in relation 16 is the  derivative .of relation 17 with 
respect to the nudeus age 8: 

It appears that  the (differential) nucleus size distribution is linear with 
radius P Q€ the nuclei. 

Light scattering experimmts , 

The technicpe used  for  following  the  demixing process k to measure the 
light scattered by the nuclei as a firnction of &ner .abter bringing the sample 
to a  certain  supercooling. In the  RayIeigh  scattering  regime, t.he scattered 
light at a fixed angle 6 is  dependent on the volume o€ the  scattering 
par~cles as17: 
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where n, and no are the refractive  indices of the  nucleus  phase and the 
polymer  solution,  respectively, and 10 is the  intensity of the  incident beam 
of light. 
Using  the  size  distribution  (relation 20), we  obtain: 

which  yields  after using relation I?, ànd integration: 

or: 
=K(tm-T)4 

23) 

with K a growth  constant, dependent on  the  supercooling.  Here  Wijmans 
et aZ.6 obtained  a  third  power.  relationship from the same starting.  point. 
A third power is obtained  when it is assumed that we do not  have  any 
further nucleation during the  experiment, but that all nuclei  have  formed 
at one single moment z. The size distribution of the nuclei is then 
monodisperse.  Relation 24 becomes in this case: 

I+ =K' ( t m - + -  
, .  24a) 

The  fact  that  Wijmans et aZ.6 found a third power  experimentally,  indi- 
cates that in their  solutions  small  crystals.  already  were  present  as  nuclei. 
This situation was  also found by  Koenhen et aZ.3. The interpretation of 
the  induction  time z then  becomes  somewhat ambiguous. 

Summarizing,  we  can  distinguish  between  mechanisms of nucleation  by 
plotting  the  logarithm of the  increase in scattering  intensity  as  a  function 
of the  logarithm of time  minus an arbitrary  time x. The  slope of the line 
will give information on the mechanism of demixing. A slope of 3 
indicates  that  the  nuclei are already  present in'the polymer  solution  before 
the  experiment starts. A slope of four  indicates that nucleation  is  going  on 
during the experiment. This approach is a  specific  case oft the  .well-known I 

Avrami approachl8, 

There is a third type of demixing possible: spinodal decomposition. 
Especially for quenches to lower  temperatures,  this  may  play a role. Tn this 
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Near p ~ h t  C (the cloudpoint compositioaa), the free enthalpy of mixing h 
point X dose to point C can be  described  by a second  order Taylor expan- 
sion ~ series. 
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The  difference in free  enthalpy  betwgen  the  nucleus and. the solution .bulk . . . .. . 

Y is then  given by (see figure 5): . . . ,  . .  . . .  . 

In combination with relation 27 this gives: 

Since Y is equal to the  surface free energy term.in relation 3 (see also figure 
5), we can find  the following expression  for &e supersaturation A$: 

We  can  observe that the critical  nucleus  size rmin isinverseIy praportional 
to. the supersaturation imposed on the,system. The larger the quench into 
the  metastable  region,  the smaller is the critical nucleus  size: 

h OUT experiments we will induce  supersaturation  by  cooling the solution 
under its cloudpoint  temperature. The supercooling AT (cloudpoint  tem- 
perature minus current  temperatrire),  can be assumed  to be proportional to 
the  supersaturation,  for small supercoobgs: 

A$- AT 31) 

This is visualized iiz figure 6. 
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3 r  

We now assume that d nuclei are already present at the start of the 
: experiment,  as wiIl be shown to be the case in the experimental  section. 
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We can  assume that in the solution a wide range of (sizes or surface 
energies of) nuclei is present. A Boltzmann equation  gives  the  number of 
nuclei  suitable  for  further growth 

Using the  relation for AG* (equation 35), we  'find for the number of 
suitable  nuclei  present:. 

A is here  a  constant,  dependent on y and T. 
Since we are here assuming  the nuclei to be  all of the same age, the  light 
scattering  caused  by -the nuclei  is.  given by: . 

I , - N V ~  . .. 38) 

therefore  the scattering growth  factor K as defined  by  relation 24 or 24a is 
dependent on .AT, bFcause: 

P 
from which it'  follows that  (since (&-cg) - A+ - AT): 

in which the  Kred is the  reduced  scattering  growth  constant  (independent 
of !he suprcoo1ing)-  The scattering behavior of the. solution is thus 
described  as a function of time t, and as a function of the  supercooling AT- 
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E X . p e l t . ~ ~ ~ a ~  set-up 

 he e?cper&et~ set-up is s- to the o ~ w d  agprsach of D=- 
ham and Gord~ng,~*. A sealed sarralpIe  tube  [app. 1 mm in diarketer) was 
vertically placed . i n  a quartz cuvette  through which a  thermostatted water 
.flow was .led. Fust  before the  water entered the  cuvette it passed through a . 

small heating coil. To enme proper homogenation of &e polymer S ~ U -  

tim in-between the  temperature quenches, the water was heated by the 
coil at least 18 OC. At time  zero,  the  electric  current  through  the  heating 
coil was stopped,  while at the  same  moment a va l e  between the 
thermostat bath  and  the  cuvette  (that only permits a swd water flow 
during homogenation) was opened- 

By inserting a thernnocouple into the  outlet of the  cuvetter  we measured a 
-Characteristic  cooling  time of 0.08 seconds.  Since  the  sample  itself is 
considerably nearer to the heating  coil,  the  temperature step of the sample 
tube should be even  better- 

-Through the sample, horizontally polarized light from a HeNe laser was 
led. The scattered  lìght was detected in a  vertical plane at a fixed angle 

. (app. 15O). 
The temperature was controned  by  a  Colora KT 120 cryothermixtat, which 
in turn was controlled  by  a  computer that was also used for data collection. 
An Analog Devices RTT-820 D/A, A/D and DID convGer was used to 
ccmmunicate  with  the  experimentd pak of the setup. Data were  collected 
using 'direct  memory  access'  techniques to ensure high signal resolutiun. 

I 
I 

- Cryothermostat - 

focussing Sample 
device. tube 
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Sample preparation 

Poly(ether  sulfòne),  Victrex 5200 P, supplied  by IC1 Ltd., was dried at  least 
for 12 hours at 80 "C before  usage. No further pclrification  was  applied.  Gel 
permeation  chromatography  measurements  showed  the PES sample used 
to have  a MW og 43 800 g/mole,  and Mn of 22 300 g/mole. 
Poly(viny1  pyrrolidone), grade K90 from  Jansen  Chimica, was' used  as 
received.  Special  care  was taken to avoid water sorption. From  Gel 
permeation  chromatography the PVP turned out to have MW 228 200 
g/mole and Mn 99 800 g/mole. 
N-methyl-2-pyrrolidone,  or NMP, was  obtained  from Merck, synthesis 
grade, and was  used  without further purification.  Water,  used as nonsol- 
vent,  was  demineralized and ultrafiltrated. 

Results 

The Mechanism of Nucleation 
The  mechanism of the nucleation  process  should first be  determined. We 
fitted a number of experiments  with a power  law  equation. In figure 8 a 
double logarithmic plot' of intensity versus time is given  for  a  typical. 
measurement.  The slope of the plot is approximately 3, showing. that 
nucleation  only  takes  place at the  beginning,  suggesting  a  heterogeneous 
nucleation mechanism. For smaller supercoolings actually a small 
decrease of the  slope  can be seen,  which  might  indicate that the  parabolic 
relation  for  the  growth of nuclei  is  here  not  a  completely  valid  relation. 
By fitting  the  results  with  a  power  relation 

in which K, z and n are used  as  fitting  parameters,  we  could  observe  that 
the power  n  was  always  close to 3 (mostly  somewhat  lower),  while z 
always  remained  zero.  The  absence of a  transient  time z and the occur- 
rence of a power of 3 both  indicate a heterogeneous  nucleation  mecha- 
nism. In order to be sure that  the  absence of the  transient  time  was  real, 
the  experimental data was also fitteh with a  fixed  power 4. The fit was . 

considerably  worse  now, but the transient  time z still' remained  zero. 
For further  interpretation,  a  power 3 was  assumed  (which in all  cases  gave 
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A higher  cloudpoint  temperature  gives a larger  growth  constarit K, which 
is expected from the  higher  diffusion  rates at higher  temperature. I 

In figure 10, the  influence of the polymer  concentration on the growth 
constant is given.  We see here a remarkable and reproducible  result: with 
increasing  polymer  concentration,  the  growth  constant first increases and 
then decreases  again. The maximum: is positioned around '16 wt% of PES 
in the solution. 
In figure 11 the  influence of P W  in the polymer  solution is shown. . 

I I 1 I I 

T(cloudpoint) = 33 f 2 "C E 
J L 

0 15.8%  PES 
x 8.69%  PES O. 

I I I I I 

25   20  15 10 ' 5 O 
Supercooling ("C) c--- 

Figure 10: Dependence of the growth factor K on the pulymer concentration, at 
constant cloudpoint temperature. 

I I I I I I I 
T(cloudp0int) = l 1  M.5 "C 

0 8.97% PVP 
D 0.91% PVP 

1 I f L I 1 1 

35 30 25 20 15  10 5 O 
Supercooling ("C) - 

Figure 11: The influence of addition of PVP to the polymer  solution on the 
growth constant. Concentration PES was 13.6 wt%. 
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From the  experiments it therefore  appears  that  the  number  of  nuclei 
during  one  run  remains  constant  for  various  supercoolings. 
Since  both for homogeneous  and  heterogeneous  nucleation  regimes  the 
number  of  nuclei should increase  sharply  with  increasing  supercooling, 
another  nucleation  process  was  apparently  observed.  The  nuclei  them- 
selves  appear to be already  present in the solution. 

0.0001 
0 13.2 W% PES 
0 15.6 Wh PES 

Y 0 22.3 Wh PES 
'c) 

'p 
=I 
g 10-5 

L O 

O 10 20 . 3. O 40 
-BP Cloudpoint  temperature  ("C) 

10-6 - I 

Y 

z 3 O 
U 

i 
O 

. .  

1 O-? 
O 

I 

5 10 - wt% PVP 

Figure 13: Reduced growth constant, as a function of the polymer sotution 
composition and demixing circumstances: upper graph: as  'a  function of' the 
cloudpoint temperature at various concentrations of PES; lower graph: as a 
function of the PVP concentration af  a fixed cloudpoint temperature (10 "c) and 
a fixed PES concentration (13.6 wt%). 
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2. Heterogeneous  nucleation is in agreement  with the third-power 
dependence of Iight scattering  on  the demixing time.  Precursors of the 
nudei are present from the  start of the 
Heterogeneous nudeation is usually associated with the presence of dmt 
particles in the polymer solution. If nucleation  took  place  on dut partides 
we would expect a  poor  reproducibility of the experimerk in different 
sanaples, different concentrations of dust would  be  present,  since no extra 
precautions were  taken to avoid dust in our sohtions, However, a 
reasonable reproducibility of the  experiments was d~bprad. Therefare, if 
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heterogeneous nucleation were the mechanism, the nuclei should be 
inherent  with  the  polymer  solutions as prepared  (eg.,  small  crystallites of 
a  low  molecular  weight  fraction  of the polymer). 
For heterogeneous  nucleation in general, ' one .would expect that the. 
nucleation density would  increase shaiply with increasing  supercooling 
(since the activation  energy  for  nucleation  decreases  with  larger super- 
cooling).  Since that  the number of nuclei was independent of the 
supercooling,  heterogeneous  nucleation  as  described appears not  to  be  in 
accordance  with  the  experimental  data. 

