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l . l .  Artificial membranes 

Membranes \are well known as t h e  walks o f   l i v i n g  ce l l s .  These walls a c t  as 
s e l e c t i v e  barriers to   molecules  which are being  t ransported  through a l i v i n g  

t i s s u e .  

Ar t i f i c i a l   pe rmse lec t ive  membranes are used, i f  one   w i shes   t o   s epa ra t e   spe -  

c i f i c  components  from a gaseous  or a l iqu id   mix ture .  An ideal permselective 
membrane should act as   an   unpenet rab le  barrier t o  one  or  more o f   t he  compo- 

nen t s ,  whereas the o t h e r  components  should  permeate the  membrane without be- 

ing  opposed  by t h e  membrane. I n   r e a l i t y ,   t h i s  ideal  s i t u a t i o n  will never be  

reached and the  permselective membrane should be considered as a barrier pen- 

etrable t o  a l l  components  of  the.mixture  but a t  d i f f e r e n t   r a t e s .  This  d i f f e r -  

ence is  due t o   t h e   s p e c i f i c  p'hysico-chemical  properties  of the  membrane mate- 

r i a l  i n   r e l a t i o n   t o  the permeants.  Thus a membrane can raise or   lower  the  

concen t r a t ion   o f   spec i f i c  components i n  the mixture. The desired p roduc t ( s )  

can be  found i n   p r a c t i s e  ei ther a t  . t h e  feed or   permeate  s ide  of  the mem- 

brane. 

The choice  of   the  membrane material determines which components  permeate 

preferen t ia l ly   th rough the  membrane ' ( the s e l e c t i v i t y   o f  t h e  membrane). The 

e f f e c t i v e   t h i c k n e s s  of the membrane determines t h e  amount of  permeate t h a t  

r e s u l t s  from a c e r t a i n   e n e r g y   i n p u t   i n t o  the  s e p a r a t i o n   p r o c e s s   ( t h e  permea- 

b i l i t y   o f  the  membrane). 

The necessa ry   d r iv ing   fo rce   fo r  membrane separa t ion   can  be obtained  by 

p res su r i z ing  the l iquid  or   gaseous  phase a t  the  f eed  side of the  membrane 

(hype r f i l t r a t ion   o r   gas   s epa ra t ion )   o r   by   app ly ing  a low ( p a r t i a l )   p r e s s u r e  

a t  the o t h e r  side of  the membrane (pervapora t ion) .  
U l t r a f i l t r a t i o n  membranes are used   fo r  the  f i l t r a t i o n   o f  high molecular 

weight   solut ions,   e .g .   protein  solut ions.  The pe r fo rmance   o f   an   u l t r a f i l t r a -  
t i o n  membrane is  not  only  determined  by the  physico-chemical  properties  of 

the membrane material i n   r e l a t i o n   t o  the permeants ,   bu t   a l so   by   the   s ize   o f  

the  pores i n  the membrane. 

The per formance   of   microf i l t ra t ion  membranes is completely  determined  by 
their  porosity,  These  membranes.are  used t o  f i l t r a t e  suspens ions   o r   b io logi -  

cal  s o l u t i o n s ,  with p a r t i c l e  diameters larger than  50 nm. 
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Apart  from membrane f i l t r a t i o n   o t h e r   t e c h n i . q u e s  are. a v a i l a b l e   t o   s e p a r a t e  

m i x t u r e s   ( d i s t i l l a t i o n ,   c r y s t a l l i z a t i o n ,   a d s o r p t i o n ,   e x t r a c t i o n ,   c e n t r i f u g a -  
t ion,   complexation, etc. ) . Every  separat ion  technique has its s p e c i f i c  advan- 

tages,   depending  on the chemical and phys ica l   na ture  of the s u b s t a n c e s   t o  be 

separa ted .  Some general   advantages  of membrane f i l t r a t i o n  are the low  energy 

consumption of the  process   and the p o s s i b i l i t y   t o   p e r f o r m   t h e   s e p a r a t i o n   p r o -  

cess   cont inuous ly   and  at a moderate  temperature. 

Because  the membrane f i l t r a t i o n   t e c h n i q u e  is  i n  a s tage   o f   rap id   deve lop-  

ment the number of r e a l i z e d   a p p l i c a t i o n s  is  continuou’sly  increasing. Some 

examples   o f   indus t r ia l   appl ica t ions   o f  membranes are: 

- product ion of process  water for  greenhouses  from  brackish  ground water, or  

po table water ; 
- concent ra t ion   and   separa t ion  of product streams. i n  the food  industry:  raw 

m i l k ,  skimmed mi lk  and whey; 

- waste  water t rea tment ;  

- concen t r a t ion   and   f r ac t iona t ion   o f  starches and  proteins;  

- t r ea tmen t   o f   o i l /wa te r  emulsions-. 

- dehydration  of  alcohoUwat er mixtures  ; 

- sepa ra t ion   o f  the  gaseous  mixture H /NH 

An extended  survey  of membrane. app l i ca t ions  is  g iven   in   Desa l ina t ion  [ l ]  e 
2 3.- 

7,2, Preparation of synthetic membranes 

Artifical membranes can  be  prepared  from a number o f   d i f f e r e n t  materials. 

The survey . given  below is  limited t o   s y n t h e t i c  membranes and  excludes  inor-  
ganic  membranes,  dynamic  membranes and   l i qu id  membranes a Synthe t ic  membranes 

are made from man-made polymers. 

Some p repa ra t ion   t echn iques   o f   syn the t i c  membranes are [2]: 

- S i n t   e r i n g  ; 

a polymer powder is pressed   and   s in te red   to   form a microporous membrane. 
S t r e t ch ing ;  

a p a r t l y  c r y s t a l l i n e  f i lm o r  f o i l  is stretched, which P e s u l t s  iri the occur- 
r ence  of small ruptures .  The pore  size i n  these membranes can  b e  con t ro l l ed  
i n  between O. l and 3 pm. 
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- Track e t ch ing ;  
a polymer film o r  f o i l  i s  s u b j e c t e d   t o  a h i g h   e n e r g y   p a r t i c l e   r a d i a t i o n  

(metal ions )   pe rpend icu la r   t o  the  film. The p a r t i c l e s  create tracks with 

i n c r e a s e d   r e a c t i v i t y .  The f i l m  is  then  immersed i n   a n  acid bath.  The etch- 

ing   process   in  the  bath y i e l d s   c y l i n d r i c a l   p o r e s  with a very  narrow  pore 

r a d i u s   d i g t r i b u t i o n .  The average  pore  radius  can  vary  in  between 0.02 and 

10 pm. 

- Extrusion  of a polymer melt; 

homogeneous gas sepa ra t ion  membranes can be  obta ined  by ex t rus ion   o f  a f i l m  

from a polymer melt. 
- Coating; 

a t h i n  homogeneous polymeric  layer is  created  on  top  of  a porous  support  

l a y e r  by d ip   coa t ing ,   i n t e r f ac i a l   po lymer i za t ion  or  plasma  polymerization. 

- Phase  inversion;  

the' concept  of  phase  inversion,  introduced  by  Kesting  [3]  can b e  d e f i n e d   i n  

the following way: by  bringing a homogeneous polymer s o l u t i o n   i n  a supersa- 

t u r i z e d   s t a t e ,  demixing  processes are induced  rearranging the  s p a t i a l  d i s -  

t r i b u t i o n   o f  polymer i n  the  s o l u t i o n ;  the '  r e s u l t i n g   s p a t i a l   r e d i s t r i b u t i o n  
of  polymer is  t h e n   f i x e d  by g e l a t i o n  o r  by passing  across  the  g l a s s   p o i n t .  

The s o l i d i f i e d '  polymer  matrix  can b6 s u i t a b l e   f o r  a l l  k i n d s   o f   f i l t r a -  

t i on   p rocesses   f rom  mic ro f i l t r a t ion  t o  gas   s epa ra t ion  o r  h y p e r f i l t r a t i o n ,  

depending  on the v a r i a t i o n   o f  the preparat ion  procedure.  

The vas t   major i ty   o f  the commercial ly   avai lable  membranes is  made b y  t h e  

phase  inversion  process.  Phase inve r s ion   can  be obta ined   in  the following 

way. 
- Contacting a s o l u t i o n  fi lm, cons is t ing   o f  a polymer  and a so lven t ,  with a 

nonsolvent  vapour  phase which i s  s a t u r a t e d  wi th  the  s o l v e n t   ( p r e c i p i t a t i o n  

from t h e  vapour  phase). The polymer s o l u t i o n  i s  s u b j e c t e d   t o  a nonsolvent 
inf low, ,  while the solvent   saturated  vapour   phase  prevents  the outf low  of  

so lvent .  This technique  [3 ,4]   yields   an  isotrope  microporous membrane. 

- Contacting a s o l u t i o n  fi lm consisting  of  polymer,   nonsolvent  and a vola- 
t i l e  so lven t  wi th  a i r  ( p r e c i p i t a t i o n  b'y' cont ro l led   evapora t ion) .  If t h e  

bo i l ing   po in t   o f  t h e  so lven t  l i es  a t  least 3OoC below the bo i l ing   po in t   o f  

the nonsolvent t h i s  t echn ique   can   y i e ld   hype r f i l t r a t ion  membranes, cons i s t -  
t i n g   o f  a v e r y   t h i n   d e n s e   l a y e r   ( s k i n l a y e r )   a t  the  upper   surface  of  t h e  so- 

l u t i o n   f i l m   c o n t a c t i n g  the a i r  and a r e l a t i v e l y  t h i c k  porous  sublayer [ 5 ] . ,  



- Lowering the  temperature  of a solut ion  consis t ing  of   polymer, ,   solvent  

and  nonsolvent (thermal p rec ip i t a t ion ) .   Th i s   t echn ique   can   y i e ld   i so t rop ic  

microporous membranes as well as skinned membranes [6] o 

- Contact ing a polymer s o l u t i o n  film with a nonsolvent ba th  (immersion 

p r e c i p i t a t i o n )  o The polymer  solut ion is sub jec t ed   t o   an   exchange  of so lvent  

and nonso lve i t .   I n   gene ra l ,  t h i s  technique  yields   asymmetr ic  membranes con- 

s i s t i n g   . o f  a th in   permselec t ive   sk in layer   formed a t  the interface  between 

the  bath and the film, and a thick porous  sublayer.  

I n  t h i s  thesis the immersion p r e c i p i t a t i o n   p r o c e s s  is s tudied .  This method 
is  widely  used  to   prepare membranes, whereas t h e  processes   occuring  during 

immers ion   prec ip i ta t ion ,   resu l t ing   in  membrane morphology, are hardly  under- 

s tood.  The ob jec t ive   o f  t h i s  s t u d y  is t o   g a i n   i n s i g h t   i n t o  mass t r anspor t   and  

demixing phenomena occuring  during the immersion. p r e c i p i t a t i o n   p r o c e s s .  With 

the a i d  of t h i s  knowledge,   exis t ing  empir ical   re la t ions  between the process  

c i rcumstances and the u l t i m a t e  membrane morphology may be  explained o r  i m -  

proved D 

1,3* Imersion precipitation 
. .  

The a p p l i c a t i o n   o f  t h e  immersion p r e c i p i t a t i o n   t e c h n i q u e   f o r  the prepara- 
t i o n  of  asymmetric membranes has been  successful ly   introduced-   by.  Loeb and 

Sour i r a j an  [T] i n  1962. The dense ' top layer   o f  their c e l l u l o s e   a c e t a t e  mem- 

brane had p e r m s e l e c t i v e   p r o p e r t i e s   s u i t a b l e   t o   s e p a r a t e  salt from brackish 

sea water, while the top laye r  was thfn  enough (0.2-0.5 pm) f o r  a h igh  water 
f l u x ,  The r e l a t i v e l y  thick sublayer  (0.1 mm) possessed   an   in te rconnec t ive  

po rous   s t ruc tu re  with a su f f i c i en t   mechan ica l   s t r eng th   t o   w i ths t and   h igh  

pressures .  

Loeb and  Sourilnajan  prepared their membrane i n  4 s t eps :  

1 .  

2, 

3. 

a homogeneous s o l u t i o n  was prepared  consisting  of  22.3 weight$ c e l l u l o s e  
acetate, 66.6  weight$  acetone, 1 O weight$ water and 1 o 1 weight$ magnesium 

perchlora t  e ; 
the ' s o l u t i o n  was cast on a glass p l a t e  as a 0.2-0.5 mm th i ck  f i l m  and the . 

so lven t  was alloweti. to evapora te   dur ing  3-4 minutes; 
the s o l u t i o n  f i lm- was immersed i n t o  a w&er bath a t  O O C ,  which r e s u l t e d   ì n  
demìx ing   and   so l id f f i ca t ion   o f  the f i l m ;  
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4. af ter  being  washed in   s t reaming water dur ing  24 h,  the s o l i d i f i e d  film was 

immersed i n t p  a 751-800C water  bath for 1-2 minutes. 

Since 1962,  asymmetric membranes have  been  prepared  from  various  types  of 

polymers [8-111. It tu rned   ou t   t ha t   t he   p repa ra t ion   p rocedure ,   app l i ed  by 

Loeb and   Sour J ra j an ,   a l so   r e su l t ed   i n  t h e  formation  of  asymmetric  hyperfil- 

t r a t i o n  o r  u l t r a f i l t r a t i o n  ,membranes when t h e  fol lowing  modif icat ions were 

made : 

r'- the  add i t ion   o f  sa l t .  o r  a nonsolvent t o  the  cas t ing   so lu t ion   can '   o f t en  be  

omi t t ed ; 

- the  evapora t ion   s tep ,   which , resu l t s   in   an   asymmetr ic   po lymer   d i s t r ibu t ion  

i n  the fi lm before  being immersed i n t o  t h e  nonsolvent ba th ,  is not  always 

a necessa ry   s t ep   t o   i nduce  the formation  of  an  asymmetric  structure;   one 

can  prepare  asymmetric membranes a l s o  from cas t ing   so lu t ions   which   conta in  

a so lven t  with a high  boi l ing  point ' ;  o r  asymmetric  hollow fibers can be 

obtained  with a dense  toplayer a t  the i n t e r i o r ,  which has no t .  been  contac- 

ted w i t h  air [12] ;  

- the coagula t ion  ba th  temperature  can be va r i ed ;  

- t h e  thermal t r e a t m e n t   i n  a water ba th ,  which r e s u l t s   i n  a d e n s i f   i c a t i o n   o f  

t he   t op laye r   o f  the CA-membrane [2] ,  can be omitted when other  polymers 

than C A  are used. 