3. A third  possibility  is  that  the  nuclei  themselves  already are present  in 
the homogeneous solution (in heterogeneous nucleation,  a substrate is 
present that facilitates nucleation; the nuclei themselves are not yet 
present). In this case  one  would expect both  a  third  power  dependence of 
the intensity of the scattered light on demixing  time and on the  super- 
cooIing  (see  equation 40). 
The origin of these  nuclei  may now be.  discussed.  Growth of the  nuclei 
should not. cost &y additional energy  (otherwise a dependence on the 
supercooling wodd be present). There are two  possibilities. 
- Heterogeneous  particles  may  be  present  that have much  better  surface 
interaction  with  the  nucleating  phase  (the  polymer  lean  phase)  than  with 
the surrounding polymer  solution.  From figure 14 it. can  be  found that if 8 
=O;PIPdif: 

. _  

y13 >y12+y23 (cose=o) 43) 

the enlargement of the surface  between  nucleus and substrate is more 
favorible than  enlargement of the  surface  between  substrate and polymer 
solution.  The YiiS are the  surface  tensions  between  the  three pairs of the 
phases,  substrate (l), nucleus phase-(2) and surrounding solution (3). 
If the  contact  angle of the  nucleating  phase  with  a  substrate  (in  'a  surroun- 
ding polymer  solution) is zero, all embryos  can grow out into nuclei, 
regardless of their  radius r. 
The  condition that the  interaction  between  nucleating  phase .and substrate 
is much better than the interaction between polymer solution and 
substrate is. not trivial:  the  only  difference  between  the  two  phases  is  that 
in the  polymer  solution,  polymer  coils are present. 15n.both phases,  solvent . . 
and nonsolvent are present;  solutions are used. that are only  moderately 
concentrated in polymer  (up  to 23 wt% of PES). A substrate that has  high 
interaction  with  a  mixture of solvent and nonsolvent, but which  has  a  bad 
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concentration  fluctuations are'smaller and the formation of nuclei by the 
second mechanism becomes much slower. We should see then a 
transition to a fourth-power  relationship of the scattered light intensity 
versus  time  (nucleation is then  going  on during 'the experiment). 
Choosing a higher  polymer  concentration  makes  the  preferential  adhesion 
of a nucleus on a substrate only larger. If the first mechanism of 
nucleation is occurring, the third-power  relation of the  scattering  intensity 
with time should  be preserved, even at  quite  high polymer 
concentrations. 

The system PES-NMP-water 
In figure 10 a  maximum in the  growth  constant K was  observed at approx- 
imately 16 weight% PES. The maximurn can also be seen in figure 13. 
It was supposed that the.  maximum is connected to the critical  point, 
where  demixing is always  governed  by  spinodal  decomposition.  Since.no 
nucleation is necessary,  one  should  expect  demixing at this concentration 
to be  the  fastest.  Independent  measurements on the position of the  critical 
point in the  system PES-NMP-water are performed according to the 
measuring scheme  proposed  by  Scholtelg-21.  Slowly and continuously 
samples of the  polymer  solution  were  cooled down, while a (HeNe)  laser 
beam  was passing through the sample. The light scattered at an angle of 
20° was  measured  as a function of the temperature-  On this principle the 
PICS techniqueg-l1  was  developed. The  reciprocal of the  scattered  light 
intensity  extrapolated to zero should give the spinodal temperature. By 
cooling the samples  very  slowly, the cloudpoint temperature could be 
determined during the same run. In figure 15 some  results. are shown. 
In figure 15a,  the  difference  between  cloudpoint  temperature and spïnodal 
temperature  is  zero,  indicating  that  the  critical  point is near  9 wt% PES. 
From figures 15a and  15b it can be seen that the  difference  between  the 
cloudpoint temperature and the spinodal temperature (i.e. the width of 
the metastable, or binodal  region) is very  small.  Therefore  even with 
small supercooling values, spinodal decomposition can occur. Only 
solutions that have a higher  concentration of polymer than 13.5 wt% of 
PES (see figures 15c and. 15d) must always'  yield binodal (metastable) 
demixing.  Therefore, the maximum of  the  demixing  growth  constant Kr& 
at 16 wt% of PES in figure 13a might actually  indicate a transition  from 
spinodal decomposition to binodal demixing.  Even when binoda1 
demixing is occurring,  there  are  however  more  CompIicating  effects: 
1- As the  polymer  concentration  becomes  higher, the demixing' slows 
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10  15 , 2 0  25 30 35 - Temperature (“C) Figure 15c 2 

10. 15 20 25 30 35 40 - Temperature (“C) Figure 15d 

Figure 25: Scholte plots for solutions with  (a) 8.68, (b) 2332, (c) 17.42 and (d) 
20.82 weight% PES in a mixture of water and NMP (the exact amount of water 
is adapted to obtain the right cloudpoint temperature). The critical point must be 
around 9 weight% PES. The cloudpoint and the spinodal temperature are indica- 
ted. 

The  scat.tering  behavior  of  the  polymer  solutions  might  therefore  not 
reflect the real growth factor in the  demixing  behavior of the polymer 
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The efiect of addizg PW 
Froin QUT~ 13, it seems that the influence of PW on 
very large- A few percent of PW enlarges  the growth constar& after WE& 
it appears  approximately constant. 
The same  effect from changes in refractive  indices as discussed before 
might play a role here.  Earlier  thermodynamic  calculations22  by the 
authors showed that the P W  is always  preferentially  transferred to the 
phase lean in PE%, i.e. the nucleus. Thus, both phases @LI& and nudeatin 
phase) are rich in either one p d p e r .  This lessens the difference in 
refractive  index between &e two  phases  considerablyl and reduces the 
amourat of light scattered by the nudei. 
A rather low FES concentration (13.6 wt%) was  applied- Since it was found 
that addition of PW to the solution shifts the critical point to higher 
polymer  concentrations, spinodd decomposition  circumstances  may have 
b e n  reached also here. 

- Heterogeneous nucleation might take  place on a substrate that 
shows extremely strong interaction with the nucleus  phase, 
compared with the interaction of the substrate with the poly- 
mer solution  itself. 

- Large  concentration  fluctuations in a polymer solution nela- 
t&ly near *e criticd goint may  act as nuclei. 

From a physical point of view the last possibility seems to be most 
probable- WhÏch model occurs may be found out by repeating the 
measurements with samples that have a much higher polymer  concen- 
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tration (e.g, 40 - 50 wt% of polymer);  continued  dependence of the  light 
scattering on time  accor&ng to a third power  points to the first mecha-. 
nism;  if the power  shifts to a higher  value,  the latter mechanism  is  more 
probable. 

At higher  polymer  concentrations (22 wt% PES) a  somewhat  higher  power 
could  be  observed than at lower  polymer  solutions  (see  figure 8). This 
could  point to a nucleation that is slower at high polymer  concentration, 
confirming that at low polymer  concentrations  the  fluctuation  mecha- 
nism  is  the  nucleation  mechanism, 

An independent check of the  demixing  kinetics  appears to be  essential: at 
lower  polymer  concentrations  spinodal  decomposition  can not be avoided. 
It is quite difficult to compare  measurements of solutions that have 
different  polymer  concentrations;  the  refractive  indices of the phases  in 
the  system are changing  with the polymer  concentrations in a  quantitative . 

manner.  The same is true for  measurements  carried out with various 
amounts of PVP as fourth component in the solution. 
Measurements  by a different  technique  might  give  extra  information to 
further  interpret data from light  scattering  experiments. " ,  
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First Appendix to this  Thesis 

Microstructures in Phase  Inversion  Membranes 
Part 2: The  Role of a Polymeric  Additive, 

R.M. Boom, I.M. Wienk, 
Th. van den Boomgaard, C.A. Smolders 

University of Twente, P.O. Box 217, 
7500 AE Enschede, The Netherlands 

Membranes were prepared from a casting solution of a  water-soluble 
polymer,  poly(viny1  pyrrolidone) (PVP), and a  membrane  forming  polymer, 
poly(ether sulfone), in l-methyl-2-pyrrolidone (NMP) as solvent, by, 
immersing them in mixtures of water and NMP. 
It was found that the  addition of PVP to the ternary  system  suppresses  the 
formation of macrovoids in the sublayer,  while the ultrafiltration-type 
toplayer  consists of a closely  packed  layer of nodules. 
Using  a  model  for  mass  transfer in this quaternary system, it is possible  to 
explain the effects of the  additive on macrovoid  formation. 
Strong  indications are found that the  appearance of a  nodular  structure in 
the toplayer  follows a mechanism of spinodal  decomposition during the 
very  early  stages of the  immersion  step. 

, Introduction 

Phase  inversion is the most important process  to prepare symmetric  or 
asymmetric  membranes.  Because of the  significance of immersion  precipi-. 
tation (phase inversion), the mechanism of formation of these  mem- 
branes  has  been  the  subject of extensive  investigationltz. 
I n .  recent  years,  Reuvers et aL1 developed a model  for  the  description of 
mass transfer during  the immersion step. Two types of demixing 
occurring during immersion precipitation followed from this model: 

Accepted for publication in J. Membrane Sci. 
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instantaneous demixing and  delayed  demixing  Taking- this model of mass 
transfer in combination with liquid-liquid phase separationr ef€ects of 
variations in the  composition  of the casting'  solution and the mag 

On the  basis of the distinction  between  delayed  and  instantaneous 
dee ing ,  ~euvers et d. proposed  a mehdsrn for ~e donna~on SB large 
fingerlike  cavities  (macrovoids),  often  occurr in the sublayer of 
immersion  precipitation  membranes  (see  preceding part I). 
Although  this  model is  strictly  valid  only  for ternary systems  consisting of 
a membrane  forming  polymer, a sdvent and a non-solvent  for the ply-  
mer, SQIW effects of the  addition of a fousth c~rnponent to the system can 
be explained with it. 
In order to obtain an  optimal  membrane  structure, an additive- (a fourth 
component)  is  frequently  used. UseralPy, the additive  is  a weak non- 
solvent for the polymer,  e.g.  glycerol in  a  system  consisting of polysdforae, 
DMAc and  water,  or  maleic acid în a system of cellulose  acetatet dioxme 
and water. 
Such an additive to the casting solution  brings  the  initia8 ~ornp~sitio~~ of 
the  casting  solution  nearer to the binodd. According to the mechanism 
p~op~sed  by Reuvers, this decreases  the  tendency of the S O ~ U ~ ~ Q I I  to  form 
rnacpovoids* 
In other systems,  polymeric  additives are used.  Well-known is the 
addition of poly  (vinyl  pyrrolidone)  to  a  system  consisting of polysdfonel 
and  a  solvent such as DMAc3. The  most  important  effects of f i s  w e  of 
additive a.re suppression of  macrovoids,  improved  interconnectivity  of 
the  pores and higher  porosities in the  toplayer  and  the  sublayer, Further, it 
appears that the toplayers of these  membranes  have  a noddar structure. 
Reuvers' model  can  not  account  for  the dects of this  type of additive. 
In this paper  we will show  some  of the effects of the addigion of poly(vhy1 
gyrroidme) to the system  consisting of goly(ether sdfone) and P-methyl- 
2-pyrrokhter coagulated with water. 
In part A of this paper  the  mechanism  underlying  macrovoid  formation 
will be disassed. W e  d present a model to describe  mass  transfer ïn a 
quaternary  system  consisting of two miscible  polymers in a common 
solvent  precipitated  by a non-solvent  for  one o€ the  polymers. On the  basis 
of this mode&  we will come €o a mechanism  that  can  explain  some of the 
effects of the polymeric  additive- 
In part B, the ocmence of nodular  structures ïn W-type toplayers will be 
discussed.  Experimental  evidence will be  given  for a possible spinodal 
meckanism of  formation of these  nodular  structures in toglayers. 
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Firsf Appendix: Microstructures in Membranes II: The Role of a Polymeric Additive 

A. Macrovoid  formation in systems 
with a macromolecular additive 

Theoretical  considerations , 

The  system we want to investigate  consists of four  components: 

- a  non-solvent  for  the  polymer,  initially  present in the  coagulation  bath 
(component l). 

- a  solvent  for the polymer,  initially  present in the  polymer  solution, 
and in some  cases in the  coagulation  bath  (component  2) 

- the  membrane  forming  polymer  (component 3), present  only  in  the 
polymer  solution and in  the  final  membrane 

- the  macromolecular  additive  used  (component 4) 

We assume  that  the additive is miscible  with  all  components  present, A 
typical  model  system  for  this is the  system  used in our  experiments:  water 
(l) - l-methyl-2-pyrrolidone (2) - poly(ether  sulfone) (3) - poly(viny1  pyrro- 
lidone) (4). 

Thermodynamics 
In our  system  we  have  two  macromolecular  components,  both present at 
high concentrations, in the same solution. Typical concentrations in 
casting  solutions are 15 to 20 weight  percent  membrane  forming  polymer 
and l0 to 15 weight-percent  additive. The two polymers  both  are far above 
their  overlap.  concentrations and form  ,entangled,  intertwined coils,  since 
we  know that the  two  polymers are well  miscible.  This  implies  that  we 
assume  that  the  Flory-Huggins  interaction  parameter  between  the  addi.tive 
and the  membrane  forming  polymer  is  low.  In  the  case of poly(ether 
sulfone) and poIy(viny1 pyrrolidone)  this  interaction  parameter  has  been 
determined  (with  high-pressure  osmometry) to be  lower than zero,  which 
indicates that  the two polymers form homogeneous blends at all 
concentrations. 
Phase separation in such a system  involves  the  demixing of the  inter- 
twined  polymers. In equilibrium,  the  polymeric  additive  has  moved to the 
membrane forming polymer lean phase.  This  process .is considerably ' . . 

slower  than  the  exchange  processes  of  solvent and non-solvent  between 
the  casting solution and the  coagulation bath occurring directly upon 

- 181 - 



immersion,  because the separation of the two polymers involves the 
movement o€ one polymg with respect to the O ~ ~ C T .  

It is therefore convenient to distinguish WQ fime scales for the first 
moments of the  immersion  step. 

1- The  shorter  time  scale is valid  for the process of exchange of solvent 
and non-sdvent. On this  time sealer the , E M  po1ymers, effectivdy behave 
as one component. Transport of the  low-molecular weight components 
though the  polymeric  network is possible; transport of the poIymers  with 
respect to each  other is not possible. 
2- The  longer  time  scale is the  time  scale at which  the fmo polymers can 
move relative to each  other: the polymeric additive moves into the 
polymer 1em phase. 

These  time  scales  have  different  thermodynamic  regimes to which  they 
respond. Therefore, the phase diagrams of both time  scales should be 
evaluated, 
From a  thermodynamic  point of  viewr the short time  scale is characterized 
by  the  absence of any .polymer in .&e  polymer  lean  phase- It .only contains 
solvent and non-solvent.  This characteristic feature will be used to 
determine the  thermodynamics  on  the  short  time  scale. 
During  the  longer  time  scale,  the macromoledar additive is dowed to be 
present in the membrane forming polymer  lean  phase. 

Eqtrilibvium calculaafions 
The basis of the calculations is the Flory-Huggins  expression for the 
chemicd  potential of mixing in a quaternary systems: 

AIL ternary and quaternary fnteraction  parameters are neglected. This 
means  that  the  phase  diagrams  calculated  should only be  used h a semi- 
quantitative way. 
The derivatives of the  free  enthalpy of mixing wifh respect to the number 
of moles of each  component are the  chemical  pofentials of mixing.  Phase 
equilibria are calculated by using the algorithm proposed by Altenas. The 
following  objective  function F is minimized: 
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in which  the  index a belongs to the  concentrated  phase  while  the  index  b  is 
for  the  diluted  phase,  and 'pi and pi denote the volume  fraction and the 
chemical potential of component i,  respectively. T is  the  temperature,  and 
R is the gas constant. 
As discussed  before, it is  assumed  that in the  diluted  phase no  polymer  is 
present.  In all calculations  concerning  ternary  systems, it appears that, 
excluding  the  area around the  critical  point,  the  polymer is absent  in  the 
polymer  lean  phase  (see  e.g.  Altena  c.s.3).  Since in our, quaternary,  case  in 
the  beginning the two' polymers  cannot  move  relative to each  other, we 
have an anologous  situation. We assume that both  polymers do not  signi- 
ficantly  move  into  the  coagulation  bath. 
Note,  however, that component 4 has a driving force to diffuse out. 
Whenever a single  component 4 molecule  would diffuse out,  the  diffu- 
sion rate in the  coagulation bath is so much  higher,  compared to the out- 
diffusion  from  the  polymer  solution,  that it will  diffuse  quickly  away,  and 
will  have  no  influence  on  the  interface  situation. 
Therefore,  we  can  assume  that in the  coagulation  bath  only  components 1 
and 2 are present.  The  relations  for  the  chemical  potentials  collapse to 
those  for  a  binary  system, and the  objective  function F in equation 2 
consists  only  of two terms (i = 1,2), those  for  the  chemical  potentials of the 
nonsolvent l. and the solvent 2. 

Modelling of mass transfer 
To describe  mass  transfer in the  polymer  solution and in the  coagulation 
bath,  we  expand  the  model  developed  by  Reuversl. We  will summarize 
the most important  points  from this model. 
The  continuity  equations are in our case  the  same as the ones  Reuvers 
used 

while the binary  diffusion in the  coagulation  bath  is  described  by: 



i = P,2,3,4 

The Ste€m-MmelI equations now simplify to a semi-ternargr problem. 

i = 1,2 
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Equations 8 are used in combination with the continuity equations 
(equations  3 and 4) to calculate  the  composition  profiles  as  a  function of 
time. 
We assume that the concentrations at the interface  between  the  casting 
solution and the  coagulation bath are constant.  This is a  reasonable 
suggestion  for the first moments of immersion.  Reuvers?  showed that in 
this case, the composition  profile is only dependent on the  variable  (a 
partial Fourier  number): 

This  indicates  that  the  composition  profile.  calculated  not  only  represents 
the initid composition  profile  in  the  toplayer, but also the  dependence  on 
time of the  compositions at each  position in the polymer  solution. . 
The  composition  profiles  were  calculated in double precision,  with  the 
D04PGF routine  from  the NAG-library. 
Calculations  were  performed  according to the. folIowing  scheme: 

1. Equilibrium  conditions 'are assumed at the  interface;  the  polymer 
concentration at the interface i s .  estimated  as  a  first  guess. 

2. Composition  profiles are calculated  both in the  polymer  solution 
and in the  coagulation  bath. 

3. The  fluxes at both  sides of the  interface,  found  from the calculated 
composition  profiles;  are'  compared. 

4. The steps l to 3 are  repeated with varying.polymer  concentration  at 
the interface, until  the flux through the interface of each 
component  is  equal at both  sides of the  interface. 

Experimental set up 

Materials 
The  membrane  forming  polymer  poly(ether  sulfone)  (Victrex 5200P) was 
supplied by ICI. Molecular  weight  was43800 g/mole as  determined by GPC : ', 

measurements.  The  additive poly-vinylpyrrolidone.(PVP)- was  purchased I . . . 

from  Janssen  Chimica.  Different  types of PW were.  used  indicated by a K- 
number, K15 (MW 10 O00 g/mole), K 30 (Mol. weight 40 O00 g/mole), K60 
(Mol. weight 160 O00 g/mole) and K90 (Mol. weight 360 O00 g/mole). 1- 
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Methyl-2-pyrrolid~ne (Mer&,  synthetic  grade)  was used as solvent, whik 
the non-solvent  used  was  water. 

The spinnizg process 
Hollow fibers  were spun by  the  dry-wet  spinning  technique  or  by  a two 
bath system.  The  filtered  &d  degassed  polymer solution was pumped 
through a spinneret. h' the dry-wet  technique the solution leaving the 
spinneret passes an airgap (the first stage)  after  which it enters into a 
coagulation bath (the second stage). On the bore side  an internal 
coagulation  bath  was  pumped. In case of the two bath systm the first  and 
second  stage were hvo different  outer  coagulation  baths-  The first bath and 
the internal coagulation bath were NMP-water mixtures at ambient 
temperatures. The second stage always was a water bath  and its 
temperature could be varied. After spinning, residual solvent was 
removed by flushing with water  for two days. 

Electron Micmscopy 
Morphology of the membranes  was studied with an electron Iraicroscope 
(JEOE JSM T220A). Sample preparation was done as  follows.  After 
displacement of water by ethanol and ethanol by hexam the membranes 
were  dried in air. In a sputtering apparatus .(Bakers union SCD 048) a thin 
gold-layer  was  deposited QIX the  membranes. 