I n  our opin ion   the  basic p r i n c i p l e s   o f  membrane formation  by  the  immersion 

prec ip i ta t ion   t echnique   can  be s t u d i e d   i n   g r e a t  de t a i l  by cons ider ing  the 

fo l lowing   cha rac t e r i s t i c s :  

i- three components are used: a polymer, a solvent   and a nonsolvent ;   the  l a t -  

t e r  two  must be miscible i n  a l l  propor t ions ;  

7 a homogeneous s o l u t i o n  is prepared  from t h e  polymer  and t h e  solvent   (and 

e v e n t u a l l y   a l s o  the nonsolvent) ; 

- t h i s  homogeneous s o l u t i o n  is cast o r  spun as a t h i n  f la t  o r  c y l i n d r i c a l  

f i l m  and immersed i n t o  a 'coagulation bath cons is t ing   o f   the   nonsolvent  
( and   even tua l ly   a l so  the solvent) ,   immediately af ter  being cast o r  spun. 

I n   t h i s  thesis the  in f luence   o f  the fo l lowing   var iab les   on  the membrane 

formation  process   and the u l t ima te  membrane c h a r a c t e r i s t i c s  w i l l  be s tudied, :  

- the type  of  components  used  (solvent,  nonsolvent  and  polymer); 
- the  in i t i a .1   concen t r a t ion  Ò f  t h e  two ( o r  t h r e e )  components i n  the  c a s t i n g  
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so lu t ion ;  

- the i n i t i a l   c o n c e n t r a t i o n   o f  t he  s o l v e n t   i n   t h e   c o a g u l a t i o n  bath.  

Important membrane c h a r a c t e r i s t i c s .   c o n t r o l l e d   b y -  t h e  immersion  precipita- 

t i o n   p r o c e s s  are: 

- the  poros i ty   o f  the toplayelo. This  charac te r i s t ic   p roper ty   de te rmines  

whether. t h e  membrane is s u i t a b l e   f o r   u l t r a f i l t r a t i o n   o n   t h e   o n e  hand o r  
hyper f i l t ra t ion ,   gas   separa t ion   and   pervapora t ion   on  the o t h e r  -hand. I m -  

mer s ion   p rec ip i t a t ion   ha rd ly   eve r   y i e lds  membranes s u i t a b l e   f o r   m i c r o f i l -  

t r a t i o n ,  Only when a n   e x t r a  polymer  component i s  added t o  the c a s t i n g  so- 

lu t ion   and   so lven t  i s  .added t o   t h e   c o a g u l a t i o n  bath,  microporous membranes 

can be obtained [ l  31. Howevera the effect of   addi t ion  of  a n   e x t r a  polymer 

component t o  the c a s t i n g   s o l u t i o n  is beyond the scope  of  t h i s  thesis; 

- the th i ckness   o f  the top laye r ,  T h e  t op laye r   t h i ckness   a f f ec t s   t he  permea- 

b i l i t y   o f   t h e  membrane; 

- the poros i ty   o f  the sublayer .  .The opt imal   sublayer   of   an  asymmetr ic  mem- 

brane  can  withstand  high  mechanical stresses and   does   no t   con t r ibu te   t o  

the membrane r e s i s t a n c e .  However, high  mechanical stresses can  not   a lways 

b e  used   because   immers ion   p rec ip i t a t ion   o f t en   r e su l t s   i n  the presence  of  

large  Conical   voids   (macrovoids)   in  the sublayer   o f   the  membrane [ l  2,14- 

17 1 o These macrovoids, with a l eng th   o f   s eve ra l   mic rons   t o ,   i n  some cases o 

t h e  t o t a l   t h i c k n e s s   o f  t h e  membrane, can   cause   rup ture   o f   the   sk in   under  

high  operat ing '   pressures .  The second  condi t ion  for   -an  opt imal   sublayer  
s t r u c t u r e  is obeyed  only i f  the small po res   i n  t h e  sublayer  are intercon-  

nec t  ed. 

Important membrane c h a r a c t e r i s t i c s   c o n t r o l l e d   b y  the physico-chemical mate- 

r i a l  proper t ies   o f  the polymer,  and  not by the immersion p r e c i p i t a t i o n   p r o -  

cess ,  are: 

- the   chemica l   and   tempera ture   s tab i l i ty  of the membrane; 

7 the permse1;kct ivi ty   of   hyperf i l t ra t ion,   gas   separat ion  and  pervaporat ion 

membranes e 

Chronologica l ly ,   the   immers ion   prec ip i ta t ion   p rocess   can  b e  s p l i t  up   in to  
two p a r t s :  
- mass t r a n s f e r   r e s u 1 , t i n g   i n   a n  asymmetric polymer d i s t r i b u t i o n   a n d  meta- 

stable composi t ions  in  the immersed polymer  solut ion f i l m ;  

F demi i ing   processes   respons ib le  fo r  the poros i ty   o f  the u l t i m a t e  rilm. 



11 

I n   t h e   n e x t  two s e c t i o n s   t h e s e   p a r t s  are discussed. 

1.4. Mass  transfer  preceding the onset of demixing 

In   1 i t e r a .Fure  it is found t o  be gene ra l ly   accep ted   t ha t  t h e  asymmetric 

s t r u c t u r e   o f  membranes. prepared by immersion p r e c i p i t a t i o n  is  caused  by:  an 

asymmetr ic   po lymer   d i s t r ibu t ion   in  the immersed s o l u t i o n  f i lm  a t  t h e . v e r y  mo- 

ment of   onset   of   demixing  in   the film. However, there is di,sagreement  about 

the o r i g i n   o f  the asymmetric  polymer d i s t r i b u t i o n   i n   t h e  film. There are 

. .  

three d i f f e r e n t  ways t o   e x p l a i n  the  polymer d i s t r i b u t i o n  a t  t h e  moment of  on- 

set of  demixing': 

a)  The asymmetr ic   polymer  dis t r ibut ion is a l r e a d y   p r e s e n t   i n . t h e  cast so lu-  

t i o n  fi lm, before   being immersed, i n t o  the  coagula t ion  bath,  due t o   s u r f a c e  

t ens ion  effects which  cause  the  polymer  concentration a t  the su r face   o f  t h e  

f i lm t o  be  raised. Representa t ives   o f  t h i s  approach are Panar  [l81  and Tanny 

L61 

b) The asymmetric  polymer d i s t r i b u t i o n  G i s  a r e su l t   o f   evapora t ion   o f  t h e  

so lvent   f rom  the   upper   l ayer   o f   the  cast f i l m   d u r i n g  t h e  evapora t ion   s t ep .  

.The durat ion  and the  condi t ions   o f  the  evapora t ion   s t ep   de t e rmine   t o  a l a r g e  
ex ten t   bo th  t h e  polymer d i s t r i b u t i o n   i n  the f i lm a t  the moment of  immersion 

o f   t h e   f i l m  (Ray [ l g ] ,  Anderson  [20]  and Castellari [21])  and t h e   p r o p e r t i e s  

of t h e   u l t i m a t e  membrane (Sourirajan  [22],  Kunst  [23]  and  Kesting  [3]). The 

in f luence   o f  the  evapora t ion   s t ep  on membrane s t r u c t u r e  has been  studied  in- 

tens ive ly   for   Coeb-Sour i ra jan .   type   o f  membrane forming  systems with ace tone  
as the   h i , gh ly   vo la t i l e   so lven t .  

c) The asymmetr ic   polymer  dis t r ibut ion i s  a r e s u l t   o f  the  t e r n a r y   d i f f u s i o n  , 

p r o c e s s   i n   t h e  immersed s o l u t i o n  film. T h i s  d i f f u s i o n   p r o c e s s ,   t h a t  starts 
upon cont ,act ing the film and t h e   b a t h ,   r e s u l t  s i n  a so lven t   dep le t ion  ' from 

t h e   t o p l a y e r   o f   t h e  film and a r e l a t i v e  small pene t r a t ion   o f  the nonsolvent 

i n  -the toplayer .  The highly  concentrated  polymer  layer  a t  t h e  su r face   o f  t h e  

fi lm opposes the outd i f fus ing   so lvent   molecules  more s t r o n g l y   t h a n   t h e   i n d i f -  
fusing  nonsolvent  molecules.  Thus, the  polymer  concentration  in the sublayer  

is lower  than the polymer  .concentrat ion  in  t h e  top laye r  a t  t h e  moment of  on- 
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set of demixing.  Authors  supporting t h i s  approach are Frommer [ l  51 D,. St ra th -  

mann [ 24) Koenhen [25] ,  Altena [26 ]  and M i  jmans [ 271 

I n  Our Opinion, the polymer d i s t r i b u t i o n  a t  t h e  l iqu id-gas   in te r face   o f  a 

f r e s h l y   c a s t   S o l u t i o n  ( l i k e  i n   o p i n i o n  a) above)  does  not  determine the poly- 

mer d i s t r i b u t i o n  a t  the moment of  onset  of  demixing  because, upon  immersion 

of t h e  Cast s o l u t i o n ,  t h e  polymer d i s t r i b u t i o n  a t  the l i q u i d - l i q u i d   i n t e r f a c e  
W i l l  immediately  adapt   to  the  new thermodynamic envipoment  a t  this i n t e r -  

face.  

We agree  with the opinion that  the evaporat ion s tep (mentioned  under b) can 

a f f e c t  the asymmetr ic   s t ructure   of  the membrane under   cer ta in   c i rcumstances.  

However, i n  t h i s  thesis we p r e f e r   t o   i n v e s t i g a t e   t h e   i n f l u e n c e  of the t e r n a r y  

d i f f u s i o n   p r o c e s s   i n  the immersed f i lm on the polymer d i s t r i b u t i o n  a t  the mo- 

ment of   onset   of   demixing  for  the fol lowing  reasons:  

- i n   c o n t r a s t  with the evapora t ion   s tep ,  t h i s  d i f f u s i o n   p r o c e s s  is  an   i nev i -  
table  p a r t   ' o f  the  immersion p r e c i p i t a t i o n   p r o c e s s ;  

- u n t i l  now this process  has mainly  been the  subjec t   o f   specula t ion  or 

treated q u a l i t a t i v e l y ,   r e s u l t i n g   i n   i n d i c a t i o n s  that t h i s  d i f fus ion   pro-  

c e s s   a f f e c t s  the u l t ima te  membrane s t r u c t u r e   v e r y   s t r o n g l y .  

I n   l i t e r a t u r e  a few s t u d i e s  .are repor ted   on  the ra te  of  exchange  of  solvent 

and  nonsolvent i n  polymer  solut ions  contacted with a coagula t ion  bath.  Meas- 

urements  have  been  performed on f la t  f i lms  (Frommer [ 141 and A l t  ena [ 2 8 ) )  bu t  

a l so   on   sp inning   l ines   (Gröbe  [29]  and  Paul [30 ] ) .  (The measurements  on  spin- 
n i n g   l i n e s  were p e r f o r m e d   i n   o r d e r   t o   e l u c i d a t e  the mechanism o f   s y n t h e t i c  

f i b e r  formation  by means of  ' the  wet; s p i n n i n g   p r o c e s s f ,  which is  a l s o   a n  ap- 

p l ica t ion   of   immers ion   prec ip i ta t ion  [31] ) .  Unfortunately,  these experiments 

g ive  no information  about the d i f fus ion   p rocess  that occurs   during the very 

sho r t   pe r iod   be fo re  the onse t   o f   demixing   in  the polymer so lu t ion .  

I n  t h i s  thesis another  approach i s  chosen t o   s t u d y  the d i f fus ion   behavior  

i n  the polymer  solution  from the very moment of   contac t ing  the film and the 

ba th :  w e  w i l l  c a l c u l a t e  t h i s  t e rna ry   d i f fus ion   behav io r .  Not on ly  the d i f fu-  

s ion   behav io r   i n  the immersed polymer   so lu t ion ,   bu t   a l so  the  compositions 
which are metastable for   l iqu id- l iqu id   demixing  (i.e. the b inodal   curve)  are 

calculated,   Combination of thes'e two ana lyses   can  y i e l d  the composition  pro- 
f i l e  (and,  thus,  the . polymer d i s t r i b u t i o n )   i n  the immersed f f l m  a t  t h e  very 
moment of onse t   o f   l iqu idr l iqu id   demixing .  Some pre l iminary  work i n . t h i s  di-  
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rection  has  been  done  by Cohen' [ 321. 

Cohen recognized   tha t  t h e  diffusion  induced  occurr'ence of l i qu id - l iqu id  de- 

mixing  in  a polymer so lu t ion   con tac t ed  with a nonsolvent  bath i s  a process 

t h a t  is l a r g e l y  similar t o  the diffusLon  induced  emulsification,  which is  

sometimes  observed  upon  contacting  two  non-equilibrated  l iquid  phases  consis- 

t i n g   o f  three (o r  more) low molecular  weight  components. (The low  molecular 

weight  components are no t  miscible i n  a l l  propor t ions  (Ruschak [ 331 ) ). A l -  

though  the  presence  of  macromolecules  in a non-equilibrated  system may have 

some s p e c i a l   i n f l u e n c e   o n  the r a t e  of   d i f fus ion   and   demixing ,   the   qua l i ta t ive  
d e s c r i p t i o n   o f  the d i f f u s i o n   p r o c e s s e s   i n  two non-equi l ibrated  l iquid  phases ,  

given by  Ruschak,  can a c t  as the  base f o r  a theory  tha t  p r e d i c t s   t h e  composi- 

t i on   changes   i n   an  immersed polymer so lu t ion .  

Cohen a l s o   c o n t r i b u t e d   t o  the  formation  of  such a theory  by in t roducing  
chemical p o t e n t i a l   g r a d i e n t s   i n s t e a d  of concen t r a t ion   g rad ien t s  as t h e  d r iv -  

i n g   f o r c e s   f o r   d i f f u s i o n .   I n  t h i s  way the d i f fus ion   behav io r   i n  the polymer 

s o l u t i o n  is related t o  the concentration  dependence  of the chemical  poten- 

t i a l s  of the components.  Because the concentration  dependence  of t h e  chemical 

p o t e n t i a l s  is  a l s o  needed t o   a n a l y s e  t h e  s t a b i l i t y  c r i te r ia  f o r   l i q u i d - l i q u i d  

demixing [34],  the  approach  followed  by CoYien o f f e r s   t h e   p o s s i b i l i t y  t o  ana- 

lyse  both  the  diffusion  and  demixing  aspects   of  the  problem as a func t ion   of  

the  same 'thermodynamic  quant it ies.. 

I n  t h i s  thesis the  approach  of  Cohen w i l l  b e  followed t o   d e r i v e  a gene ra l  

theory  that describes the d i f fus ion   behavior   and   pred ic t s  t h e  moment of   onse t  
of   l iquid- l iquid  demixing  in  the  immersed film, as a f unct ion  of  thermodynam- 

i c  and  hydrodynamic  parameters  characterizing the ternary  system. 

1.5. Demixing  processes  during  immersion  precipitation 

After immersion  of t h e  cast s o l u t i o n   i n t o  the coagulation- bath an  exchange 

O f  solvent   and  nonsolvent   occurs   in  the polymer so lu t ion .  This  diffusion  pro-  

cess. may induce  thermodynamically metastable or uns tab le   composi t ions   in  the  

s o l u t i o n ,  i.e. the  so lu t ion   can   dec rease  i t s  free energy  of  mixing  by s p l i t -  

t i n g  up i n t o  two ( o r  more)  phases  with  different  compositions.  When these 

phases are l i q u i d ,  the demixing  process is ca l led   l iqu id- l iqu id   phase   separa-  
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t i on .  When one  of t h e  phases is s o l i d   a n d   c r y s t a l l i n e ,  the  demixing  process 

i s  c a l l e d   c r y s t a l l i z a t i o n .  