Experimentul 
The  effects of a polymeric additive on the membrane morphology 
obtained is shown in figure 1, which  gives  cross-sections through 
membranes  made with varying  concentrations of polymeric  additive and 
varying-  molecular  weights of the  additive. 
It appears that the molecular  weight of the polynwric additive is an 
important parameter.  Addition of a  polymeric additive of a certain mini- 
mum molecular  weight  results in the absence of macrovoids in the mem- 
brane  structure. 
It further appears that a certain  minimum  concentration of polymeric 
additive is needed to suppress  macrovoid  formation. 
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Figure Z: Scanning electron microscopic pictures of cross-sections through hollow 
fibers. Concentration of PES was 20 wt%; 5 wt% water was added to the casting 
solution. h case of A, B and C the indicated coagulation bath is the bore  Liquid. . 

. For D, E and F the indicated coagulation bath is the first external stage of the 
bath, the second stage wizs a water bath of 24°C. 

No. Casting  Solution Coagulation bath No. Casting  Solution Coagulation bath 
wt% P W  ( M W ) .  (wt% NMP) wt% P W  (MW) (wt% NMP) 

' A  5 (360 o001 ' 40 D 10 (40 000) - 
J3 7.5'(360 000) 40 ' E  10 (160 000) 20 
C 10  (360 000) ' ' 40 F 10 (360 000) 

20 
. .  

20 



Equilibrium culculafio-m 
Phase  equilibria were calculated  according to the conditions  discussed in 
the  theoretical  sëction.  The ratio of weight  percentages of components 3 
and 4 was varied- The resulting phase  diagrams are shown in figure 2. 

3+4 (P4 .- - = Q  
0 3  

Parameters used are based on measurements  for  the  system  poly(ether 
sulfone) - I-methyl-2-pyrrolidone - water,  by aka& et al.sr and measwe- 
ments  performed in OW own laboratory.  These  measurements were done 
with high-pressure  osmometry: a PES-NMP solution was brought into 
contact with NMP via  a  CuprophanTM  membrane, that swds  only  slightly 
in N". The  polymer  was found not  to  permeate through the membrane 
measurably over  a period of at least .one week. By determining .the 
equilibrium osmotic pressure in the solution cell,. the interaction 
parameters  could  be  determined. . .  

component 4 (the additive),  the  binodal shifts to  the  non-solvent  corner. 

. .  It appears from the .computations that  with increasing content of 

e 
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These  phase  diagrams are only  valid  as  long as the  two  polymers  cannot 
move  relative  to  each  other, i.e. as  long as polymeric  additive  is  absent in 
the  polymer  lean  phase. 

Mass fransfèr 
Initial  composition  profiles  were  calculated  for  a  system in which  the  ratio 
of the  weight  fractions of the  polymeric  components  is  unity. 
It was  assumed that the  diffusivity  of  component 4 was equal to the 
diffusivity of component 3. In OW model  system.  consisting of poly(ether 
sulfone) (3) - poly(viny1 pyrrolidone) (4) - l-methyl-2-pyrrolidone (2), 
measurements of diffusion  coefficients of both polymeric  components 
(3,4) in the  solvent (2) justify  this  assumption.  These  measurements  were 
performed in our laboratory with an analytical ultracentrifuge by fol- 
lowing a small  imposed  gradient in the.  polymer  concentration  by  means 
of a Schlieren  optical  system. 
A typical  composition  profile  calculated is shown in figure 3. This profile. 
is  only  valid for  the first instances after immersion. 

394 

Figure 3; Composition profile for $4/$3 = 1.0. Thermodynamic parameters are as 
in figure 2. Kinetic pavameters are valid for the experimental system water - I -  
methyl-2-pyrrolidone - poly(ether surfonè) - poly(vinyt pywolidone). . .  

The  influence of the  concentration of solvent  in the coagulation  bath  has 
been  considered,  resulting in the  curves in figure 4.. 
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For 'higher solvent concentrations in the coagulation bathr there is no 
composition jump at the  interface anymore, because the initial 
cornposition  profile  does not reach  a  binodal  composition anpore.  A 
gradual transition kom the casting solution to the wagadation bath is 
obtained.  When  a  polymeric  solution with a  composition as discussed is 
coagulated in a coagulation bath with a  high  concentration of solvent, the 
coagulation bath turns slightly turbid, indicating dissdution of some 
polymer in the coagulation  bath. This is k agreement with the cdcdated 
results- 

Experiments showed that only an additive of a certain minimum 
molecular weight and present at a  certain  minimum  concentration is 
effective to prevent macrovoid*fomafion, We will now discuss how the 
calculated results may e x p l a i n  these  facts. 
Calculations  showed  .that at dl concentrations of solvent in the coagula- 
tion bath, delay of demixing is'obtained with respect to the phase diagram 
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for  the short time  scale.  After  some  moments of immersion  however,  the 
longer  time  scale, in which  polymer-polymer  movement is possible, is 
gaining  importance.  When  the  polymeric additive is  able  to  diffuse  into 
the membrane  forming  polymer  lean  phase,  the 'real' binodal close to..the 
polymer-solvent axis is gaining importance again..  The area of the 
demixing  gap  thereby  increases  dramatically,  and  the  compositions  already 
created  in  the  toplayer  appear  to be very  unstable.  Hence,  demixing,  once 
started,  will  be  relatively fast in the toplayer. 
Complete equilibrium calculations (i.e. without  any  assumptions 
concerning  concentrations)  show  that  the  polymeric  additive (4) usually  is 
almost  exclusively  present in the polymer (3) lean  ,phase.  The binodal in 
this case  shifts  to  lower  water  concentrations  in  the  polymer (3) rich  phase 
than  when  no  additive (4) would  have  been  present in the  system. , . 
Therefore, as an indication for this situation, the binodal valid for  a 
system  without any additive  present in the  system  can be used (see  figure 
4). 
The  change  from the 'virtual'  binodal  for the short time  scale  to  the  'real' 
binodal that represents  real  phase  equilibria in the  phase  diagram  implies 
that for  solutions  containing a polymeric  additive, delay of demixing as 

described by Reuversl  cannot  occur at all.  Even at high  concentrations of 
.solvent in the coagulation bath (where  a  solution without the additive 
would  exhibit  delay of demixing),  compositions  which are unstable in the 
long time  scale are created  in the toplayer during the short time  scale. 
From figure 4, one might  even  say, that in the  toplayer  conditions for 
spinodal  demixing  are  created. We will  expand on this topic in part B. 
The  measurement of light  transmission through precipitating  membranes 
indeed indicates that addition of a polymeric additive induces a certain 
instantaneous  demixing,  process, at. conditions  that  would  yield  delay of 
demixing  without  the  additive. 
This  can  be  related  to  the  effects  the  additive has on macrovoid  formation, 
as will  be  expIained  in  the  next  paragraph. 

Macrovoid formation 
Reuvers proposed a  mechanism of formation of macrovoids  in  ternary 
systems consisting of 1 non-solvent, solvent and membrane forming 
polymer,  This  mechanism was presented  in  the  preceding part of this 
work; it will  be  summarized  in short here. . .  . .  

A casting  solution,  demixing  according to an instantaneous  mechanism, 
develops  higher and higher  solvent  concentrations in the  nuclei of the 
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polymer  lean  phase  present in the  proceeding  coagulation front At a 
certain pointF these  solvent  concentrations  become so high l ~ ~ d l y ,  that 
conditions  become  favorable  for dday of demixing (altho 
calculated for a flat geometry, and  not  for a spherical situation as is present 

r here).  Delay of demixing is normally  characterized, due to loss of solvent 
which is Barger than the influx of non-sokent, by a shrinkage of the poly- 
mer solution. Therefore, an increase in volume of the  coagulation bath 
results. h ~s case, a nudeus is serving  as a h y  coawa~on ba&.  he 
pqlymer solution surrounding  the nudeus experiences  delay of demixing 
with respect to the  nucleus, and the nudeus will grow. As long as eke 
condifions of delayed  demixing  remain  the  same, i.e. as  long as the 
solvent concentration  in  the nucleus remains high enough, the growth of 
the nudeus continues. 
W e  return to the quaternary  sysiem with a polymeric  additive. As we 
have seen, in a system with a polymeric  additive, dday of demixhg does 
not take place,  as  long  as  the two time scales can  be  operative. Local 
conditions for delay of demixing cannot  take  place-  Growth of a nudeus is 
effectively  blocked by the  creation of new nudei. Apparentlyr  the  addition 
of a polymeric  additive  hinders  macrovoid  formation. 
This effect  can only take  place  when  enough  additive  is prkent: at lower 
conSen&ations the demixing  gap  does not shift  enough to the right in the 
phase diagram to induce any significant  e€fect during the  short h e  scale. 
On the other hand, the diffusion of the two polymers with respect to each 
.other should be slow  compared to the  diffusion of solvent and non- 
solvent in the polymer solution. Otherwise, it is not possible  to distin- 
guish a short time scale  from  the  longer  one. Delay of depnixing will then 
still  be  possible. To avoid this, a cqtain minimum molecdar  weight 
,both polymers in the system is reqeed. Since in most  cases  the  molecular 
weight of the  membrane  forming  polymer is fixed, this means that the 
molecular  weight of the  additive should have a certain minhm value. 
This is in agreement  with the facti found in the  experimental  section. 
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B. Nodular structures 
in ultrafiltration membranes 

Theoretical  considerations 

Open  pore  structures in membranes are formed  by  nucleation and growth 
of the  polymer  lean  phase in the metastable  region  between the binodal 
and the spinodal curve.  However,  the  toplayer of ultrafiltration mem- 
branes often does not show an open pore structure nor a completely 
homogeneous  gel  layer. It consists of closely packed,  spheres of polymeric 
material  with  a  diameter of about 50-200 nm. and is often  referred  to  as  a 
nodular  structure6. 
The  formation of a nodular  structure can  not  be  explained  by  nucleation of 
the  polymer  lean  phase. It is also not  very  likely  that  nucleation of the 
polymer  concentrated  phase  occurs  because this only  happens at initially 
low polymer concentrations, below the critical point. A possible 
explanation  for  the  formation of a  nodular structure could  be that it is  a 
result of spinodal  demixing. 

Spilzodal demixing 
In the  spinodal  region  the  homogeneous  system  is  unstable. A nucleus of 
one of the  binodal  phases is not necessary to initiate  phase  separation. A 
theory of spinodal decomposition  has  been developed- by Cahn7.  Very 
small  concentration  fluctuations  with  a  wavelength  above  a  critical  value 
will  grow-  Due to negative  diffusion  coefficients  'up-hill'  diffusion  takes 
place.  This  means that the amplitude of the wave  grows,  whereas  the 
wavelength remains constant. Van Aartsen8 showed that spinodal 
demixing  can  also  occur in polymer solutions when quenched to a 
temperature  below  the  spinodal  temperature.  Combining  Cahn's  theory of 
spinodal demixing and Debije's  theory  describing random concentration 
fluctuations in polymer  solutions an expression  for  the  fastest  growing 
wavelength  (Dm)  was found 

2 x 1  D, = 

The wavelength (D,) is  linearly  related to the  radius of gyration (Z) of the 
polymer and is therefore  dependent on molecular  weight as well  as on the 
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thexmodynamnic interaction between polymer and solvent, The  wave- 
length decreases if the quenching temperafiure (T) is lowered, i.e. íf the 
polymer solution is brought deeper b i d e  the sginodd region. The spho- 
dal temperature is dependent on the  polymer  concentration a d  is indica- 
ted  by Ts. Smdders et al-9 determined D, for  a l5 weight  percent  ply-2,6- 
dimethyL1,4-phenyPene  oxide (PPO) solution in caprolactam. The radius 
of gyration  is of the order of 20 'm At an undercooling of 30T below the 
spinodd temperature the calculated-wavelmgth is Dm=260 m. . 