The  mechanism of   l iquid- l iquid  demixing  of  a homogeneous solut ion  depends 

on the d e g r e e   o f   s t a b i l i t y   o f   t h e   s o l u t i o n :  

c when a s o l u t i o n  is metastable, phase  separat ion  occurs   through the  gene- 

ra t ion  and  growth  of  stable n u c l e i   o f  a new phase; these stable nuc le i   can  

only be genera ted   by   cer ta in   type   o f   concent ra t ion   f luc tua t ions .   Phase   sepa-  

r a t i o n   b y  means of  nucleation  and  growth is  called binodal  decomposition (de- 

mixing) o 

- when a s o l u t i o n  is  unstable ,   phase  separat ion  occurs   through  amplif ica-  

t ion   o f   even  the  smallest c o n c e n t r a t i o n   f l u c t u a t i o n s .  This type  of  phase  sep- 

a r a t i o n   p r o c e s s  is cal led  spinodal   decomposi t ion.  

-liquid-liquid phase s e p a r a t i o n   i n   t e r n a r y  membpane 
forming  systems- 

Ternary  systems  .consisting o f  polymer,  solvent  and  nonsolvent are always 

charac te r ized   by  a liquid-liquid  demixing  gap; i.e. a composition  range where 

the free energy  of the system  can b e  lowered  through  separat ion  into two l i q -  

uid  phases.  This  gap can be  represented  ' in   an  isothermal   phase  diagram  (Fig.  

1 ). The boundary  of this gap is c a l l e d  the binodal .  The sp inodal  is  s i t u a t e d  
wi th in  t h i s  gap  and  touches the b inodal   in   one   po in t ,  the s o  called er it ical  

composition. The sp inodal   enc loses  a l l  t h e  instable   composi t ions;   in   between 

the  spinodal   and the binodal,   compositions are metastable. 

The dashed l i n e s   i n   F i g u r e  1 r ep resen t  some t i e l i n e s :  a composi t ion   s i tua-  

ted on a t i e l i n e   s p l i t s  up i n  the two l iquid  phases   connected  by t h e  t i e l i n e  

and   s i t ua t ed   on  the binodal .  From Figure 1 it can  b e  seen  that l iqu id- l iqu id  

demixing  in   ternary membrane forming  systems  generates a polymer lean   and  a 

polymer rich phase. 

Nucleat ion  of  the polymer lean  phase  occurs  when the metastable reg ion  is  

egtered above the  c r i t i c a l   p o i n t ,  which is  the case f o r   a n  immersed c a s t i n g  

s o l u t i o n  with an  appropriate   polymer  concentrat ion ( 1  0-20 vol.$).  
Before a spinodal  composition  can be  reached  by  diffusion, ,  the, composition 

of  the system must  always  cross the reg ion   in   be tween the binodal  and the 

s.pinoda1  (except at the cr i t ical  po in t ) .  I n  our   opinion the rate of nuclea- 
t r o n  of the polymer lean   phase  is s o  h igh  that the d i f fus ion   p rocess   can  
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f / \  

Fig. 1 Schematic   representat ion  of  the isothermal  phase  diagram  of a 
polymer/solvent/nonsolvent system. 

never   produce  spinodal   composi t ions  in  t h e  immersed cas t ing   so lu t ion .  This  

opinion is based on  experiments  performed  in our laboratory:  by  quenching, 

metastable s o l u t i o n s  with polymer  concentrations up t o  30 vol.% were obta ined  
and  invest igated as t o  the k ine t ics   o f   phase   separa t ion ;  t h e  onset   of  demix- 

ing   o f  these s o l u t i o n s  was s o  f a s t  that 'no induct ion  times f o r  demixing  could 

be detected, even a t  a very low degree   o f   supersa tura t ion  ( O .  1 % nonsolvent).  

This ind ica tes   tha t   demixing   occurs   ins tan taneous ly  upon passing  the  bino-  

dal. 

The t i n y   d r o p l e t s   o f   t h e  polymer lean  phase  formed  during  the  l iquid- l iquid 
demixing  process are surrounded  by a polymer r i ch  phase   which   so l id i f ies  

th rough  ge la t ion  o r  g l a s s '   t r a n s i t   i o n   d u r i n g  t h e  con t inu ing   p rec ip i t a t ion  p ro  

cess. Whether t h e   d r o p l e t s  of t h e  polymer lean   phase  do coalesce  and form a n  

i n t e r c o n n e c t i v e   s t r u c t u r e   b e f o r e  the s o l i d i f i c a t i o n   o f   t h e  polymer r i ch   phase  
takes place,   strongly  depends  on the polymer   concent ra t ion   in   the . so lu t ion  a t  

the moment of  onset  of  l iquid-liquid  demixing. 
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-crystallization,aPrd formation of aggregates- 

Many systems  consisting  of  polymer,   solvent  and  nonsolvent are charac te r -  

i zed  by a composition  range where agglomerates  of polymer  molecules are form- 

ed c35-381 e Information  about  t h e  p r e c i s e   s t r u c t u r e  of these agglomerates is  

s t i l l  lacking,   a l though there are ind ica t ions  t h a t  c r y s t a l l i z a t i o n   p l a y s  a 

r o l e   d u r i n g  the  formation  process   of  these agglomerates.  Because the exac t  

na tu re   o f  these agglomerates is st i l l  unknown, it would b e  premature t o  de- 

f i n e  them as being a phase  and their mechanism of   formation as being a phase 

separation  process.   Following  Labudzinska [35-36] , these  agglomerates w i l l  be  

c a l l e d   a g g r e g a t e s   i n   t h i s  thesis. 

Despi te  the lack of  information  about the exac t   na tu re   o f  these aggregates ,  

it is clear that their   formation  during  immersion  pr ' -ecipi ta t ion  can  have a 

la rge   in f luence   on  the poros i ty   o f  t he  u l t ima te  membrane: because it involves  

nuc lea t ion   of  a s o l i d   s t r u c t u r e ,   a g g r e g a t e   f o r m a t i o n   ( i n   c o n t r a s t   t o   l i q u i d -  

l iqu id   phase   separa t ion)   can   induce   an   in te rconnec t ive   porous   s t ruc ture   f rom 
a highly  concentrated  polymer  solution.  Because  of this .effect ,  the occur- 

rence  of  aggregate.   formation i n  a membrane forming  system is  attended  by a 
decrease of the membrane sublayer   res is tance  under   operat ion  process   c i rcum- 

s tances .  

Compared t o   l i q u i d - l i q u i d  phase separation,  demixing by means of   aggrega te  

formation is a slow  process [37]. This  means that t h e   e f f e c t   o f   a g g r e g a t e  

formation  on the u l t ima te  membrane morphology  strongly  depends  on t he  ra te  of  

p e n e t r a t i o n   i n t o  the metastable composition  range  during the di f fus ion   pro-  

cess .  

1.6. Structure of this thesis 

For  our   experimental   research we have  chosen the s y s t e m   c e l l u l o s e   a c e t a t e  
(CA)/solvent/water. A s  the so lven t  w e  have  used  dioxane,  tetrahydrofurane 
(THF) and  acetone.  Immersion  precipitation  performed  using these systems 

y i e l d s  a wide v a r i e t y   i n   m o r p h o l o g i c a l   s t r u c t u r e .   I n   t h i s   t h e s i s  it is  exa- 
mined wh.ich f a c t o r s  are r e s p o n s i b l e   f o r  t h i s  . v a r i e t y   i n   s t r u c t u r e :  

Chapter 2 gives  exper-imental data on t h e  demixing  behavior upon cool ing  of  

CA/solvent/water  systems  for CA concen t r a t ions   up   t o  40 wt.$. T h e  rapid  pro-  
cess o'f l iqu id- l iqu id   phase   separa t ion  is c l e a r l y   d i s t i n g u i s h e d  from the  slow 



process  of  aggregate  formation  by  examining t h e  dependence  of t h e  cloud  point  

pos i t ion   on  the coo l ing   r a t e   and  by s t r u c t u r e   a n a l y s i s   o f  quenched so lu t ions .  
In   Chapter  3 equations  and  boundary  conditions are d e r i v e d   f o r  t h e  i so the r -  

mal d i f f u s i o n   p r o c e s s e s   t h a t   o c c u r   i n   t h e   c o a g u l a t i o n  bath and i n  the  polymer 

s o l u t i o n  after immersion  of a c a s t  polymer s o l u t i o n   i n t o  a coagula t ion  ba th .  

Mass t r a n s f e n  phenomena are expressed   in  terms of  thermodynamic  driving  for- 

ces and f r i e t  i o n a l   c o e g f i c i e n t  s. 

Using the  equat ions  and  boundary  condi t ions  der ived  in   Chapter  3,  the com- 

pos i t ion   changes   in  a CA-acetone c a s t i n g   s o l u t i o n ,  immersed i n t o  a water 
ba th ,  are ca lcu la ted   in   Chapter  4. These composition  changes are ca l cu la t ed  

using  experimental  hydrodynamic  and  thermodynamic data from the t h r e e  limi- 

t ing  binary  mixtures .   Using the calculated  demixing gap for  the  system CA/ 

acetone/water,  the c o n c e n t r a t i o n   p r o f i l e  a t  the very moment of   onse t   o f   l iq -  

uid-liquid  demixing  in the  immersed s o l u t i o n  fi lm is  predic ted .  The ca lcu la-  

t ed  and  experimentally  found moment of  onset  of  l iquid-liquid  demixing are 

compared fo r   va ry ing   ca s t ing   so lu t ion   compos i t ions .  

Chapter 5 is concerned wi th  the inf luence   o f  the  CA po lydispers i ty   and  the  

solvent  type  used  on  the  l iquid-liquid  demixing  behavior  of  CA/solvent/water 

systems.  Experimentally  obtained  compositions of coexisting  phases  and  cloud 

p o i n t s  are compared' with' ca lcu la ted   compbsi t ions   o f   coexis t ing   phases   and  

b i n o d a l   c u r v e s ,   i n   o r d e r   t o   v e r i f y  t h e  e x p r e s s i o n   f o r  t h e  f ree  energy  of a 

te rnary   sys tem  g iven   in   Chapter  3. 
Using  equations  and  boundary  conditions  derived  in  Chapter 3 and  experimen- 

t a l  f r i c t i o n a l   c o e f f i c i e n t s   f o r  the system  CA/dioxane/water, the  composition 

changes  and the  moment of   onset   of   l iquid- l iquid  demixing  in   an immersed f i l m  

are ca l cu la t ed   i n   Chap te r  6 ,  for   systems,  with varying  values   of  t h e  thermody- 

namic interact ion  parameters .  For various  CA/solvent/water  systems the  time 
i n t e r v a l   . i n  between  immersion  of t h e  fi lm and  onset  of  l iquid-liquid  demixing 

i s  also measured  by means of l i g h t   t r a n s m l s s i o n  measurements. 
In  Chapter 7 the  r e l a t i o n  between the  cas t ing   so lu t ion   composi t ion ,  t h e  

coagula t ion  bath compositions  and t h e  components  used  on the  one  hand,  and 
the  morphology  of t h e   u l t i m a t e  membrane obtained  by means of  immersion  preci- 

p i t a t i o n ~   o n  the other  hand, is discussed  using  calculated  and  experimental  

data from t h i s   t h e s i s   a n d  from l i t e r a t u r e .  

I n  the Appendix of  t h i s  thesis some empir ica l  c r i te r ia  f o r   t h e   o c c u r r e n c e  
of  macrovoids i n  membranes are der ived  f rom  .experimental  data. A theory  is 

proposed. which exp la ins  t he .  formation of macrovoids  during t h e  immersion  pre- 
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2. DEMIXING  AND  GELATION  BEHAVIOR OF TERNARY  CELLULOSE  ACETATE SOLUTIONS 

By A.J. Reuvers, F.W. Altena  and C.A. Smolders 

2.1 . Summary 

The demixing  behavior   on  cool ing  of   ternary  systems  of   cel lulose  acetate/  

so lvent /water  has been  examined' f o r  CA concen t r a t ions   up   t o  40 w t  .$ CA i n  

seve ra l   so lven t s .  Cloud points  have  been  measured as a func t ion   of   cool ing  

rate.  The rap id   p rocess   o f   l iqu idr l iqu id   demixing   can  b e  discriminated  from 

the s low  process   of   aggregate   formation by  examining the dependence  of the  

cloud  point   on the cool ing  rate and by s t r u c t u r e   a n a l y s i s   o f  quenched  solu- 

t i ons   w i th   s cann ing   e l ec t ron  micr,oscopy. The appearance  of  aggregate  forma- 

t i o n  depends  strongly  on  the  type  of  solvent.  Slow cool ing   of   t e rnary  solu- 
t i o n s   i n  which  acetone is  the so lven t  leads to   aggrega te   format ion   long  be.- 

fo re   l i qu id i l i qu id   demix ing   occu r s .  

I n  addition,  isothermal  sol-gel  transit ions  have  been  measured  for  quenched 

s o l u t i o n s  a t  varying  gelat ' ion times. It is  concluded tha t  g e l a t i o n  is  no t  al- 

ways preceded  by  aggregate  formation. 

2.2. Introduction 

This i n v e s t i g a t i o n   i n t o  the demixing  behavior   of   ternary,   cel lulose acetate 

( C A )  s o l u t i o n s  has been   ca r r i ed   ou t   i n   o rde r   t o   ob ta in   expe r imen ta l  data, 

which are. necessa ry   t o  describe' the  formation mechanism of  asymmetric mem+ 

branes  produced  by means of the immersion p r e c i p i t a t i o n   p r o c e s s .  

Asymmetric membranes o f  CA can b e  obtained  by  immersing a f i l m  of a b inary  

polymer s o l u t i o n   i n t o  a water bath.  During  immersion there is  a rapid  ex-  
change  of  solvent  and  nonsolvent  in the  polymer film, which leads t o   t h e   f o r i  

mation  of  an  asymmetric membrane cons is t ing   o f  a dense  top  layer   and a porous 

substructure.  Depending  on the s p e c i f i c   s o l v e n t ,  t h e  top   l aye r   can   va ry   i n  

dens i ty  and th i ckness  .[l 1. These s t r u c t u r a l   p r o p e r t i e s  are o f   g r e a t   r e l e v a n c e  
t o  the t r a n s p o r t   c h a r a c t e r i s t i c s   o f  the  f i n a l  membra.ne, such as $he  degree  of 

s e l e c t i v i t y  and the permeabili ty.  To understand the inf luence   o f  the type   o f  
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so lvent   used   on   the   top   l ayer   s t ruc ture  we must s tudy two c h a r a c t e r i s t i c  fea- 
tu re s .  First, we must know  how the type   o f   so lvent   in f luences   the   concent ra -  

t i o n   p r o f i l e   i n  the  f i l m   d u r i n g .  the precipi ta t ion  process .   Secondg we must 

know t h e  demixing  behavior  and the kinet ics   of   demixing as a func t ion  of t he  

compos i t i o n   o f  the t e rna ry   sys t em polymer/solvent/nonsolvent o 

This s tudy is concerned with the s e c o n d   c h a r a c t e r i s t i c .  We have  fobcused  our 
a t tent ion  on  the  ternary  systems  CA/solvent /water  where the so lven t  is either 

dioxane,  acetone, or te t rahydrofuran  (THF). The so lven t s  are miscible with 

water i n  a l l  proport ions.  

We examined the three sys tems  for  the following  types  of  demixing  proces- 

ses. 

(1  ) Liquid- l iquid  phase  separat ion.  On cool ing ,  a polymer s o l u t i o n  may be- 

come metastable and may t h e n   s e p a r a t e   i n t o  two l iquid  phases   through  nucle-  

a t ion  and  growth  of   one  of  the  phases. 

( 2 )  Formati0.n  of  aggregates. On c o o l i n g ,   t h e   s o l u t i o n  may become metas tab le  

and may then  demix as a re su l t   o f   agg rega t ion   o f  the polymer  molecules,  pos- 
s i b l y  induced by  c r y s t a l l i z a t i o n ,  One c o u l d   a l s o  ca l l  t h i s  .process   precipi ta-  

t ion. 

These  processes  can b e  discr iminated  by  examining  the  kinet ics   of   demixing.  

A t  a low degree  of   supercool ing t h e  formation  of   aggregates  is supposed t o  be  

a slower  process  than  l iquid-liquid  phase  separation.  Because  the CA so lu-  

t i o n s   s t u d i e d  showed a r a p i d   g e l a t i o n  af ter  t h e  demixing  process, we could 

a l s o  examine the  type  of  demixing  by, means of  s t r u c t u r e   a n a l y s e s   o f   t h e   f i n a l  

product with the  aid of electron  microscopy. 

Besides studying t h e  na tu re  of the demixing  processes we a l s o   i n v e s t i g a t e d  

the ge la t ion   behavior   o f  the systems. 

I n  the pas t  the demixing  behavior   and  gelat ion  behavior   of   several   ternary 

polymer  soIutions  have  been  investigated [ 2 ] .  P a r t i c u l a r l y ,  the system  poly- 
acry loni t r i le   (PAN)/so lvent /water  has been the o b j e c t   o f   i n t e n s i v e  research 

[3-8], i n v e s t i g a t i o n s   i n t o  the demixing  behavior  of  the  system CA/solvent/wa- 
ter have  been limited to   c loud   po in t   measurements   for  CA concent ra t ions  less 

than  25% f o r   s e v e r a l   s o l v e n t s   i n c l u d i n g   a c e t o n e  [l 0-1 21 and  dioxane [g-1 1 1  o 

Since the kinet ics   of   demixing w a s  no t   t aken   in to   account  it w a s  no t   poss ib l e  
to   judge   f rom the  r e s u l t s  what. kind  of  demixing  process  caused the t u r b i d i -  

t y  



2.3. Experimental  procedures 

- Materials used and  preparation of the samples - 
CA was ob'tained  from  Eastman Kodak w i t h  an   ace ty l   conten t   o f   39 .8% and a 

v i s c o s i t y  number 3 (ASTM). The s o l v e n t s  were of   reagent   grade  and were used 

wi thout   fur ther   pur i f ica t ion ,   except   for   d ry ing   on   molecular   s ieves .  The wa- 

ter  was demine ra l i zed   and   u l t r a f i l t r a t ed .  

Solu t ions  were p repa red   i n ' g l a s s   t ubes ,  which were sealed under vacuum a t  

l i qu id   n i t rogen   t empera tu re .   So lu t ions   fo r   t he   de t e rmina t ion   o f  the so l -ge l  

t r a n s i t i o n s  were provided with a mercury  drop of 0.1 g i n  t h e  tube .   Solu t ions  

used   for   quenching   to  2OoC were p repa red   i n   t ubes  w i t h  an   inner  diameter of 4 
mm and a wall t h i ckness  of 1 mm. The tubes  were r o t a t e d  and  heated a t  90°C 

f o r  a t  least 2 days t o  o b t a i n  homogeneous so lu t ions .  

- Determination of the cloud poin€s - 
Both the  formation  of  aggregates  and t h e  l iqu id- l iqu id   phase   separa t ion  

process  were accompanied  by  very  strong  l ight,   scattering;  sometimes the  so lu-  

t i o n s  became milky  white.  Therefore, it was s u f f i c i e n t   t o  measure'  changes i n  

l i gh t   t r ansmiss ion   o f   t he   s amples   i n s t ead  of c h a n g e s   i n   l i g h t   s c a t t e r i n g  un- 

der a ce r t a in   ang le .  The l i g h t   s o u r c e  was a ,helium-neon laser. The i n t e n s i t y  

o f   t h e   t r a n s m i t t e d   l i g h t  was monitored  on a recorder  and was measured as a 

func t ion  of t h e  temperature a t  two cool ing  ra t  es : O. 6 and O .02OC/min. For a 

detailed d e s c r i p t i o n   o f  t h i s  technique  we refer  t o  Wijmans [ 13 ] .  

The temperature a t  which the i n t e n s i t y   o f  the t r a n s m i t t e d   l i g h t  became less 

than  the  i n t e n s i t y   o f   a n  homogeneous s o l u t i o n  was called t h e  cloud  point  tem- 
pera ture .  Th i s  temperature was measured  within  an  accuracy  of 2 O C  i n ' t h e   c a s e  
of aggrega te   format ion   and   wi th in   an   e r ror  of 0 . 5 O C  i n  the case of l i qu id -  

l iquid- l iquid  phase  separat ion.  We measured t h e  cloud  point   temperature  as a 

func t ion  of the nonsolvent / so lvent   ra t io  a t  constant  polymer  concentration. 

In te rp 'o la t ion  l e d  t o  the composition wi th  a cloud  point   temperature  of 2OOC. 

This procedure was r e p e a t e d   f o r   s e v e r a l  polymer  concentrations.  

. .  
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- Determination of the Type of Demixing Process. - 

As. mentioned  before, the  formation  of   aggregates  is supposed t o  be  a slower 

process   than  l iquid- l iquid  demixing at a low degree  of   supercool ing.  If the  

cloud  point  temperature  does  not  depend  on  ' the  cooling rate we assume t h a t  

l iquid- l iquid  demixing takes place. When the cloud  point  temperature  measured 

does  depend  on the  cool ing  rate w e  assume that the t u r b i d i t y  is caused  by 

aggregate  formation. 

As w i l 1  become c l e a r   f u r t h e r   o n ,   i n  the  case  of  CA/acetone/water  solutio.ns,  

i n  t h e  concen t r a t ion   r ange   o f   i n t e re s t  the aggregate  formation was found t o  

be  s o  r a p i d  that the liquid-liquid  demixing  gap  could  not b e  reached without  

aggregate   formation  taking  place.  Hence, for   th i s   sys tem  c loud   po in t   measure-  

ments  could  not be used t o  determine the e x a c t   p o s i t i o n   o f  the l iqu id - l iqu id  

demixing  gap,  and we had t o   u s e  a s p e c i a l  method t o   d e t e r m i n e  i t s  pos i t ion .  

We assumed -that a so lu t ion   having  a composition that  is s i t u a t e d   i n  the 

l iquid- l iquid  demixing gap at 20°C is able t o   s e p a r a t e   i n t o  two l iqu id   phases  
upon quenching t o  20°C  by  means of  the nucleation  and  growth mechanism unt i1 

aggrega te   fo r rna t ion ' and   ge l a t ion   i n  the concentrated  phase  s top t h i s  process .  

I n  a solut ion  which  has  a composi t ion  that  is  s i t u a t e d   o u t s i d e  the l i q u i d -  

l i q u i d  demixing  gap  only  aggregate  formation  occurs upon quenching t o  20°C. 

S t r u c t u r e   a n a l y s i s  with scanning  e lectron  microscopy (SEM) can   r evea l  the 

d i f f e r e n c e   i n   s t r u c t u r e   d u e   t o  the d i f fe ren t   demixing   processes .  

Therefore ,  we prepared   so lu t ions  with a h ighe r   nonso lven t / so lven t   r a t io  

than  the cloud  point  compositions  already  determined. A t  constant  polymer 

concent ra t ion  w e  p repa red   s eve ra l   so lu t ions  with varying  nonsolvent /solvent  
r a t i o .  After being homogenized at 90°C the s o l u t i o n s  were quenched i n  a 2 O o C  

thermosta te  bath. The tubes  were kept  -at t h i s  tempera ture   for  24 h, during 

which aggrega tes  were formed,   which   resu l ted   in  a s t f f f   g e l  network. Then the 

tubes  were b r o k e n   i n   o r d e r   t o  remove the gels.  Samples  of the g e l s  were 

treated f o r   s t r u c t u r e   a n a l y s i s   w i t h  SEM i n  two d i f f e r e n t  ways. 

( l  ) -The g e l s  were p u t   i n  two süccess ive   so lven t   ex t r ac t ion  baths with non- 

so lvent / so lvent  mass r a t i o s   o f  50150 and 100/0, r e spec t ive ly .  Then they were 

quenched in   l iqu id   n i t rogen ,   b roken ,   and  dr ied.  The baths  were n e c e s s a r y   t o  
ob ta in  stiff gels that could be dr ied wi thout   des t roying  the s t r u c t u r e .  A 

t h ln   conduc t ive   go ld   coa t ing  was sput te red   on  t h e  f r a c t u r e   s u r f a c e ,  and the 

samples  were examined with SEM. 

(2) 'TO avoid .   poss ib le   s t ruc ture   t ransformat ions   caused .   by  the so lven t  ex- 
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t r ac t ion   ba ths   and   t he   d ry ing   p rocess  we a l s o  examined t h e   s t r u c t u r e   o f  the  

gels   without   any  pretreatment .  The g e l s  were quenched i n   l i q u i d   n i t r o g e n ,  

broken,  and the f r a c t u r e   s u r f a c e s  were examined a t  -160OC wi th  SEM equipped 

with a cryo-unit. A disadvantage  of t h i s  method is  t h e   p o s s i b i l i t y   o f  de- 

s t r o y i n g  the s t r u c t u r e  by c rys ta l   format ion   and   the   lower   conduct iv i ty   o f  the  

sample  surface as compared t o  the previously  mentioned  sample'   preparation 

procedure where a gold   l ayer  was appl ied .  

- Determination of the isothermal solegel transition b 

The t ernary  systems  CA/dioxane/water  and  CA/acetone/water  have  been  charac- 

t e r i z e d  with r e s p e c t   t o   t h e i r   g e l a t i o n   b e h a v i o r .  We have  measured t h e  posi-  
t i o n   o f  t h e  s o l - g e l   t r a n s i t i o n   i n  the ternary  diagram by means of t h e  f a l l i n g  

b a l l  method [ 141. A mercury  drop'of  about O .  1 g was pu t   i n   t he .   so lu t ions .  Ho- 

mogeneous f l u i d   s o l u t i o n s  a t  90°C were quenched t o  2OoC, and 'after 25 h the  

tubes  were turned  upside down., . I f  t h e  mercury  drop moved downward we classi- 

f i e d  t h e   s o l u t i o n  as a l i q u i d .  If thewdrop d i d  no t  move we c l a s s i f i e d  t h e  so-  

l u t i o n  as a ge l .  We repea ted   the   exper iment ,  with a time a l lowed   fo r   ge l a t ion  

of  100 h. After some preliminary  measurements we e,xamined about 50 d i f f e r e n t  

s o l u t i o n s  with dioxane as the  solvent   and  about  25 s o l u t i o n s  wi th  ace tone .   as  

the so lven t  with compositions  near the s o l t g e l   t r a n s  it ion. 

O 

2.4. Results 

I n  t h i s  s e c t i o n  we f i r s t   d i s c u s s   t h e   r e s u l t s   o f  the cloud  point  measure- 

m e n t s   o f ' t h e   t h r e e   t e r n a r y   s y s t e m s   o f   i n t e r e s t .  For t he   sys t em CA/acetone/wa- 
ter  these r e s u l t s   g a v e   u s  no information  about  the  a c t u a l   l o c a t i o n   o f  the 

liquid-liquid  demixing  gap.  Therefore, we used   t he   spec ia l   t echn ique  as de- 

scribed in   t he   expe r imen ta l   ' s ec t ion   t o   de t e rmine   t he   l i qu id - l iqu id   demix ing  
gap f o r  t h i s  system. The r e s u l t s  are descr ibed   in  the  second  par t   o f  t h i s  

sec t ion . .  The las t  p a r t  of t h i s  s e c t i o n  is  d.evoted. t o   t h e   d e t e r m i n a t i o n  of the  

p o s i t i o n  of the so l -ge l   t rans i t ions   in   the   sys tems  CA/dioxane/water   and  CA/ 

acetoneJwat er. . 
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- Cloud point'me'asurements - 

In Figure  l the cloud  point  compositions a t  2OoC have   been   p lo t t ed   fo r   t he  
three solvents ,   determined a t  two d i f f e r e n t   c o o l i n g  'rates. 

For the system CA/THF/water the l o c a t i o n  o'f the cloud  point   curve  does  not  

depend  on t h e  cool ing  rate up t o  40 w t . %  CA. I n  t h i s  case t h e   c l o u d   p o i n t  

curve  discriminates  between homogeneous so lu t ions   and   so lu t ions  which sepa- 

rate i n t o  two l iqu id   phases .  

For the  system  CA/dioxane/water the l o c a t i o n  of the cloud  point   curve  does 

not  depend on the cool ing  rate up t o  26 w t . %  CA. This  i s  in   accordance  with 

t h e   r e s u l t s   f o u n d  by Altèna [g].  Above 26  wt.$ CA the l o c a t i o n  of the   c loud  
point  curve  depends  on the cool ing  rate. For a cool ing rate h igher   than  

0.60C/min the  locat ion  of   the  c loud  point   curve  does  not   change  any more. 

Therefore ,  we conclude that above 26 w t .  CA the cloud  point   curve a t  a cool- 

ing  rate of Qe02OC/min is caused  by  aggregate  formation  and that the c loud  

point   curve a t  a cool ing rate of  0,60C/min is caused by l i qu id - l iqu id  demix- 

ing  o 

10/90 ' I l I I 

, 0.1 0.2 0.3 0.4 

CA (weight fraction) 

Fig. 1. Cloud poin t   composi t ions   for   t e rnary  CA s o l u t i o n s  at 2OoC f o r  three 
solven.ts.  Cooling rate: 0.6°C/min (t> and .0.02OC/rnin ( O ) .  