According" to Smolders et d.9 the fast spinodal demixing process is 
followed by a slower phenomenon to reach the f i n d  equilibrium  phases. 
At high quenching temperatures this could be measure& using dihts- 
metry and electron miaoscspy. By dilatorneeic measurements it was 
found that a large change in volume occurring upon quenching is 
followed by a second  vsluxne  effect on a longer time scale- Electron 
ani~r~scopy showed draplets of the  polymer  concentrated phase increasing 
in size with- time.  The Uphate structure is fairly uniform with a 
characteristic distance  between  the  polymer  rich  regions- 

Hollow fibens were spun as described in the experimental setup of part A 
of this paper.  The  membrane  morphology of the topIayer is shown h 
figure 5. 
The  surface top view  (íïgure 58) shows a bi-continuous structure which is 
typical €or spinodd decomposition.  Nodule size is estimated at about 50 
m. In the moss section (fi,ornre 5B) the structure at the surface is not very 
well visible Nodular size increases from 58 nm (at 8.5 p distance from 
€he surface) to 100 run (5 p m  below €he surface).  Below the  toplayers which 
are shown, the membranes have an open pore structure (not shown in 
tb is picture)e 
In figure 6 the cross section of a  toplayer for moderate coagulation 
conditions is shown. The  coagulation bath contained 60% of the solvent in 
the  non-solvent.  Therefore the non-solvent  concentration gradient in the 
.toplayer  was much smaller. For this membrane nodule size is h o s t  
equd over the toplayer  thickness- At the surface the nodules are more 
closely packed- 
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5a 5b 
Figure 5; Scanning electron microscopic pictures of hollow fibers. A: surface vim, 
B: cross section a t  the  ‘outside toplayer  region. Concentration of poly(ether 
sulfone)  was 17 weight%, concentration of poly(viny1 pyrrolidone) (MW 360 
kglmole) was 13 weight%. After an airgap of 1.5 cm. the fiber was coagulated in 
a pure  water bath of 26 “c. 

Discussion 

The nodular structure in  ultrafiltration  membranes  formed  by  immersion 
precipitation  resembles  the structure obtained by quenching a polymer 
solution.  This  makes  spinodal  decomposition a reasonable  mechanism  for 
noduIe  formation.  However,  spinodal  demixing  can  not be related to the 
membrane formation model of Reuvers et al.1  The calculated 
composition  paths  can  never  cross ‘the spinodal.  curve,  because at these 
compositions  the  chemical  potential  gradients  and  fluxes  are  all  zero. If we 
assume that for  the  extremely  fast  formation of ultrafiltration  toplayers 
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concentration at the spinodal c, = 28%. The fast  mode  binary  diffusion 
coefficient for solvent and polymer as  given  by  Tkacik6 is used as the d%- 
fusion  coef€icient  for  non-solvent  through the poPymer nebvork. The 
relaxittion h e  of €he  network is t = 1 s. Then the  penetration  depth can be 
calculated as x=6pm. This means that  a  layer of 6pm will be h the 
spinodd region and  can  give  a nodular structure. This is in agreement 
with the experimental resdts. 
The wavelength of the fastest growing wave is dependent on the 
penetration  depth into the spinodd region. The composition at the surface 
is the fist to cross the  spinodal  and therdore will have  proceeded further 
into the spinodd region. Here the wavelength  will  be sm&er. Snr figure 5 
it can be seen  that  indeed the nodular  size is smallest at the surface and 
becomes Imger going  deeper into the  membrane  toplayer. 

Quaternary systems 
For a quaternary system witza two high molecular  weight ~ Q I X I ~ O ~ ~ I I ~ S  

other  conditions  may  aIso give rise to- spinodal  decomposition. Hn the 
previous part it has been  described  €hat the composition  of the polymer 
solution c m  enter the spinodal region  as  long as &e relaxafion t h e  of the 
polper molecules  has not  elapsed. But the model, proposed in part A,. for 
demixing of quaternary  systems can explain  the  occurrence of spinodd 
demixhg even after the relaxation time has elapsed. 
For moderate  coagulation  conditions, e.g. if the  coagulation bath condrains 
a considerable mount of solvent, the diffusion  processes are slower. As 
stated in part A on the  short  time  'scaIe  the polymers can be regarded 
as one and %he relevant binodd is  situated on the ri hand side of the 

ram dose to tihe nonsolvent corner. Before this binodd is 
relaxation time has elapsed  and  the two pollyners can diffuse, 

but not with respect to each other- Once the two polymers can diffuse with 
respect to each other,. the system  gradually starts to react in 
the original  quaternary  binodal and spinodal curve  sibatecl more to the 
left in the phase  diagram  (see figure 3). From this moment, the 
S O I I I ~ ~ S ~ ~ ~ Q ~ S  in the toplayer  lie in the unstable  region and spinodd 
demixhg occms rapidly,  finaay resulkg in a nodular structure. 
h figure 6 a nodular- structure was  formed with a coagulation bath that 
co-ntaked 60% solvent. Due to the smaller concentration diffe-rence the 
coagklation veb&y is  smaller and normally an open pore sfructme, 
wodd be  formed.  However due to the addition of a second polp-~er phase 
separation is faster and a f l ~ d d ~  str~~cture is formed, 
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Conclusions from A and B 

Macromid formation 

It appears  that  the  macromolecular nature Öf the additive is responsible 
for  the  suppression of formation of macrovoids.  The  reason is that  the two 
polymers  present in the  same  solution  have to diffiwe  with  respect to each 
other in order to phase  separate. Since this process,  for high enough 
molecular weight components, is much  slower than low-molecular 
weight  diffusion, two time  scales are  created. 
The  short  time  scale  is  responsible  for  the  creation of ,a toplayer  which  has ,, 

a high non-solvent  content without demixing.  These  compositions are 
highly ugtable in the  longer  time  scale. 
Delay of demixing  in  such'  a  system  is  not  possible  anymore.  Because  the 
formation of macrovoids is closely  connected to the  phenomenon of 
delayed  demixing,  macrovoid  formation  is  effectively  hindered. 

Nodular structures 

It has  been  shown  that  the  nodular  structure  appearing  ïn  the  toplayer of 
ultrafiktration  membranes is probably  a result of spinodal demixing. 
Although  the  phase  separation  process  is  diffusion  controlled  there are 
two ways  in  which  the  composition of the.polymer  solution  can cross' the 
spinodal  curve. 

1 - In the  first  period of fast  immersion  processes  solvent and non-solvent 
diffuse trough a  "fixed"  polymer  network.  Thermodynamics  based  on 
equilibrium  states are not  valid for these first .moments  after  immersion, 
Compositions  are  reached  which  appear to lie in the  spinodal  region  when 
polymer  molecules  become  mobile and  thermodynamics are valid  again. 

2 - For  systems with a  high  molecular weight additive, in the first 
moments  after  immersion  the  binodal and spinodal curve are situated 
close to the non-solvent corner. Upon regaining the normal 
thermodynamic  conditions  (for  the  longer time scale) the compositions 
are  found to lie definitely in the  spinodal  region of the  real  phase  diagram. 

. . .  
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Second  Appendix  to  this  Thesis 

A Linearized  Cloudpoint (LCP) Curve  Correlation 
for  Ternary  Systems  Consisting of One  Polymer, 

One Solvent  and  One  Nonsolvent . 

R.M. Boom, Th. uan  den  Boomgaard, 
J.W.A. van den Berg, C.A. Smolders 

Summary 

A linear  correlation  function is found  for  cloudpoint  composition  curves of 
ternary  systems  consisting of one polymer, one  solvent and one  nonsolvent. 
The  conditions for'validity of this  correlation  function  appear to be  that the 
polymer is strongly incompatible with the nonsolvent, and  that only liquid-liquid 
demixingoccurs. 
The  Iinearized  cloudpoint  (Icp)  curve is interpreted in terms of the  various 
parameters  occurring in the Flory-Huggins.  theory.  The slope of the Icp line 
appears to  be only dependent on the  molar  volumes of the  components. 
Mormation a b u t  the  binary  Flory-Huggins  interaction  parameters and their 
concentration  dependence  can be obtained  from  the  intercept of the  Iinearized 
curve. 
Cloudpoints  induced  by  crystallization  do  not  follow the correlation. This gives 
an opportunity to distinguish between crystallization  and  liquid-liquid  demixing 
without any additional  exp&riments. 

f 

Introduction 

Membrane  separation as a commercial  separation  process  became  practical  after 
the  introduction of the  phase  inversion  technique  for  the  preparation of synthetic 
membranesl.  Membranes made  by  phase  inversion  usually  have a very  thin, 
selective  top  layer  and  a  much  thicker  porous  support. . 

Phase  inversion  basically  consists of immersing a thin layer of a polymeric  solution 
in a  bath which contains  a  nonsolvent  for  the  polymer. This nonsolvent  should 
be  miscible  with the solvent  present in the  polymer  solution.  The  immersion 
induces an exchange of solvent and nonsolvent  between  the  coagulation bath 
and the  polymer  solution2,  by  diffusion and convection.  Due to these  processes, 
the polymer  solution becomes  unstable, and phase  separation  results. In the 
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polymer solution,  a p o l p e r  lean phase forms droplets h an kcreasin 
concentrating  polymer  rich  matrix. The polymer  lean  droplets  grow out to  pores; 
the sanrrom&ng  matrix  eventually doms the solid  membrane structure- The 
concentration  profiles  created during  fhe difiksion  processes  may  induce  a  profile 
in the pore sizes:  near the coagulation  bath  pores are very small. Deeper inside 
t.he polymer S O ~ U ~ ~ Q X I  pores  are usually larger. 
This process is controlled  by  diffusion hefics and thermodynamic properties of 
t.he system. Knowledge of the  thermodynamics of the system gives  absolutely 
essential ïmight into  the  membrane  structures  possibly  obtained by a pmtidar 
system* 
The  most  straightforward  method to characterize  the €hennodynamics of a systerra 
is by measwing t.he cloudpoint  curve- The doudpoint c m e  is the curve that 
forms the border  between  the  compositions that are completdy stable, and the 
compositions  that are meta- or unstable. In a truly ternary s y s t m  (h which the 
polymer is monodisperse), the clo~dp~int  curve  coincides with the bhodak the 
line that.  represents  compositions  that  can  be at equilibrium with one anoher. 
In a quasi-ternary  system (in which the polymer is polydisperse), the p o l p a  
becomes  fractionatecl at equîhbrim between the  two  phases’- The lower-mokdz 
weight fractions have preference  for  the  polymer  lean phase, while the higher- 
molecular weight fractions are primarily  dissolved in the polymer  rich phase. 
This cames  &e  polymer  rich  phases, in equilibrium  with  phases  leaner in p o l p a ,  
not fa lie exactly on the  binodal, The polymer  lean  phase will also not be located 
exactly on &e binodd. 
In a quasi-ternary system the cloudpoint curve  represents those compositions 
which are at the  onset of demixing:  the demixing has n ~ t  yet really taken place 
The n a ~ l e d a r  weight  distribution of the bulk has  therefore not yet changed. 
For a  thorough  theoretical  treatment, not only  the  theory is very complicated, but 
also the amount of experimental  work  needed is large. One has to detennine all 
the relevant  interaction  parameters,  eventually also as a  function of molecular 