As we can see from  Figure l the l o c a t i o n  of t h e   c l o u d   p o i n t   c u r v e   f o r   t h e  

system  CA/acetone/water  depends  on the cool ing  ra t  e f o r  a l l  C A  concent ra t ions  

considered. For a cool ing  ra te  higher than  O.G0C/min the  l o c a t i o n  of the  

cloud  point   curve  changes  fur ther .   Therefore ,  we conclude that  for   both  cool-  

i n g  rates the   c loud   po in t s  are caused  by  aggregate  formation. 

- SEM a n a l y s i s  - 
Evidently,  more rapid  cool ing  should be c a r r i e d   o u t   t o  b e  able t o   s u r p a s s  

aggrega te   fo rma t ion   and   t o   en t e r  t h e  1 iquid-liquid  phase  separation  gap. By 
careful ly   choosing t h e  composition,  quenching the s o l u t i o n   t o  2OoC, and ap- 

p ly ing   t he  SEM ana lys is   t echnique  as desc r ibed   i n   t he   expe r imen ta l   s ec t ion  we 

were able. t o  determine a t  what  composition  l iquid-liquid  phase  separation  oc- 

c u r s  a t  2 O O C .  

Fig. 2. SEM .micrographs f o r  30 wt.% t e rna ry  CA s o l u t i o n s  quenched t o  2OOC. 
Water /ace tone   ra t io :  (a)  36/64; (b) 37/63; (c )  38/62; ( d )  40/60. 
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From the. micrographs  presented  ,in.  Fkgure 2 it can b e  seen  that i n  '30 wt.$ 
CA s o l u t i o n s  with w a t e r l a c e t o n e   r a t i o s  of 40/60  and  38/62,  liquid-liquid 

phase  separat ion has taken  place:  the l a r g e   v o i d s  are c l e a r l y   t h e   r e s u l t   o f  

nucleation  and  growth of the d i lu ted   phase .  The growth  process was stopped 

because  of a consecu t ive   ge l a t ion   o f  the concentrated  phase  surrounding the 

nucle i .  It c a n   a l s o  be  seen  that i n  the concentrated  phase,   aggregate  forma- 

t i on   t ook   p l ace .  The aggrega tes   exhib i t  a f i b r o u s   s t r u c t u r e .   I n  the s o l u t i o n s  

wi th  a water /ace tone   ra t io   <38/62 ,   on ly   aggrega te   format ion  t ook  place.  

From Figure 3 w e  see that so lu t ions   con ta in ing  20 w t  .% CA with a water/ace.- 

t o n e   r a t i o  >38/62 are s i t u a t e d   i n s i d e  t he  liquid-liquid  demixing  gap. Compa- 

r i s o n  of  F igure   3 (  d) and 3 (b)  shows t h a t   i n  case 3 (d)  the  concentrated  phase 

is dense r   t han   i n  case 3 (b ) .  This is  t o  be  expected  s ince  l iquid- l iquid  phase 

sepa ra t ion  is l i k e l y   t o  lead t o  a higher   polymer  concentrat ion  in  the  concen- 

trated phase when the  demixing  gap is ent  ere d f w t h e r  . 

Fig. 3. SEM micrographs.   for 20 . w t .  g t e r n a r y  CA so lu t ions   quenched   t o  2OOC. 
Ma&-/acetone  ra t io:  (a)  38/62; ( b )  39/61; ( c )  40/60; (d) 42:5/57.5. 
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All micrographs shown i n   t h i s   p a p e r   o r i g i n a t e  f rom  gels   that   have  been  put  

i n   t w o , s u c c e s s i v e   s o l v e n t   e x t r a c t i o n  baths  and  have  been d r i e d  before  exami- 

na t ion  with the  SEM, except the  micrograph  represented  in   Figure Q(,) .  T h i s  

micrograph  represents  a gel   analyzed  using t h e  SEM in  combination with the  

cryo-unit.  Comparison  of  Figure 4(a) with 4(b)  l e a d s   t o  t h e  conclusion that 

both ways o f \   p repa r ing   t he   s amples   fo r  SEM ana lys i s   g ive  the  same p i c t u r e  and 

t h e r e f o r e  do not lead t o   s e r i o u s   c h a n g e s   o f  the s t r u c t u r e .  

A t  lower CA concentrat ions  [Fig.   4(c)   and ( d ) ]  t h e   d r o p l e t s  which c o n s i s t  

of the di luted  phase  have  coalesced  to   form  larger   droplets   before   gelat ion 

of  the concentrated  phase  took  place. T h i s  can  b e  understood  s ince it t akes  

more time before  the  aggregates  in  the  concentrated  phase  form a continuous 

network  which  could  oppose  further  coalescence.  

Fig. 4. SEM micrographs for  t e r n a r y  CA s o l u t i o n s  quenched t o  2OOC. Water/ 
a c e t o n e   r a t i o :  42.5157.5 w t . %  CA: ( a )  20 (sample  prepared  without  solvent 
l each ing) ;  (b)  2 0 ;  (c )  15;  (d)  12.5. 



From Figure 5 it can b e  seen  that  f o r  a 10% CA s o l u t i o n  wi th  a water/ ace- 

t o n e   r a t i o  of  40/60 coalescence  of  the d i lu ted   phase  took place,  whereas a 

s o l u t i o n  with a wa te r / ace tone   r a t io   o f  39/61 did n o t   s e p a r a t e   i n t o  two l i q u i d  

phases, so  that coalescence  could  not  t a k e  p l ace  here. Again, t h i s  shows that 

with the  combination  of  quenching  and SEM a n a l y s i s  described i n  this paper   an 

accurate   and reliable determinat ion  of  t h e  l o c a t i o n   o f  the l iqu id+- l iqu id  de- 

mixing  gap i s  poss ib le .  

Fig, 5. SEM micrographs  for 10 w t . %  t e rna ry  CA solut ions  quenched t o  2OOC. 
Water /acetone  ra t io:  (a) 39/61; (b)  40/60. 

The r e s u l t s   o f .  the cloud  point  measurements  and t h e  SEM ana lys i s   can   be  

combined t o  g ive   i so thermal  (2OOC) ' r ep resen ta t ions  o f  ternary  phase  diagrams 

for  both  CA/acetone/water  (Fig. 7 )  and  CA/dioxane/water (Fig. 6 ) .  

- Solegel t rans i t ions  - 
For the  system  CA/dioxane/water we have   de t e rmined   t he   so l -ge l   t r ans i t i on  

from 10% CA u n t i l  52% CA. For the system  CA/acetone/water w e  have  determined 
the s-01-gel t r a n s i t i o n   f r o m  10% CA u n t t l  40% CA. For a l l  experiments  done the 

upper limit f o r  the CA eoncent ra t ion   o f   the   examined   so lu t ions  i s  given  by 

the  fact that no  homogeneous so lu t ion   cou ld  be obtained  within  2  days a t  
90°C. Longer  exposure t o  t h i s  temperature  leads t o  a degrada t ion .of  the poly- 
mer. The r e s u l t s  of the i n v e s t i g a t i o n   i n t o  the l o c a t i o n  of .the so l -ge l   t ran-  
s i t z o n  are rep resen ted   i n   F igu res  6 and 7. 
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Fig. 6. Isothermal  phase  behavior for  the  system  CA/dioxane/water a t  Z O O C .  

(a)  Liquid-liquid  demixing  gap  (aetermined  by  cloud  point  measurements. ( b )  
Cloud  point  curve  (cooligg rate:  0.02OC/min). ( c )  S o l - g e l   t r a n s i t i o n  (time 
allowed for  ge l a t ion :  25 h).  ( d )  So l -ge l   t r ans i t i on  (time allowed f o r  
ge l a t ion :  1 O0 h) .  

acetone 90- 50 water 

Fig. 7. .Isothermal  phase  behavior for  the  system  CA/acetone/wat er a t  2OOC. 
(a)  Liquid-liquid  demixing  gap  (determined  by  structure  analysis) .  ( b )  Cloud 
point   curve  (cool ing rate: 0.02°C/min). ( c )  S o l - g e l   t r a n s i t i o n  (time allowed 
f o r  ge l a t ion :  25 h).. ( d )  S o l - g e l   t r a n s i t i o n  (time allowed for  ge l a t ion :  100 
h) 



It can be  concluded that t h e  time a l l o w e d   f o r   t h e   g e l a t i o n   p r o c e s s   i h f l u e n c e s  

the p o s i t i o n   o f  the s o l - g e l   t r a n s i t i o n .  The measured  sol-gel   t ransi t ions  and 

so l - aggrega te   t r ans i t i ons  are n o n e q u i l i b r i u m   t r a n s i t   i o n s  o The 1 iquid- l iqu id  

demixing  curves  represent the t r a n s i t i o n  between  equilibrium  phases  because 

t h e  l o c a t i o n   o f  these curves  does  not   depend  on  the  cool ing rate. 

2,5. Discussion 

By vary ing   the   cool ing  rate (CA/dioxane/water)  and  examining t h e  s t r u c t u r e  
of  quenched  solutions  (CA/acetone/water) w e  were able to   d i scr imina te   be tween 

aggregate  formation  and  l iquid-liquid  demixing. It was found tha t  aggrega te  

formation  s t rongly  depends on the kind  of   solvent .  With acetone,   aggregates  

are formed  even a t  very low CA concent ra t ions  (2 w t .  X ) .  On the   con t r a ry ,  with 

THF, aggregate   formation  only takes p lace  a t  vecy  high CA concent ra t ions  

(>40  wt,$).  By coo l ing   t e rna ry   so lu t ions   o f  PP0 [ l 6 1  and PAN [3$4]  it was 

a l s o  found that aggrega te   forga t ion  set s in   before   1- iquid- l iquid  demixing 

takes p lace .   In   ou r   op in ion ,   t he   me thods   desc r ibed   i n  t h i s  paper  could be 

used to   de te rmine  the  a c t u a l   p o s i t i o n  o f  the l iquid- l iquid  demixing gap f o r  
these systems.  In  points  ( l)L-.(3) w e  g i v e  some f u r t h e r  comments. 

(1 ) I n   f i g u r e  8 o u r   r e s u l t s   f o r  the system  CA/acetone/water are presented  

toge the r  with the resu l t s   g iven   by   S t ra thmann [ 121, Frommer [l  1 1 and  Guillo- 

t i n   [ l  O ] .  The r e s u l t s   g i v e n  by Frommer and  Guil lot in  are c loud   po in ts  deter- 

mined  by t i t r a t i o n   o f  water', The au tho r s   do   no t   g ive   quan t i t a t ive   i n fo rma t ion  

about  the time e f f e c t s   o f  their observat ions.  The cloud  point   curve  given  by 

Strathmann is part ly   determined  by means o f   t i t r a t i o n   o f  water. The upper  and 

lower   par t   o f  the curve  given by Strathmann are determined  by  adding a spec i -  

f i c  amount of water t o  a CA so lu t ion   and   s epa ra t ing  the concen t r a t ed   pa r t   o f  

the demixed so lu t ion   f rom the d i l u t e d   p a r t .  The compositions  of the concen- 

trated and  d i lu ted   par t   form th.e upper  and  lower  part   of the cloud  point  
curve  given  by  Strathmann. 

The  c loud   po in t s   g iven   i n  the l i t e r a t u r e   d i f f e r   t o  a large extent., I n   o u r  

op in ion  this is  caused  by the fact  that d i f f e r e n t  times were a l lowed  for  the 

s o l u t i o n s   t o  demix. I n  the t e r n a r y  phase diagram the, c loud   po in t s  are s i t u a t -  
ed at t h e  l e f t  of  the liquid-liquid  demixing  gap  determined with our  quench- 
ing  technique, .  T h i s  means that  the  c loud   po in ts  are probably  caused by aggre- 
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Fig. .8. Isothermal  phase  behavior  for t h e  system  CA/acetone/water a t  2 O O C .  
(a)  Liquid-liquid  demixing  gap ( t h i s   w o r k ) .  ( b )  Cloud p o i n t   c u r v e   ( t h i s  work, 
cooling rate:  0.02°C/min). ( c )  Cloud point  curve  Strathmann [12]. ( o )  Cloud 
po in t   Gu i l lo t in  [ l  O ] .  (+ )  Cloud poin t  Frommer [ l  1 1 .  

gate   formation  and  not  by liquid-liqud  demixing. The upper  and  lower  parts  of 
the cloud  point  curve  given  by  Strathmann are n o t   i d e n t i c a l   t o   t h e   l i q u i d -  

' liquid  demixing  curve, as he  supposes ,   s ince  he  ignores  the inf luence   o f  ag- 

gregate   formation  and  gelat ion  on t h i s  type  of  experiment. 

(2 )  I n  t h i s  paper we do n o t   i n t e n d   t o   e x p l a i n  the  mechanism of   aggrega te  

formation.  Nevertheless,  some remarks can be made on t h i s  phenomenon. We 

th ink  tha t  m i c r o c r y s t a l l i t e s  are r e s p o n s i b l e   f o r   t h e   s o l i d   s t r u c t u r e   o f   t h e  

aggregates  because  of the  following  reasons.  

(a) We observed a la rge   d i f fe rence   be tween the temperature   a t   which t h e  ag- 

g rega te s  are formed  and  gelation sets i n  and the  temperature a t  which the  ag- 
grega tes   d i sso lve   and  the s t r u c t u r e  becomes f l u i d .  We measured that t h i s  tem- 

p e r a t u r e   d i f f e r e n c e  is  4OoC fo r  a 30 wt.$ CA s o l u t i o n  with a water/acetone . 

r a t i o   o f  25/75. According t o  Tan [ l  51 t h i s  tempera ture   d i f fe rence   on ly   occurs  

when mier ocrys t a l l  it es ar e formed. 

( b )  C r y s t a l l i z a t i o n  is a slow  process  in  comparison wi th  l i qu id - l iqu id  de- 

mixing  because  of the time needed f o r   o r i e n t a t i o n   o f  the polymer  molecules, 

both  for   nucleus  formation  and  for ,   growth.  
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(c )   Aggrega te   fo rma t ion   a l so   occu r s   i n   so lu t ions   o f  PP0 [ l 6  I but   'does   not  

occur   in   (even  very  concentrated)   solut ions of polysulfone.  P P 0  is  a semi- 

c r y s t a l l i n e  polymer j u s t  l i k e  CA; po lysu l fone  is a completely  amorphous  poly- 
mer. To ge t  more information  about the r o l e   o f   c r y s t a l l i z a t i o n   d u r i n g   a g g r e -  

ga te   format ion  it is  n e c e s s a r y   t o  do DSC experiments [lí']. 