k h practice,  the  differences  between the binadd and &e doud point 
curves are na~t large,  as long as  no  compositions  near the critical point are 
considered3. This comes from  the  fact  that for a membrane forming system, the 
polymer and the nonsolvent  usually are very  incompatible.  The  polymer  lean 
phase is thadore very low in pQlper concentration.  The  polymer  stays  completely 
in the polper  rich phase, and there is practically  no  change in the molecular 
weight distribution. For such  a  system it is possible  to  treat a quasi-ternary system 
as a tpdyternapy system. This simpWes  the  theory  considerably. 
For most ternary systems, the interaction  pakameters  between  solvent and 
nonsolventJ and between polymer and solvent  can  be  easily  determined from 
v a p r  presswe, osmotic  pressure4, of Iight scattering measurements?. The 
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interaction between  polymer and nonsolvent is more  difficult.  The  only 
experimental  point  one  can  obtain  is  the  swelling  value of the  polymer  in  the 
nonsolvent. This is only  one  point, dnd it is not possible  to  find  a  concentration 
dependence of this  interaction.  Usually,  one  sirhply  assumes an interactior? 

- parameter,  after which the binodal  is  calculated6. When this  calculated  binodal  is 
not too  far  from  the  experiInental  cloudpoints  and  equilibrium  data,  this  value of 
the interaction  parameter  is  assumed  to  be  approximately  correct. 
For  efficient scanning of the  potentialities of membrane  systems, it might  be 
useful to  have  a  relation  that  quickly  yields  information  about  the  thermodynamics 
of a membrane  forming  system.  Furthermore, in the fitting procedure  mentioned 
before,  one  almost  forgets  the  lower  concentrations  in  the  phase  diagram:  the 
polymer  lean  phases will be so poor in polymer  that in a phase  diagram  they are 
effectively  situated on the  solvent-nonsolvent axis. This makes it impossible to 
discriminate  between  weight  fractions of  e.g. 103 and 105. The full  potential of 
experimental  data will herefore  not be used  to  obtain  the  right  polymer-nonsolvent 
interaction  parameter. 
The  conclusion is that it might  be  useful to have  a  representation of cloudpohts 
that  does  not  have this disadvantage, and which can  be  useful  in  the  quick 
interpretation of cloudpoints. 

Simple  explicit  relations for  cloudpoint  curves in ternary  systems. 

Craubner’  derived  from  perturbation  thermodynamics  a  relation  that  described 
the  cloudpoint  curve  for  systems  dilute  in  polymer  (less  than 1 weight  percent 
polymer): 

$,=bln$,+a 
1) 

in  which  and  are  the  weight  fractions of nonsolvent (l) and polymer (3), 
respectively. 
This relation  indeed  holds  only  for  dilute  systems. This limits  the  usefulness of 
this equation,  because  for  membrane  formation also the  more  concentrated  region 
(up  to 40 - 50 weight%  polymer) is important. 
Another  relation  was  proposed  by L i  et al!. He  observed  that  for  systems  with 
more  than 10 weight%  polymer,  the  ratio between the  concentrations of solvent. 
and  nonsolvent  appears  to  be  constant..In formula, . .  . .  I 
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Second Appendix : A Lïitearized Cloudpoint Curve Correlation for Terna y Systems ... 

in  which @i signifies  the  weight  fraction of component i. Components l and 3 are 
incompatible;  component 2 is miscible  with  the  other two components.  The  indices 
' and " represent  the two phases in equilibrium  with  one  another. In fact,  this 
relation can be applied to a  demixed,  two-phase  equilibrium,  consisting  of  a 
polymer (3), a  solvent (2) and a  nonsolvent (l). For its  verification  one  needs to 
measure  the  equilibrium  distribution of component 2 over  the two phases, 
containing  mainly  component l, and  component 3, respectively. 
The lineariied cloudpoint  (lcp)  Correlation  that is proposed  here  is  closely  related 
to the  relation  that  Hand  describes. In our case it correlates  the  concentrations  in 
any  single  phase  that is on  the  verge of demixing  (the  cloudpoints). 

& L = b h 2 + a  9 
(P3 (P3 4) 

Here  again,  the $is are  the  wkight  fractions;  a and b  are constants, to be determined 
experimentally. This relation  does  not  describe  a  dineric  ditribution,  but  describes . 

the  compositions of a single  phase at the  border  between  stability  and  instability, 
which are easier  experimentally  determined. For truly  ternary  systems,  these 
points  give  the  binodal  curve;  for  quasi-ternary  membrane  forming  systems, the 
binodal  curve  is  approximated.  Figure 3 shows  the  relation  for  a  particular  system. 
In this lcp  relation,  there  are two parameters:  the  slope (b) and the  intercept  (a). 
Figure 4 shows  the  dependence of the  (mathematical)  line on these  parameters. 

PSf 

Egure 3: The same cloudpints as figures 1 and 2, for the system p l y  (sulfone) (PS0 - 
dimethylacetamide (DMAc)  -water, as measured by Li et al?, at 2OoC, plotted  according  to  the 
Icp relation4). 
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Second Appendix : A Lìnearized Cloudpoint Curve Correlatiorr for T e m  y Systems ... 

Figure 5: p l y  (sulfone) (PS0 - dimethyl acetarmide (DMAc) -water (from Li'), p l y  (ether  sulfone) 
(PES) - n-methyl  pyrrolidone (NMP) - water  (from Tkacik et d."), and p l y  (ether  imide (PEI) - 
n-methyl  pyrrolidone (NMP) - water  (from  Roessink'l). All cloudpoints  were  measured at 20°C. 

3 

2 

Figure 6: the  lcp relation always crosses two corners of the ternary phase  diagram.  Experimental 
points usually go to a point .of a few  percent  nonsolvent in the  polymer. For matter of clarity,  the 
deviations of the experimental points are exaggerated. 

EspeciaIlyAn-the  more  concentrated  surface  region during phase inversion, 
crystallization  may  compete with liquid-liquid  phase  separation, and therefore . . I  

determine  the  separation  properties of the  ultimate  membrane. ' 

During  cloudpoint  measurement,  crystallization is usually  very  difficult to 
distinguish  from  liquid-liquid  demixing. In figure 7, cloudpoints are given for 
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Second Appendix : A Linsarized Cloudpoint Cume Correlation for T e m  y Systems ... 
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Figure 8: Cloudpoint  curves for p l y  (dimetgyl  phenylene  oxide) - triddoro ethylene - nonsolvent, 
in which the  nonsolvents  are a mixture of methanol and octanol (data from Wijmans*’). The 
weight ratio of methanol  to octanol was varied. 

The part with  higher  polymer  concentrations  (the left side of the  figure)  gives 
crystallization.  For  the  highest  polymer  concentrations,  which  is  for  low  nonsolvent 
concentrations,  the  cloudpoint curves converge  to  the same vertical  line. This line 
extrapolates to the  crystallization point of PP0 in trichloro  ethylene,  which is 
independent of the  nonsolvent. 
It  should be  noted  that  the  experimenters”  observed  cooling  rate  dependence of 
the  cloud  points  for the higher  polymer  concentrations,  which agrees with  the 
assumption  that  the  ’deviating’  cloudpoints  are  crystallization  points.  The  same 
followed  from  differential  scanning  colorimetry  measurements,  and  pulse  induced 
critical  scattering (PIG) measurements  by  the  same  authors. 
In this way  the  lcp.  curve  might  give  a  crude  but  quick  way  to  distinguish  between 
crystallization  and  liquid-liquid  demixing.. 

For  non-polymeric  systems,  the  relation  does not  seems  to  hold  as  nicely as for 
the  systems  discussed so far. It appears from figure 9, in which  the  system  water 
(I) - methanol (2) - diethyl  ether (3) is represented,  that  not  a  very  straight  line  is 
obtained. It must  be  concluded  that  for  non-polymeric  systems,  the  lcp  relation  is 
not  applicable. 

It is, interes€ing  to  consider  a  system of two incompatible  polymers. and a mutual 
solvent.  The  nonsolvent  here  is  one of the  polymers. Of course, in  this  case  the 
system is not ’membrane  forming‘  anymore. 
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Second A p p d i x  : A Lìnearized Cloudpoint Curve CorreTation for T e m  y Systems ... 

The  lcp  relation  therefore  could  be us& in gathering  information  about  the 
interaction  between two incompatible  polymers.  This,  however,  should  be 
investigated  more  carefully in future work. 

Interpretation of the lcp relation , .  . .  

The kc relation as was proposed, 

has two parameters,  the  slope,  b, and  the  intercept,  a.  From  figure 3, if  is  clear 
that  the  slope  could  give  information  about  the  sititation of the  critical  point in 
the  phase  diagram. 
For the slope,  b,  one limiting case is a  value of one.  This value  represents  a 
straight  line through the  phase  diagram.  Such  a  cloudpoint  curve  would be. found 
for a hypothetical  system  in  which  the  polymer  has  infinite  molecular  weight.  In' 
this  case,  the  critical  point  is situated on the  solvent-nonsolvent axis. The other 
extremum,  a  rather  low  molecular  weight of the  polymer  introduces  a  slope 
which  is  larger. A large  value of b suggests  a  critical  point  near  the  middle of the 
binodal  curve in the  phase  diagram. 
The intercept a appears to dictate  the  area  covered  by  the  demixing  gap  (see 
figure 3), which  is  mainly  governed  by  enthalpic  effects.  One  would  therefore 
expect  that  the  slope  gives  only  entropic  information (the molecular  volumes), 
and that the  intercept gives  information  about  enthalpic  effects  (the gij's). The 
interesting  fact  about  the  lcp  relation  seems  to be a  decoupling of enthalpic  and 
entropic  effects. 
To investigate  this  further,  we try to interpret  the  lcp  relation  according  to  the 
Flory-Huggins  theory& 
The  Flory-Huggins  equation  gives  the free enthalpy of mixing  as  a  function of 
the  concentration of the  components.  From this equation,  the slope and  the  intercept 

. of the lcp line  can  be  obtained,  under  the  assumption  that  the  line is applicable. 
This does  not  follow  fiom  the Hory-Huggins interpretation, as should be expected: 
not  for  all ternary systems  the  relation  should be valid (see figure 9). 
The  slope is a  function of the  molar  volumes, 

. 
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Second Appendix : A Littearzzed Cloudpoint Curve Cowehfionfor T e m  y Systems ... 
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Figure 11: kc-plot for the  system  poly  (ether  sulfone) - n-methyl  pyrrolidone - water,  and  the  line 
as given  by  the  derived dope b and intercept a.  The  interaction  parameters  used  here  'are: 
ga=0.718+0.669%; ~=0.290+0.501v2 (values  taken from Tkacik et al"). The  polymer-nonsolvent 
interaction  parameter g,, is used as a fitting  parameter.  The  optimal  value found'was 3.6. The 
variables 3 and v2 are defined in the  appendix and in the  list of symbols. 

Results and discussion on slopes and intercepts 

I .  Amorphous systems with low  polymer-nonsolvent  interaction 

For  membrane  forming systems, the  lcp  curve  always  gives a slope  slightly  larger 
than  one. It is  possible to express  the  cloudpoint  curve  as a simple  function of the 
interaction  parameters  (see  figure 11). The  slope  is  independent of the  interaction 
parmeters, and is only dependent  on  the molar  volumes.  Table l gives some of 
the slopes of the  systems  previously  shown  in  figure 5. 

Sysfm Theoretical slope Experimental  slope 

Psf 

1-04 1.10 PES 
l .O03 1.02 PE1 
1.002 1.04 

Table 1: the slopes of the lcp -plots  shown  in  figure 1. The slopes agree  reasonably wc.11, wlwn the 
polydispersity of the  polymers in practice is considered. 
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Second Appendix : A Linearized Cloudpoint Curve Correlation f i r  T e m  y Systems ... 

Conclusions 

A linearized  cloud  point  correlation is proposed  that  gives  very  good  experimental 
results in membrane  forming  systems: 

@=bl&+a (P  (P 
(P3 $3  4) 

The  plot  gives  straight  experimental  lines  as  long  as two conditions  are  satisfied 

- The  polymer and the  nonsolvents  should  have  poor  interaction  (high g,, 
interaction  parameter,  low  sw&g  value of the,polymer  in  the  nonsolvent) 

- The  polymer  should  be  completely  miscible  in  the  solvent  in  all  possible 
concentrations;  the  same  should  apply to the  solvent  and  the  nonsolvent. 

The  lcp  relation  only  describes a cloudpoint  curve  caused  by  liquid-liquid  demixing. 
Whenever  other  demixing  (crystallization)  effects  play  a  role,  a  more  or  less 
sharp  deviation of the  lcp  line  is  found. 
The  simplicity of the relation  brings  about  its  usefulness  for  an  quick  evaluation 
of a ternary membrane  forming  system.  Only  two  parameters  have to be 
determined:  the  intercept  of  the  line and the  slope.  The  slope  is  not  completely 
unknown, because  for  membrane  forming  systems  the  slope of the  line  is  always 
slightly  larger  than one. It should  therefore  be  enough to determine  a  few 
cloudpoints  (ideally  only  one,  because  the  slope  could  be  calculated) far 
characterization of the complete  cloudpoint  curve. 
The  relation  has  advantages  for the estimation of. the  polymer-nonsolvent 
interaction  parameter  from  the  cloud  point  curve  itself: all experimental  cloud 
points are weighed  in  the  same  way,  therefore  giving  a  better  estimate of this 
interaction  parameter.  The  relation  could also be useful  when  investigating  blends 
of immiscible  polymers  with  a  common  solvent.  The  relation  could, after 
measurement  of  a few cloudpoints in the  dilute region,  give fast information for 
these  systems,  over a broader  concentration  range. 
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Secomì Appendix: A Linearàzed Cloudpoinf Curve Cowehtion for T e m  y Systems ... 

Appendix 

Derivation of €he slope (b) and the intercept (a) 

The Flory-Huggins theory  gives'the  free  enthalpy of mixing for  a  ternary  system 
as a  function of the  concentrations: 

in which ni and @i are  respectively  the  number of moles and the  volume  fraction 
of component i. With  component  number 1 is meant  the  nonsolvent,  number 2 is 
the  solvent  and 3 is the  polymer.  The  quantity  vi  is  the  molar  volume (in m3/mole) 
of component i. The gjrs are the Flory-Huggins interaction  parameters,  which  are 
a  measure of the  enthalpic  interaction  between  components i and j. They  are 
usually  not  constant,-but  functions of the  concentrations of all the  components 
present. In most  cases, it is  possible  to  assume  that gij is  only  dependent  on  the 
concentrations of i and j, and  not of the  other  component  present. This means 
formally: 

The  interaction  parameter g, is-assumed to be  independent of the  concentrations. 
The  chemical  potentials of mixing A& can now be derived  by  differentiating  with 
respect  to  the  number of moles of each  component: 

The  derivatives of the  composition  dependent  interaction  parameters 6' are  defined 
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Second Appendix : A Linea& Cloudpoint Curve Correlation for T e m  y Systems ... 

This  then  also  applies  to  a  linear  combination of these  chemical  potentials.  When 
the difference  over the two phases is considered,  the  difference of a  linear 
combination of the  chemical  potentials  over  the two phases  is  zero: 

From  equation A6, we  obtain with this: 

in which  the  deltas  indicate  the  difference of the quantity between  brackets  over 
the two phases in equilibrium.  Multiplication with a factor  vI-v2, and rearrangement 
of both  sides of the-equation  gives: 

\ 

in which b is: 
, ,  

A12) 

A13) 

As we  can  see in practice..that  the lcc-plot  gives a straight, line,  apparently  the 
difference  term at the  right  side of the  equal  sign  is  zero. When  this  difference 
would  not  be  zero,  we  would  not  obtain a straight  lcp  line. 
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Second Appendix : A Linearized Cloudpoint Curve Correlation for T e m  y Systems ... 

The  value of a  is  the part of equation A17 right from  the  equality sign, divided by 
2. This is then  also  applied to quation All: 

two 

A20) 

which  is an explicit  relation  for  the  intercept  a  in  the  interaction  parameters  and 
the  molar  volumes. 

It should  be  noted  that  when for the  chemical  potentials  (equations A3) the 
enthalpic  parts  (the terms with  the gij's) would be replaced  by  one  single  constant 
for  each  chemical  potential,  the  lcp  line  would  immediately  follow  from this 
Flory-Huggins  interpretation. 

List of symbols 

n, number of moles of component  i  (moles); l = nonsolvent, 2 = solvent 

4 weight  or  volume  fractions (-) 
Vi molar  volumes, in (m3/mole) cl. 

and 3 = polymer 

b ' slope of  the  lcc  plot,  given  by  (v3-v1)  /(v3-v2) (-) 
a  intercept of the  lcc  plot (-) 
gij Flory-Huggins  interaction  parameter  between  components  i  and j, usually 
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In this thesis the immersion  'precipitation  process  is studied for  systems  in 
w&& :two ,polpers are present. 
In its basic  form,  Îrnmersion  precipitation is carried out by immersing  a  thin 
film Öf a concentrated polymer solution into a bath of nonsolvent. By 
exchange of ,solvent  from  the  polymer  solution, and nonsolvent  from  the 
coagulation  bath, the polymer 'solution becomes  instable.  Liquid-liquid 
phase  separation  results in a  polymer  lean  phase and a  polymer  rich  phase. 
The  polymer  lean  phase forms pores  inside  a  matrix  created  by  the  polymer 
rich  phase,  which  forms the membrane. 
The  objective of this  thesis is to  investigate  the  effects of the addition of a 
second polymer into the polymer  solution.  The  use of a second  polymer 
(polymeric  additive) that is  miscible  with  the  nonsolvent  can  result  in  more 
open  porous (co-contin~o~~j structures and a  better  defined  porosity. 
In Chapter 2 the  thermodynamics of a  quaternary  system  consisting of two 
(miscible)  polymers,  a  solvent  for  both  polymers and a  nonsolvent  for  one _ '  

of the polymers are studied on the basis of the  Flory-Huggins  theory. 
Important  conclusions are that  phase  separation,  induced  by  the  presence of 
the  nonsolvent  is  (initially)  mostly  between  the  polymers:  a  phase  rich  in 
the  first  polymer, and a  phase  rich in the  other  polymer is created.  At  high 
contents of the  polymeric  additive,  the critical line in  the phase diagram 
shifts  to  quite  high  polymer  concentrations.  The  interaction  between  the two 
polymers  has little influence  on the phase  behavior as long  as  they are 
miscible. 
In Chapter 3 the  mass  transfer  that  induces  the  phase  separation during the 
immersion  process  is  studied. A kinetic  model for. a quaternary system  is 
developed that is generally  valid  for  the first -moments. It followed  from 
chapter 2 that  phase  separation is predominantly  taking  place  between  the 
two polymers.  Therefore, the slow polymer-polymer diffusion in a 
concentrated  polymer  solution  should  be  taken  into  account in the  model. 
This  leads  to  a  prediction of quite instable  compositions in the polymer 
solution during immersion. It follows that from  such  a  quaternary  system, 
delay of demixing (a  time interval between  immersion and the actual 
demixing  processes)  cannot  be  obtained.  Since  delay  of  demixing  is  related  to 
the formation of macrovoids (large finger-like  cavities throughout the 
membrane  cross-section), it follows that addition. of a second  polymer 
should  suppress  macrovoid  formation. 
In Chapter 4 the quaternary membrane  forming  system  water/n-methyl- 
pyrrolidone/poly(ether  sulfone)/poly(vinyl  pyrrolidone) is studied experi- 
mentally.  The  concentrations of PES and P W  in  the  porymer  solution, -and 
the  concentration of solvent in the  coagulation bath are varied.  The  mem- 
brane  structures found indicate  that  the  phase  separation (and therefore  the 
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diffusion  velocîty)  between  the two polymers  plays  a  key  role in the 
membrane  formation  process. At high concentrations of PW and POW 
concentrations of solvent in the  coagulation  bath, maaovoid formation is 
suppressed. This is in agreement with the  expectations on the basis of 
developed  model.  Reappearance of the  macrovoids at higher solvent 
concentrations in the  coaguHaltion  bath further  confirms  the  mechanism. 
Prestic~ons concerning  extreme  con&tions  (very ~ g h  solvent  concekra- 
tions in the coagulation  bathr  very thick, membranes)  appear to be correct. 
h-Chapter 5, t.he ideas  on  membrane  formation  as  presented in chapter 4 are 
related to a  system in which a  different kind of polymeric  additive  is Fe& 
poly(styrene)D It is  found  that at fast  quenching  conditions (low solvent 
contat in the  coagulation  bath) the two. polymers  cannot phase separate on 
any Iaree scale (i.e. > 100 m). Af slower.quench  conditions (Egher solvent 
content in. the  bath),  large scale polymer-polymer  separation did take place 
(10-100 p). The slow polymer-polymer  &Sion as was  assumed  earlier is 
therefore c~nfirmed- The  occurrence of macrovoids -is in accordance with 
the formation  mechanism.  The results indicate ithat the typigd . CO- 

continuous  membrane  structures  ultimately  obtained  with FVF may  well be 
the result of spiqodd decomposition- 
h Chapter 6, the  process of nucleation and successive  growth  of a polylner 
k a n  phase is investigated by means af light  sca€tering  measernemen€s during 
thermal precipitation experipentS. An Avrami-type  interpretation  is  used- 
The E'lgry-Huggins theory is used  to  derive  a  relation  for  the  dependencc  of 
the  light  scattering  on  supercooling.  The  r.esults  indicate that the n&ber of 
nuclei .is independent of quench h e  and/or supercooling. The demixing 
.process becomes slower at higher  polymer  concentrations.  The  experiments 
are  complicated by =erences in refractive  indices. 