Labudzinska [3,4] has examined the in t e r r e l a t ion   be tween   aggrega te  forma- 

t i o n   a n d   g e l a t i o n   f o r   t e r n a r y   s o l u t i o n s   o f  PAN and PVA by means o f   l i g h t  

s c a t t e r i n g  and viscosity  measurements.   She  concludes that g e l a t i o n  i s  n o t  

necessar i ly   preceded by aggregate  formation. This  is in  agreement with our 

observa t ions .  We observed that a l l  examined  CA/acetone/water  gels were tu?  

b id ,  whereas clear CA/dioxane/water gels   could  be  obtained.  So we conclude 
that t h e  g e l a t i o n   o f  the examined  CA/acetone/water  gels is always  preceded by 

aggregate   formation,   while   CA/dioxane/water   solut ions  a lso  form gels without  

the formation o f  l a r g e ,   s t r o n g l y   l i g h t   s c a t t e r i n g   a g g r e g a t e s .  

(3  ) I n   o r d e r   t o  draw conclusions  about the ro le   o f   aggrega te   f .o rmat ion  

during t h e  membrane formation  process  it is necessary to know more about the 

k i n e t i c s  of aggregate   formation a t  high CA concent ra t ions .  The concent ra t ion  

changes i n   t h e   p r e c i p i t a t i n g  polymer film are s o  r a p i d  that the slow  process 

of   aggrega te   format ion  a t  low CA concent ra t ions   can  be  easi ly   surpassed.   Liq-  
uid- l iquid  demixing  cer ta inly  plays a r o l e   d u r i n g  membrane formation. This 

phase  separat ion  process  is r e s p o n s i b l e   f o r  the formation  of  the porous  sub- 

s t r u c t u r e   o f  the membrane. A s  already  mentioned  by  Ziabicki [;Z] it is  a l s o  

impor tan t   to  know more about  the kioetics of l iqu id- l iqu id   demixing   in   t e rna-  

r y  polymer  solutions.   In  .combination with knowledge about  the d i f f u s i o n  be- 

havior   during membrane formation w e  hope t o  be  able t o  say more-  about t h e  

th ickness   o f  the  t o p   l a y e r  of the membrane. Fu r the r   i nves t iga t ions  w i l l  be  

carried out   on the k ine t ics   o f   l iqu id- l iqu id ,   phase   separa t ion .  

2.6. Conclusions 

F o r   t h e   i n t e r p r e t a t i o n  of t u r b i d i t y  measurements it is necessary t o  examine 
the in f luence   o f  the c o o l i n g . r a t e   o n  the l o c a t i o n   o f   t h e   c l o u d   p o i n t  composi- 
t i ons .  A s  long  as the  loca t ion-  of  the cloud  point  compositions  does  not de- 

pend on the cool ing  rate. w e  assume that l i qu id - l iqu id  phase sepa ra t ion  takes 

place.  
For the system  CA/acetone/ -=iter w e  used a new method t o  determine the iiq- 
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uid-liquid  demixing  gap. By quenching homogeneous s o l u t i o n s   t o  2OoC and  ana- 
l yz ing ,  the s t r u c t u r e   o f  t h e  demixed  and gelled s o l u t i o n  by means of e l e c t r o n  
microscopy we' were able to   discr iminate   between the two demixing  processes. 

This method c a n   a l s o  be app l i ed   t o   o the r   r ap ' i d ly   ge l l i ng   sys t ems .  For the  

system  examined  by  us t h i s  method leads t o  a cons iderable  improvement of the  

accu racy   o f ,  the phase  diagram. 

The au tho r s  wi.,,? to thank C . J .  Padberg for  performing a s u b s t a n t i a l   p a r t  o f  

the experimental  work and J.W.A. van de Berg f o r  h i s  h e l p f u l  remarks. 

2.7 . APPENDIX A. Demixing behavior of t e r n a r y   p o l y ( 2 , 6 ~ d i m e t h y l ~ l   , b p h e n y l .  

eneoxide)   solut ions 

The polymer  poly(2,6-dimethyl-l  ,4-phenyleneoxide) (PPO) is a s u i t a b l e  mem- 

brane material because  of i t s  good  chemical  and  physical  properties.  Broens 
e t  al .  [ l81  showed tha t  membranes wi th  p r o m i s i n g   u l t r a f i l t r a t i o n   p r o p e r t i e s  

are obtained i f  a c a s t i n g   s o i u t i o n   o f  1 O w t  .% PP0 i n  a 78/22  (wt.$)  mixture 

o f   t r i ch lo roe thy lene  ( T C E )  and  l-octanol (OcOH) is immersed i n t o  a coagula- 

t ion   ba th   conta in ing   methanol  (MeOH). 

Wijmans [ 161  inves t iga ted   phase   separa t ion  phenomena occur r ing   i n   so lu t ions  
prepared from t h i s  qua ternary   sys tem  in   o rder   to   e luc ida te  t he  mechanism of 

membrane formation.  Turbidity  measurements  on the  quaternary  system were per- 

formed a t  a cooling ra te  of O.l°C/min. It turned o u t  tha t  the  binary  system 

PPO-TCE demixes a t  a P P 0  concent ra t ion   o f  32 wt.$. A t  lower P P 0  concentra- 

t i o n s  a c e r t a i n  amount of  OcOh and/or MeOH had t o  b e  added t o  the b inary   sys-  

tem to   induce   demixing   of   the   so lu t ion  upon cool ing  to 2 5 O C .  From the  shape 

of the cloud  point   curve,  Wijmans c o n c l u d e d   t h a t   c r y s t a l l i z a t i o n  i s  respons i -  

b l e  for. the  t u r b i d i t y   i n c r e a s e  a t  h igh  PP0 concent ra t ions  and l iqu id- l iqu id  
demixing f o r  the t u r b i d i t y   i n c r e a s e  a t  high  nonsolvent   concentrat ions.  

I n  t h i s  chapter  we have shown t h a t   t h e   r a p i d   p r o c e s s  of 1 iquid-l   iquid de- 

mixing  can be d i s t ingu i shed  from the s low  process   of   aggregate   formation ( o r  

c r y s t a l l i z a t i o n )  by  examination of the  kinet ics   of   demixing.  To v e r i f y  the 

conclusions of Wijmans, the p o s i t i o n  of the  l iquid- l iquid  demixing gap is 
determined  for  the systems PPO/TCE/MeOH and PPO/TCE/OcOH i n  t he  following, 

way. 
A t  5 ,  1 O and 20 w t  .$ PPO, series of homogeneous s o l u t i o n s  were prepared, 



with nonso lven t / so lven t   r a t io s   equa l   t o   and   h ighe r   t han  the nonsolvent /sol-  
v e n t   r a t i o s  a t  the cloud  point  compositions  determined  by Wijmans. P P 0  was 

t a k e n   f r o m  the batch  used  by Wijmans 1161; fin = 21,000; GW = 56,000, Homoge- 

neous   so lu t ions  a t  90°C were quenched i n  a 25OC thermosta te   ba th ,  and the 

time i n t e r v a l  beween t h e  moment of quenching  and the o n s e t   o f   t u r b i d i t y  ( t he  

induct ion  time t g  ) was measured.  Turbidity was detected  by  visual   observa-  

t ion. 

For PPO/TCE/MeOH so lu t ions   con ta in ing  5 or  1 O w t  o PPO, t '  was always  too 

small t o  be  measurable. This means that  l iquid- l iquid  demixing is re spons ib l e  

f o r  the onse t   o f   t u rb id i ty .  

For PPO/TCE/MeOH so lu t ions   con ta in ing  20 w t  D Z P P 0  and f o r  a l l  PPO/TCE/OcOH 

s o l u t i o n s ,  t v  slowly  decreased with increasing  nonsolvent   concentrat ion  and 

t v  suddenly  dropped t o   z e r o  at a cer ta in   nonsolvent   concent ra t ion .  This i s  

schemat ica l ly   represented   in   F igure  Al . 

5 

nonsolvent/solvent rai-io 

Fig. AI, Schematic   representat ion of the induct ion  times f o r  demixing of 
quenched PPO/TCE/OcOH s o l u t i o n s  with a vary ing   nonsolvent / so lvent   ra t io .  

In  our   opinion the s h a r p   t r a n s i t i o n   i n   F i g u r e  Al  is  caused  by the Pac t  that 

c rys ' t a l l i za t ion   (o r   agg rega te   fo rma t ion )  is  r e spons ib l e  f o r  the onse t  o f  t u r -  
b i d i t y  at the le f t  hand side of this t r a n s i t i o n ,  whereas I fquid- l iqu id  demix- 
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ing  is r e s p o n s i b l e   f o r   t h e   o n s e t   o f   t u r b i d i t y  a t  the  r i g h t  hand s ide o f   t h e  

t r a n s  it ion. 

In   F igure  A 2  the  1 iquid-l   iquid  demixing  gaps,   thus  determined, are shown 

together   with  the  c loud  point   curves   determine 'd   by Wijmans. It c a n .  be seen  

that  f o r  the system PPO/TCE/MeOH, l iquid-liquid  demixing is re spons ib l e  f o r  

the   c loud   po in t   curve  a t  h igh  MeOH concent ra t ions .   This  i s  i n  agreement wi th  

the  conclusion  of Wijmans. For the  system PPO/TCE/OcOH however, c r y s t a l l i z a -  

t i o n  is  r e s p o n s i b l e   f o r  t h e  complete   c loud  point   curve,  from high  PP0 concen- 

t r a t i o n s   u n t i l   h i g h  OcOH concent ra t ions .  This  is  n o t   i n  agreement with Wij- 

mans' conclusions.  

b- liquid-liquid dernixmg  gap 
- cloud point curve (cooling 

rate : 0.1 "C/min) 

TCE .9 .d nonsolvent 

Fig. A2. Isothermal  phase  behavior  for PPO/TCE/nonsolvent  systems a t  25OC, 
using MeOH and .OcOH as nonsolvent   respect ively.  The cloud  point   curves   have 
been  taken  from Wijmans [ 161. The liquid-liquid  demixing  gaps  have  been 
measured  by means of  quenching  experiments. 

We have stated b e f o r e   i n   t h i s   c h a p t e r  that  the shape  of t h e  cloud  point  
curve,  measured a t  one  cool ing ra te  only,   gives  not  always  enough  information 

f o r  drawing  conclusions  about the p o s i t i o n  of the liquid-liquid  demixing  gap, 

as has t y p i c a l l y  been  done earlier by Wijmans. This   s ta tement  i s  now conf i r -  
med by the k i n e t i c  measurements  performed f o r   t h e   s y s t e m s  PPO/TCE/MeOH and 

PPO/TCE/OcOH. 
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3. A MODEL TO DESCRIBE THE .MASS TRANSFER DURING IMMERSION PRECIPITATION 

By A . J .  Reuvers, J .W.A.  van  den  Berg  and C.A. Smolders 

3.1 . Summary 

Equations  and  boundary  conditions are d e r i v e d   f o r  the i so the rma l   d i f fus ion  
p rocesses   i n   t he   coagu la t ion  bath and i n  the polymer s o l u t i o n  after immersion 

of  a c a s t   ( t e r n a r y )  polymer s o l u t i o n   i n t o  a (binary)   coagulat ion ba th .  

This  mass t r a n s f e r  is expressed  in  terms of  thermodynamic d r iv ing   fo rces  
and f r i c t i o n a l   c o e f f i c i e n t s .  The f r i c t i o n a l   c o e f f i c i e n t s   i n  the te rnary   sys-  

tem a r e  assumed t o  be in t e r r e l a t ed   t h rough  t h e  Onsage r   r ec ip roca l   r e l a t ions  

and t o  be  r e l a t e d   t o  the measu rab le   f r i c t iona l   coe f f i c i en t s   de f ined   i n   t he  

three  l imit ing  binary  composi t ion  ranges.  
In  combination with knowledge  about the demixing  processes, that can  take 

p l a c e   i n  the polymer so lu t ion   ( l i qu id - l iqu id   phase   s epa ra t ion  o r  s o l i d   l i k e  

aggrega te   fo rma t ion ) ,   t h i s  model makes it  p o s s i b l e   t o  calculate the polymer 

c o n c e n t r a t i o n   p r o f i i e   i n  ' the immersed fi lm a t  the moment of  demixing of the  

polymer so lu t ion  as a funct ion  of   several   process   parameters .  The ca l cu la t ed  
concent r ' a t ion   p rof i le   and  i ts  r e l a t i o n   t o  the asymmetr ic   s t ructure ,   of  the u l -  

timate membrane are presented  in   Chapter  4. 

3.2. In t roduct ion  

The prepara t ion  of asymmetric  polymeric membranes  by  means of immersion 

p r e c i p i t a t i o n   o f  a c a s t i n g   s o l u t i o n ,  started with the  development  of  reverse- 

osmosis membranes  by Loeb and  Sourirajan [ l  ] i n  1962. S i n c e   t h e n   d i f f e r e n t  

kinds  of  asymmetric membranes have  been  prepared by  means of  immersion  preci- 
p i t a t i o n .  The immersion  precipi ta t ion  process  is a l s o   u s e d   t o   p r e p a r e   t h e  
supporting l a y e r  of composite membranes. 

It is poss ib l e   t o   va ry  the membrane p r o p e r t i e s   t o  a g r e a t   e x t e n t ,  from  typ- 

ica l   reverse   osmosis   behavior  t o  microfil tration  behavior, .   by  changing the 

process   parameters   during membrane formation or by adding  extra  components t o  

the c a s t i n g   s o l u t i o n   o r   t o   t h e   c o a g u l a t i o n  bath. 
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The bas ic   p rocess   o f   immers ion   prec ip i ta t ion   can   be   car r ied   ou t  with three 
components.  Solvent  and  polymer are used   to   p repare   the   cas t ing   so lu t ion   and  

nonsolvent is used as the coagula t ion  bath. 

The formation  process  of the  membrane c a n   b e   s p l i t  up i n t o   t h r e e  parts: 

1 D Composition  changes i n  the  polymer so lu t ion   before   immers ion   in to  a coa- 

gu la t ion   ba th ,  by evaporat ion;  
2, Composition  changes i n  the  polymer s o l u t i o n   a f t e r  immersion i n t o  a coa- 

g u l a t i o n  bath pr ior   to   poss ib le   demixing   processes ;  

3e Demixing processes   which  take  place when the  composition  of  the  polymer 

s o l u t i o n  becomes metastable. 

Binary   d i f fus ion   dur ing  the time i n  between  casting  and  immersion  of  the 

polymer so lu t ion   ( the   evapora t ion   s tep)   has   been   inves t iga ted  by a number of 

au thors  112-51. In   gene ra l   t hey   conc lude   t ha t  the asymmetr ic   s t ruc ture   in   case  

of  Loeb-Sourirajan-type CA membranes 'is caused by the evaporat ion of acetone,  

which l eads   t o   an   i nc rease   o f  the  polymer  concentration  in the toplayer   of  

the polymer s o l u t i o n .  We agree  that the   dura t ion   of  the evaporat ion  s tep  in-  
f luences  the membrane s t r u c t u r e  when v o l a t i l e   s o l v e n t s  ,are used, However, 

when non v o l a t i l e   s o l v e n t s   a r e   u s e d   o r  when no evapora t ion   s tep  is c a r r i e d  

out  (which is the c a s e   f o r  the innerside  of  a wet spun  hollow  fiber membrane) 

asymmetric membranes c a n   a l s o  b e  obtained.   This  means that t h e   t e r n a r y   d i f f u -  

s ion   p rocess  which starts after immersion  of   the  polymer  solut ion  into a non- 

s o l v e n t  bath mainly  determines the asymmetr ic   s t ructure   of  the membrane. 

The mass t r a n s f ' e r   i n  the st i l l  homogeneous  polymer s o l u t i o n ,   a f t e r  immer- 

s i o n   i n t o  a nonsolvent bath has not  been a sub jec t   o f  much i n v e s t i g a t i o n  un- 

til now. The most f a r - r each ing   t heo re t i ca l   i nves t iga t ion  has been carried o u t  
by  Cohen,  Tanny  and Prager 161. They showed that a f t e r  immersion  of  the  cast-  

t i n g   s o l u t i o n   i n  a coagula t ion  bath the polymer  concentration a t  the i n t e r -  

face   o f  the c a s t i n g   s o l u t i o n   a n d  the coagula t ion  bath increases   s t rongly .  

With their d i f f u s i o n  model t h e y   a l s o  examined  whether t h e  exchange of s o l v e n t  

and  nonsolvent  could lead t o   i n s t a b l e   c o m p o s i t i o n s   i n  the polymer s o l u t i o n ,  

Only i f  this is the case ,   accord ing   to  Cohen et al . ,  porous membranes can be 

formed as a resu l t   o f   l iqu id- l iqu id   demixing .  

The t h i r d  impor t an t '   f ea tu re   o f  the membrane formation  process is the   t ype  

of  demixing  processes that can   occur   in  the immersed  polymer s o l u t i o n  after 
d i f f u s i o n  has led t o  a metastable composition. These demixing  processes  cre- 
a t e   t he   po res   i n   t he . sub laye r   and   de t e rmine  the s t r u c t u r e   o f  the toplayer   o f  
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the membrane. 

Much . research  has been  done  ' into  the  demixing  processes that occur i n  Loeb- 

Sourirajan-type CA membranes.  The resu l t s   o f   these   inves t iga t ions   have   been  

summarized by Lonsdale [ T ] .  The general   conclusïon is that the polymer  preci- 

p i t a t e s   i n  the nonsolvent  and that  ge l a t ion   occu r s  by coagulat ion.  We p r e f e r  

t o  cal l  this demixing  process  aggregate  formation.  Within  our  group we have 

found  that   aggregate  formation takes p l a c e   i n   s e v e r a l  membrane forming  sys- 

tems [ 8 , 9 ]  and t h a t   t h i s   c a n  lead t o   v e r y   d i f f e r e n t   s t r u c t u r e s .  We discr imi-  
n a t e  t h i s  demixing  process  from  l iquid-liquid  phase  separation. We have shown 

that   both  demixing  processes   occur   in  membrane forming  systems  and that they 

can be d is t inguished  by examining the kinet ics   of   demixing [ g ] .  Especia l ly  a t  

a low  degree of supersaturat ion,   aggregate   formation is a slow  process com- 

pared  to   l iquid- l iquid  phase  separat ion,   probably  because some o r i e n t a t i o n   o f  

t h e  polymer  molecules is requ i r ed   fo r  the formation  of  aggregates.  

In   o rder   to   unders tand  how these  demixing  processes   inf luence  the membrane 

s t r u c t u r e  it is necessary to examine  experimentally the  s t ruc ture   induced  by 
demixing as a func t ion   of  compos it ion,  and it is necessa ry   t o  know t h e  compo- 

s i t i o n   p r o f i l e   i n   t h e   p o l y m e r '  f i l m  as a func t ion   of  time a f t e r  immersion  of 

the f i l m   i n t o  the c o a g u l a t i o n   b a t h   p r i o r   t o   t h e   d e m i x i n g   p r o c e s s e s .   I n   t h i s  

paper we w i l l  show 'how the  composition  change  in the fi lm p r i o r  t o  demixing 

can be descr ibed  as a funct ion  of   several   process   parameters .  Our work has 

been  inspired by the model .o f  Cohen e t  a l .  [6] .  

3.3. The diffusion model: correspondence t o  and difference from the model'of 
Cohen e t  al. 

Cohen,  Tanny  and Prager desc r ibe  the t e rna ry   d i f fus ion   p rocess   i n   t he  i m -  

mersed polymer so lu t ion   by  means of  two phenomenological  diffusion  equations.  
They use   t he   chemica l   po ten t i a l   g rad ien t s  as t h e   d r i v i n g   f o r c e s   i n s t e a d   o f  

the c o n c e n t r a t i o n   g r a d i e n t s .   I n   t h i s  way it is p o s s i b l e   t o  describe the ter- 

nary   d i f fus ion   process  as a func t ion   of   b inary  thermodynamic  parameters  and 

b i n a r y   f r i c t i o n a l   c o e f f i c i e n t s ,   e v e n   i n   t h e  metastable reg ion   in   be tween  the  

binodal  and the spinodal .  It  is assumed that the compositions a t  both sides 

of the interface  between the polymer s o l u t i o n   a n d  the coagula t ion  ba th  are 

always a t  equi l ibr ium. The d i f f u s i o n   e q u a t i o n s  are described using  polymer 
f ixed   pos i t ion   coord ina tes   and  the d i f f u s i o n   c o e f f i c i e n t s  are def ined  i- - 
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polymer f ixed  f rame  of   reference.  'So far w e   w i l l  copy the model o f '  Cohen e t  
al .  To s impl i fy  their model Cohen et al. adopt a few  assumptions. We w i l l  

b r i e f l y   d i s c u s s  why we omi t   these   s impl i f ica t ions   f rom  our  model or   adopt  

d i f fe ren t   assumpt ions .  

Wijmans [l  O 1 c l e a r l y  showed that it is na t   a l l owed   t o   u se  the s t e a d y - s t a t e  

approximation of Cohen e t  al. t o  describe t h e   d i f f u s i o n   d u r i n g  membrane for -  

mation.  Therefore, w e  w i l l  no t   adopt   the   s teady-s ta te   assumpt ion .  We w i l l  

g ive  the exac t   so lu t ion   o f  the d i f fus ion   equa t ions .  

Furthermore, Cohen e t  al .  neglec t  the f r i c t i o n a l   f o r c e s   a c t i n g   b e t w e e n  sol- 
vent  and  nonsolvent  by  omitt ing the c r o s s  terms i n  the d i f fus ion   equa t ions .  

We w i l l  not do so9  and we w i l l  show that t h i s  omission  can lead t o   e r r o n e o u s  

r e s u l t s .  

The two above  ment ioned  s implif icat ions  enabled Cohen e t  a l ,  t o   c a l c u l a t e  

composition paths without knowing the inf luence  of the polymer  concentration 

on the f r i c t i o n a l   f o r c e s   a c t i n g  between  polymer  and solvent  and  between  poly- 

mer and  nonsolvent.  However,  in  our  model we have t o  know the dependence  of 
these f r i c t i o n a l   f o r c e s  on  polymer  concentration. 

Cohen e t  al .  use   cons tan t   thermodynamic   in te rac t ion   parameters   in   the i r  

express ions   for  the chemica l   po ten t ia l s .  From r e s u l t s   o f   A l t e n a  [ l l ]  it can 

be  concluded that the Flory-Huggins  interaction  parameter shows a s t r o n g  con- 
cent ra t ion   dependence   for  many solvent-water  mixtures,   Therefore w e  w i l l  use 

concen t r a t ion   dependen t   i n t e rac t ion   pa rame te r s   i n   ou r   exp res s ions   fo r   t he  ' 

chemica l   po ten t ia l s .  

Cohen e t  al. assume that the composition of the   coagulant  a t  the boundary 

of the cas t ing   so lu t ion   r ema ins   equa l  t o  the bulk  composition  of th-e o r i g i n a l  
bath. However,  even i f  t he   coagu la t ion  bath is well stirred, there w i l l  be a 

s t a g n a n t   l a y e r   i n  the v i c i n i t y   o f  the in t e r f ace .  We w i l l  assume that only 

d i f f u s i o n  takes place i n  the coagula t ion  bath. When- the coagula t ion  bath is 

stirred this assumption is st i l l  va l id   du r ing  the v e r y   i m p o r t a n t   f i r s t  se- 

conds a f t e r  immersion of the polymer s o l u t i o n .  

Cohen e t  al .  assume that l iquid- l iquid  demixing  can  occur   only when an   in -  

stable spinodal   composi t ion has been reached. In   ou r   op in ion   l i qu id - l iqu id  
demixing  takes  place when the b inodal  has been  passed  and a metastable compo- 
s i t i o n  with even a very low degree of s u p e r s a t u r a t i o n  has been  reached. 



43 

3.4. The phenomenological  equations  describing the diffusion in the polymer 
solution . .  

I n  this s e c t i o n  we w i l l  der ive  the phenomenological  equations  describing 

the d i f f u s i o n   i n  the polymer  solution. We w i l l  show t h a t   t h e   d i f f u s i o n   e q u a -  

t i ons   o f  CoQen e t  al .  lack  a f a c t o r   ( t h e  polymer  volume f r a c t i o n )   a n d  that 
the r e c e n t   c r i t i c i s m   o f  McHugh and  Yilmaz [ l 2 1  on the cont inui ty   equat ions ,  

used by Cohen, is unfounded. 

We w i l l  index  the  components as follows:  nonsolvent (1  ) ,  so lvent  ( 2 )  and 

polymer (3) .  For a complete l i s t  of 
per. 

De Groot  and Mazur [ 1 3 ] de r ive  the 

thermodynamic d r iv ing   fo rces  X i n  a 
j 

symbols we r e f e r   t o   t h e  end of  t h i s  pa- 

fo l lowing ' re la t ion   be tween  f luxes  J .  and 
ternary  system: 

C 
-1 

3 

The supe r sc r ip t  c r e f e r s   t o  a mass flux  [kg/m2s].  

Because  of  the  exchange of solvent   and  nonsolvent   af ter   immersion  of   the 

film, the   in te r face   be tween  the  polymer so lu t ion   and  the coagula t ion  bath 

w i l l  move. Hartley  and Crank [ I 4 1  suggest  that t h i s  moving boundary  problem 
can be s impl i f i ed  by de f in ing  the f l u x e s   r e l a t i v e   t o  a polymer f ixed  frame of  

re ference :  

where c is the   concen t r a t ion   o f  component i [kg/m3]. 

For t hese   f l uxes  the thermodynamic dr iv ing   forces   in   eqn .  (1  ) are given  by 

[13]: 

i 

where 1.1 is the chemica l   po ten t i a l   o f  component j per kg j and x is the car- 

t e s i a n   s p a t i a l   p o s i t i o n   c o o r d i n a t e   p e r p e n d i c u l a r   t o  the membrane sur face .  

We assume   t ha t   t he   phenomeno log ica l   coe f f i c i en t s ,  L i j ,  obey the Onsager re-, 
e i p r o c a l  re la t  ions [ I  31 : 

j 
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L12 = L21 (4 )  

I n   o r d e r   t o   o b t a i n   d i f f e r e n t i a l   e q u a t i o n s   d e s c r i b i n g  the t e r n a r y   d i f f u s i o n  

process  the f lux   equa t ions  (1 ) have t o  be  combined 'with  the  cont inui ty   equa-  

t ions  D 

The c o n t i n u i t y   e q u a t i o n s   i n  terms of  volume f l u x e s  [m/s]  relati+e t o  the cel l  

fixed  frame  of  referemice are 

- 
where 4 i = civi is the volume f r a c t i o n  of  component i and where G is t h e  i 
partial  spec i f  ie volume  of  component Ze The t i l d e  - denotes that li is a f l u x  

r e l a t i v e   t o  the l abora to ry   f i xed  frame of re ference .  

s! = 4.v. (= C . V . V . )  
-1 ' 1-1 1 1-1 

We w i l l  assume that the p a r t i a l   s p e c i f i c  volumes are cons tan t .   In  that case 
the volume  and l a b o r a t o r y   f i x e d  frames of r e f e r e n c e  are equal  and it can be 
derived  (from the Gibbs-Duhem.equation that r e l a t e s  the  X ' s  to each   o the r )  

[6]  t h a t  zi and x! are r e l a t e d  as follows: 4 j 

where z: refers t o  a volume f l u x   r e l a t i v e   t o   t h e  polymer f i x e d  frame of   r e f e -  

rence o 
Combination  of  eqns, (5)  and ( 7 )  y i e l d s -  

A s  suggested by Crank [ l  41 w e  in t roduce  a new pos i t i on   coord ina te  m (see f i g -  

u r e  1 ) i n   o r d e r   t o   e l i m i n a t e  ? fpom eqn. (8). -3 
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6 m ( t  = cons tan t )  = '9 6 x ( t  = cons tan t ) .  
3 

'- x=o 
Y (t) 

coagulation bath 
X(()) --------- ---- - 

X (  t) y=O, m=O 

1 
l 

casting solution 
T m(t) 
X /////////////////////////// M 

support 

Fig. 1. Schematic   representat ion  of  the cast polymer s o l u t i o n  layer, t h e  
coagula t ion  bath and the pos i t ion   coord ina tes   used .  

A detailed d e s c r i p t i o n  w i l l  be given  of   the way i n  which eqn. ( 8 )  is t r ans -  

formed  by the t r a n s i t i o n  from x t o  m pos i t i on   coord ina te s .   In   ou r   op in ion ,  

McHugh [ l21  performs t h i s  t r ans fo rma t ion   i n  a wrong way which leads t o  their  

erroneous  cont inui ty   equat ions.  

I n  the fol lowing  equat ions the s u b s c r i p t s   t o  the d e r i v a t i v e s  refer t o  con- 

s tan t   parameters .  