the First Appendk €0, this tbesis, a first experimental  approach o; the 
basis of the mass transfer  model  presented in chapter 3 is S~QWXL The re&& 
are related to the  spinning of hoplqw  fiber dtrafiItration membranes. Some 
of the  ideas on macrovoid  formation  presented in chapter 4 are also shown 
here.  The  occurrence of nodular structures in toplayers of membFrnes lis 
possibly related  to  the  rheological  behavior  of  polymer  solutions. 
In the Second  Appendix of this thesis a linear  eorrelaticm is shown for 
isothermal doudpoints in a po1ydisperse  ternary  system [ n ~ n s d ~ ~ t / s d -  
vent/poly&sperse  polymer).  The  correlation  shows  a  remarkable appkabt 
lity of the corre1atio.n  over more than four decades of polyIlnes  concepFa- 
tion, consisting of both  higher  and  Iower  concentrations than the critical 
point, An interpretation of the  relation  indicates that the  slope of the line is 
only dependent  on the molar  volumes of the components; the intercept is 
dependent also on the  enthalpic  interactions.  The  relation  gives  an easy 
rneth6d t6 &stinguish between Equid-Eqed phase separa~on and caystd- 
kation of the polymer, 

- .  
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Samenvatting 

Mmbrmnvmmìng ~ ~ . ~ ~ ~ s i e - P ~ e c i Q ~ ~ t i e :  
de lnvloed van een Tweede Polymeer . .  

In dit proefschrift  wordt  het  zgn.  immersie-precipitatie  proces  bestudeerd 
waarbij  twee  polymeren  tegelijkertijd  in de polymeeroplossing  worden 
g e b d t .  
In èssentie  bestaat  het  inimersie-precipitatie  proces  uit  het  önderdompelen 
van  een dun laagje van &n geconcentreerde  polymeeroplossing  in  een  bad 
dat niet-oplosmiddel  voor -het polymeer  bevat.  Door  uitwisseling van 
oplosmiddel  vanuit de polymeeroplossing  en  niet-oplosmiddel  vanùit  het 
coagulatiebad,  wordt  de  .polpneeroplossing  instabiel  en  gaat  ontmengen  in 
een  polymeerarme  fase  en .een polymeerrijke  fase. De polymeerarme  fase 
vormt  poriën  in  een  matrix  gevormd  door de polymeerrijke  fase: 
In dit proefschrift  is  de  invloed  van een tweede  polymeer in de polymeerop- 
lossing  onderzocht. Als zo'n  tweede  polymeer  oplosbaar is in  het  niet- 
oplosmiddel in het  coagulatiebad,  kunnen  membraanstrukturen"  vervaar- 
digd  worden  met  een  zeer  open  (cocontinue)  poriestruktuur. , 

In hoofdstuk 2 wordt de thermodynamica  bestudeerd  van  een  quaternair 
systeem  bestaande  uit twee (mengbare)  polymeren,  eén  oplosmiddel,  en  een 
niet-oplosmiddel  voor  één  van de polymeren, op basis  van de Flory- 
Huggins  theorie.  Het  blijkt dat  de vloeisfof-vloeistof  ontmenging, 
veroorzaakt  door  aanwezigheid  van  een  niet-oplosmiddel,  voornamelijk 
plaatsvindt  tussen  de twee polymeren:  een  fase.  rijk  aan  het  ene  ~polymeer, 
en  een fase rijk aan het  andere  polymeer  worden gecreerd. Bij hoge  concen- 
traties  van  het  polymeer dat oplosbaar i s  in  het niet-oplosmiddel'verschuift 
de kritische lijn in  het  fasediagram  naar  hoge  polymeerconcentraties.  Het 
blijkt dat de interactie  tussen de twee  polymeren  weinig  invloed  heeft  op  het 
fasegedrag,  zolang  de  twee  polymeren  mengbaar  zijn. ' 

In hoofdstuk 3 wordt  een  quaternair  model  afgeleid voor het  massatransport 
dat leidt tot fasescheiding  tijdens  immersie-precipitatie, dat algemeen  geldig 
is voor het  begin  van  het  immersie  proces.  In  hoofdstuk 2 bleek de 
optredende  fasescheiding  voornamelijk  tussen de twee  polymeren  plaats ie 
vinden.  Daarom  wordt in het  model  rekening  gehouden  met de langzame 
diffusie  tussen twee polymeren in een  geconcentreerde  oplossing.  Uit het 
model  volgt dat zeer  instabiele  samenstellingen  in de polymeeroplossing 
worden gecregerd. Uitstel van ontmenging (het optreden van  een 
tijdsinterval  tussen  het momen t van  onderdompelen  van de film  en het. 
moment dat de fasescheiding  "begint)  blijkt  niet  mogelijk  te  zijn  in  een 
dergelijk  systeem.  Aangezien dit proces  ten  grondslag  ligt aan de  vorming 
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van macrovoids  (grote,  vingervonmige holten door bijna de gehele 
doorsnede van het membraan) zal de vorming  van  deze  holten  belemmerd 
~ ~ r d e n  door  toevoeging  van  een  tweede  polymeer. 
h hoofdst~& 4 wordt  het  quaternaire  systeem  bestaande dt water/n-methyH 
pynrolidon/poly(ether  sulfon)/poly(vinyl  pyrroIidon)  experimenteel  bestu- 
deerd. De PES m P W  concentraties in de polymere film, en de oplosmic9dep 
@3MP) concentratie in het  coagulatiebad  zijn  gevarieerd. De resulterende 

. membraanstrukturen  geven  aan dat de fasescheiding  (en dus de diffusie- 
snelheid)  tussen de twee  'polymeren  zeer  belangrijk is in het proces  van 
meinbraanvorming. De vorming  van  macrovoids wordt onderdrukt big' 
hoge P W  concentraties in  de polpeeroplossing en lage  oplosmiddekon- 
centraties in het  coagulatiebad.  Dit. is  in  overeenstemming .met het eerder 
.beschreven model- Ook het  ,opnieuw  verschijnen  van  macrovoids -bij ho- 
gere oplosmiddelconcentraties * het  coagulatiebad  bevestigt  het eqder om- 
schreven  .model..  Voorspellingen ,v.muit het  model aangaande extreme 
vornaingsomstandigheden  (zeer  dikke  membranen,  zeer  hoge  oplosmiddel- 
concentratäes in het coagulatiebad)'  blijken correct te  zijn. 

. . h  hasf&stulk 5 wordt de eerder  beschreven  modelvorming  gerelateerd aan 
een systeem met  een  volledig  ander  polymeer.  additief:  poly(styreen1.  Dit 
tweede  polymeer  i?  niet  òplosbaar +I water. Het  blijkt dat onder snelle ont- 

~ mengornstandighedftn (lage .oplosmiddelconcentraties  in  het  coagu!atiebad) 
de Wee polymeren niet  op grote schaal (> 100 nm) k m e n  onwengen. 
Onder langzamere  ontmeggonastandigheden  (meer  oplosmiddel in het 
.cQ.agula,tiebad) kan deie fasescheiding op grote  schaal w&l plaatsvinde? (10- 
IOC, pm). -De langzame polymeer-polpeerdiffusie zsds eerder was aan- 

.genomen (in hoofdstuk 3) wordt dus bevestigd. De vorming  van macro- 
voids bevestigt het veronderstelde m e m b r a ~ v . o r m i r a g s ~ e ~ ~ ~ ~ ~ e .  De 
resultaten  geven .aan da%- de typische  Cs-continue struktuur zo& ver 
met PW het gevopg is v q  spinodale  ontmenging. 
In  hoofdstuk 6 word;  het  proces  van  kiemvorming en. -groei  van  een 
polymeerarme  fase bestudeerd met behulp van ~ichtverstmoiingsexpexi- 
menten  tijdgns  thermische  ontmenging.  Een  Avrarni-benaderi?g is ge- 
bruikt,  ,terwijl de -Flory-Hug@ns  theorie gebruikt is om een relatie van de 
afhankelijkheid  van de lichtverstrooiing  van de onderkqeling af  te leiden. 
Het - blijkt .dat het aantal kiemen  onafhankelijk, is van de tijd  van 
ontmenging  en ,de onderkoeling.  Verder  blijkt dat de ontmenging  lang- 
zamer gaat bij hogere polpeerconcentratie, hoewel de resultaten  worden 
bemoeilijkt  door  verschillen in brekingsindex, 
In de eerste bijlage van dit proefschrift wordt een  eerste experime.nteIe 
benadering  gegeven op basis., van het  massatransport  model in.hoofdstUk 3. 
De resultaten  zijn  gerelateerd  aan  het  spinnen VC holle vee3 ukrafiltratie 
membranen, De vorming  van  macrovoids  wordt  bestudeerd, analoog aan 
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Samenvafting 

hoofdstuk 4. Nodulaire (bolletjes-) strukturen in de toplagen van de 
membranen  blijken  mogelijk  gerelateerd  te  zijn  aan  het  rheologische  gedrag 
van  polyrneeroplossingen. 
In de twee  appendix,  van dit proefschrift  wordt  een  lineaire  correlatie  voor 
isotherme  troebelingspunten in een  polydispers,  ternair  systeem  (niet-oplos- . 

rniddel/oplosmiddel/polydispers polymeer)  bestudeerd. De correlatie  gaat 
opmerkelijk  goed op over  meer dan 4 orden  van  grootte  in  polymeercon- 
centratie, die zowel, onder  als  boven het kritische punt vallen. Een verdere 
interpretatie- van de correlatie laat zien dat de helling  van de lijn  slechts 
afhankelijk is van de molaee volumina; de asafsnede is tevens  afhankelijk 
van de enthalpische interacties. Met behulp van de correlatie  kan het 
verschil tussen vloeistof-vloeistof ontmenging en polymeerkristallisatie 
eenvoudig  worden  waargenomen. 
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