62;. 6 J? 
- -  -l 
6x /t - 93 %-/t 



46 

By s u b s t i t u t i n g   e q n .  ( I O ) ,  (11)  2nd (12)  in  eqn. (8 )  w e  f i nd  

6 J? 
-1 6 ( 1 - = -  

6 m  /t 6 t  /m i = 1 , 2  (1 3 )  

These con t inu i ty   equa t ions  are i n  agreement  with  the  equations  of Wijmans 

[ 1 O ]  who examined the mass b a l a n c e   i n  a vpolymer f ixedq  volume  element o They 
are a lso   in   agreement  with the  equations  proposed by Crank  c141 t o   s i m p l i f y  a 

moving  boundary  problem, 

We now wish t 9  combine t h e   f l u x  eqn.  (l ) with the   con t inu i ty   eqn ,   (13 )   i n  

o r d e r   t o   e l i m i n a t e  the  f luxes ,  F i r s t  we have t o   s u b s t i t u t e   t h e  mass f l u x e s  J. C 
-1 

i n  eqn. (1 ) by volume f l u x e s  5; 

-1 
J! = - i = 1 , 2  

j =l 

We see  tha t  this t r ans fo rma t ion   l eads  t o  the appearance  of 4 i n   t h e   f l u x  e- 

quat ions,  the term that is miss ing   i n  the f lux   equa t ions   o f  Cohen e t  a l ,  
Mow w e  can  combine the f lux   eqn .  (15) and the cont inui ty   eqn ,   (13) :  

3 

These t e rna ry   d i f fus ion   equa t ions   desc r ibe   t he   concen t r a t ion   changes  as a 

func t ion   o f  time and  p lace   in  the immersed  polymer s o l u t i o n ,  i f  the appro- 

p r i a t e  boundary  and i n i t i a l   c o n d i t i o n s  are used. 
The- phenomenological  coefficieri ts  L (de f ined   i n  the polymer f ixed  f rame 

i j  
of   reference)  are concentration  dependent.  We w i l l  show how these t e r n a r y  

c o e f f i c i e n t s   c a n  be  r e l a t e d   t o   b i n a r y   f r i c t i o n a l   c o e f f i c i e n t s  which i n   t u r n  
can be r e l a t ed   t o   measu rab le   d l f fus ion   and   s ed imen ta t ion   coe f f i c i en t s ,  

The  expres s ions   . fo r  the chemica l   po ten t ia l s  as a func t ion   of  the composi- 
t i o n  are g iven   in   appendix  A. 
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3.5. The  equations  describing  the  binary  diffusion in the coagulation bath 

We assume t h a t  t h e  polymer   concent ra t ion   in   the   coagula t ion   ba th ,   a f te r  i m -  

mersion  of the polymer s o l u t i o n ,   c a n  be neglected.  ‘ F i c k ’ s  second law des- 

cribes the b inary   d i f fus ion   process  

D ( @ . )  is the d i f f u s i o n   c o e f f i c i e n t   d e f i n e d   i n  the  volume ( l abora to ry )   f i xed  

frame of   re fe rence .  

In  t h e  preceding  sect ion it has  been shown tha t  by t h e   i n t r o d u c t i o n   o f  the 

pos i t i on   coord ina te  m i n  the  polymer s o l u t i o n ,   t h e  moving boundary  between 

t h e   c o a g u l a t i o n  bath and the so lu t ion   can  be f i x e d  Co the  p o s i t i o n  m=o. 

For the coagula t ion  ba th  we in t roduce  a new pos i t i on   coord ina te  y i n   o r d e r  
t o  describe the d i f fus ion   behav io r   i n  t h i s  bath r e l a t i v e  t o  the i n t e r f a c i a l  

boundary (see Figure 1 ). 

y = -x + X ( t )  (18)  

where X (  t )  is the posit   ion  of  the  boundary  between the polymer s o l u t i o n  and 

the   coagu la t ion   ba th ,  measured i n   p o s i t i o n   c o o r d i n a t e s  x. 
The t ransformat ion  t o  pos i t ion   coord ina tes   y ,   accord ing  t o  eqn. (1  8 )  D con- 

v e r t s  eqn. (17)   in to  

-=  
6 t  -1 J@(y=O) + L$(y=O) 

We w i l l  use these equat ions  t o  describe the  d i f f u s i o n   i n  t h e  u n s t i r r e d  coagu- . 

l a t i o n  bath. 
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3 - 6 .  The i n i t i a l  and  boundary  CQPldftiQnS 

A t  the very moment of  immersion  of the c a s t  film i n t o  the coagulat ion bath,  

w e  consider  the f i lm and the bath t o  b e  completely homogeneous. This l e a d s   t o  

the fo l lowing   i n i t i a l   cond i t   i ons ,  

i = 1 , 2  

The supe r sc r ip t s   ( c )   and  (s) refer t o   t h e   c o a g u l a t i o n  bath and t h e  polymer 
s o l u t i o n   r e s p e c t i v e l y .  M is the  t o t a l  volume  of  polymer  per  unit area of 

c a s t i n g   s o l u t i o n .  

From the moment of  contact  between the fi lm  and the bath, two d i f f e r e n t  

k inds   o f   concent ra t ion   p rof i les  are p o s s i b l e   i n  the area of  contact  between 

the  bath and the f i l m :  

1 .  A c o n c e n t r a t i o n   p r o f i l e   c o n s i s t i n g  of  a boundary  layer.  between two l i q u i d  

phases and  on both s i d e s  o f .  this boundary  layer   s teep  concentrat ion  gra-  

d i e n t s  which become smoother i n  the course  of time. 
2. A concen t r a t ion   p ro f i l e   cons i s t ing   o f   one   s t eep   concen t r a t ion   g rad ien t  

which  becomes  smoother i n  the course  of  time. 

Fig. 2. The two poss ib l e   k inds   o f   concen t r a t ion   p ro f i l e s   i n  the contac t  
area between the bath and the s o l u t i o n  after immersion of a polymer s o l u t i o n  
i n t o  a coagulat ion bath. a. Concen t r a t ion   p ro f i l e  with a n   i n t e r f a c i a l  bounda- 
r y   l a y e r .  b. Concentrat ion-   prof i le   without   an  interfacial   boundary  layer .  
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Both   k inds   o f   concent ra t ion   p rof i les  are shown i n  Figure 2. 

In Chapter 4 of this thesis we will show that s i t u a t i o n  1 )  c o r r e c t l y  de- 

scribes t h e   a c t u a l   c o n c e n t r a t i o n   p r o f i l e ,  i f  t h e   i n i t i a l   s o l v e n t   c o n c e n t r a -  

t i o n   i n  the coagula t ion  bath does  not  exceed a c e r t a i n ,   l i m i t i n g   v a l u e  (i.e.. 

t h e   c r i t e r i o n  f o r  demixing  conditions  must be f u l f i l l e d ) .  We will assume tha t  

the th ickness   o f   the   in te r fac ia l   boundary   l ayer  is e q u a l   t o   z e r o .  

One of the p r i n c i p l e s   o f   i r r e v e r s i b l e  thermodynamics is the ex i s t ence   o f  a 
s ta te  of   loca l   equi l ibr ium  even  when no   equi l ibr ium  ex is t s   on  a macroscopic 

scale. This means t h a t  a t  the boundary  of the two phases  considered  ( the  co- 
agu la t ion  bath and the polymer s o l u t i o n )  the following  boundary  condit  ions 

e x i s t :  

When we consider the ternary  phase  diagram,  eqn.  (21) means that a t  any time 

t h e  boundary  compositions i n   t h e  film and   i n   t he   coagu la t ion   ba th  are s i t u a t -  

ed on the binodal   and are connected  by a . t i e l i n e .  The boundary  conditions 

( 2 1 )  make it necessary t o  c a l c u l a t e  the t i e l i n e s   u s i n g   e x p r e s s i o n s   f o r  p as 

a function  of  composition. It w i l l  be shown’ that $ iC)(y=O, t )   can  be negle,cted 

i f  @hc) does  not  exceed a c e r t a i n   l i m i t i n g   v a l u e .  

i 

The other condi t ions  a t  the  boundary of the two  phases are 

-1 J?(y=O,t)  = - J ? ( m = O , t )  -1 i = 1 , 2  

A t  m=M the boundary  conditions are g iven  by 

6 @i 
- -  
& m  - 0  i = 1 , 2  
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I n  this s e c t i o n  w e  w i l l  show that t h e   s o l u t i o n   o f  the equat ions   descr ib ing  

the d i f f u s i o n   i n  the polymer film is a func t ion   o f  m t - 1 / 2  and that the i n t e r -  

f a c i a l  boundary  compositions are cons tan t   dur ing  a c e r t a i n   p e r i o d  after i m -  

mersion  of the polymer f i lm .  

We w i l l  .start t o  assume that the i n t e r f a c i a l  boundary  compositions are con- 

s t a n t  as long  as the polymer f i lm can be treated as i n f i n i t e l y  th ick  and the 

convec t ion   i n  the coagula t ion  bath can be neglec ted ,  We w i l l  show that these 

assumptions  yield the one  and  only  solut ion  of  the equations,   obeying the 

boundary  conditions.  

The in t roduc t ion   o f  a new v a r i a b l e  R = m t - 1 / 2  [ l  51 enab le s   u s   t o   t r ans fo rm 

eqn, (16) i n t o  

Regarding the boundary  and i n i t i a l   c o n d i t i o n s  it fo l lows  that the composition 

i n  the polymer  solut ion is a func t ion  of R ,  i f  the above  mentioned assump- 

t i o n s   h o l d ,  Under the same circumstances it can  be shown that 

the cons tan t  C .  being  given  by 
1 

The rate of  movement of the boundary  (19a) is g iven  by 

W e  can rewrite t h e  d i f f u s i o n   e q u a t i o n  fo r  the coagula t ion  bath by in t roducing  
the new v a r i a b l e  R P  =yt-l/2 : 
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It follows that t h e  composi t ion  in  the  coagula t ion  bath is a funct ion  of  R ?  
as long as our  assumption  holds that no  convection takes place  and the  boun- 

dary  composition is cons tan t .  This impl ies  that 

where C f  is given by 
i 

and Y is a p o s i t i o n   i n  the coagula t ion  ba th  on a cons t an t   d i s t ance  from the  

i n t e r f a c i a l  boundary, where the original  composition  remains  unchanged. 

I f  the so lven t   concen t r a t ion   i n  the coagula t ion  bath is no t   t oo   h igh  it is 

a lways   poss ib l e   t o   f i nd  a p a i r   o f   c o n s t a n t  boundary  compositions  obeying  con- 

d i t i o n   ( 2 1 )  which y i e l d   s u c h  Cils and Ci’s that boundary condi t ion   (22)  is 

obeyed. 

Thus we have shown that   the   assumption  ment ioned a t  the  beginning of t h i s  

s e c t i o n   y i e l d s  a so lu t ion   of  the d i f fus ion   equa t ions  that  obeys  the  boundary 

conditions  mentioned  in t h e  previous  section.  Because these boundary  condi- 

t i o n s  res t r ic t  the number o f   so lu t ions   o f  the  d i f fus ion   equa t ions   t o   on ly   one  

s o l u t i o n ,  we can  conclude that t h i s  un ique   so lu t ion   y i e lds   cons t an t   i n t e r f a -  

c ia l  boundary  compositions  under the special   c i rcumstances  ment ioned  in  the 

assumption. Besides we have shown that the  composi t ion’ in  the fi lm is  a func- 
t i o n   o f  m t - l ”  as long as t h e  composition a t  m=M remains  unchanged  and  no 

convec t ion   takes   p lace   in   the   coagula t ion  bath. These conclusions  s implify 

the solut ion  of   our   diffusion  problem  considerably.  
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3.8. Ternary phenomenological coefficients L i j  simplified to functions 
of binary fkfctional coefficients R 

i j  

For   the   so lu t ion   of   eqn .   (16)  w e  need  expressions  for  the phenomenological 

c o e f f i c i e n t s  L.. It is p o s s i b l e   i n   p r i n c i p l e   t o   o b t a i n  the values  of Li j  by 

measu r ing   t e rna ry   d i f fus ion   coe f f i c i en t s  as a func t ion  of composition.  In 

combination with expres s ions   fo r  the chemica l   po ten t ia l s  the L i j ' s  can  then 

be c a l c u l a t e d .  However, t h e  measurement   o f   t e rnary   d i f fus ion   coef f ic ien ts  is 
a time consuming  job. We prefer the parameters in   our  model t o  be  more e a s i l y  

measurable.  Therefore w e  want t o   ob ta in   expres s ions   fo r   t he   t e rna ry  L i j ' s  as 

a function  of  binary  parameters.   These  parameters are b ina ry   d i f fus ion   o r  

s ed imen ta t ion   coe f f i c i en t s ,  which can be eas i ly   ob ta ined .  

Ij o 

For the d e r i v a t i o n  of express ions   for  L as a func t ion   of  these binary  co- i j  
e f f i c i e n t s  it is h e l p f u l   t o   i n t r o d u c e   f r i c t i o n a l   c o e f f i c i e n t s  Ri j  which are 

defined by the Stefan-Maxwell f lux  equat ions  [16,17]:  

v .   and   v .  are t h e   a v e r a g e   v e l o c i t i e s  of component i and j with r e s p e c t   t o  the 
-1 -J 
l abora to ry   f i xed  frame of   reference.   Unl ike Li j  t h e   f r i c t i o n a l   c o e f f i c i e n t s  

Rij 
Dunlop [16]  shows that eqn.  (29)  can  be  reduced  to  the  following  form: 

are not  depending on the choice  of  frame of   reference.  

- =  
6 X  13 3 -1 -3 ' -R C ( V  -V ) 

- -  6v2 - -R C ( V  -V ) 
6 X  21 1 -2 -1 

We assume that R12= R21 

- R .  C ( V  -V 12 2 -1 -z 

Because 6p./6x is the d r i v i n g   f o r c e   p e r  kg i, R .  .c. (v.-v.)  is the f r i c t i o n a l  

force   ac t ing   be tween component i and j per kg i. 
1J J --I -J 

The re ferences   [ l   6 ,171  work with moles where we work with kg 's .  This means 
t h a t  their R i j ' s  d i f f e r  a f a c t o r  M * M * 10r6  from the R i j P s  defined  above. 
(M. = molecular weight component i [g  mol-l]). 

i j  
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We w i l l  f i r s t   d e r i v e   t h e   r e l a t i o n  between  the L i j ' s  and the R i j ' s .  Rear- 
rangement  of  eqn.  (30)  yields the fol lowing  expressions:  

2 B i j  BPj 
c .cv.-v ) = -c - - i = 1 , 2  (32 
1 -1 -3 c1 Bx j =l 

where B 1 2  = B21 = c1c2R1 2,  B1 = C ( c  R + C  R = c ( c  R +C R ) and 

a = c ( c R  R + C R  R + C R  R ). 
1 1 12 3 23 ) '  '22 2  2 12 3 13 

3 2 12  23 1 12  13 3 13 23 

When we compare  eqn.  (32) with eqn. (1 ) t o  (3 )  : 

2 

j =l 

It i s . c l e a r  that t h e   r e l a t i o n  between the phenomenological   and  the  f r ic t ional  

c o e f f i c ï e n t s  is given by 

T h i s   r e s u l t  is in  agreement  with the express ion   der ived  by Spiegler  [18].  
I n   t h e  three l imi t ing   b inary   composi t ion   ranges   eqn .   (30)   y ie lds  the f o l -  

lowing  Ytelations, For $i+$ = 1 : 
j 

8 Pi 
- =  
6X 

- C ~ R ~ ~ ( $ ~ ) ( X ~ - V . )  i = 1 ,  j = 2 o r   3 ;  i = 2, j = 1 o r  3. (34)  
-J 

I n  the n e x t   s e c t i o n  we w i l l  show how t h e   b i n a r y   f r i c t i o n a l   c o e f f i c i e n t s   i n  

eqn. (34) are related t o   b i n a r y   d i f f u s i o n  or sed imen ta t ion   coe f f i c i en t s .  How- 

ever ,  we w i l l  first e x p r e s s   t h e   t e r n a r y   f r i c t i o n a l   c o e f f i c i e n t s  as 
o f   t he   b . ina ry   coe f f i c i en t s   R i j ($ . ) .  This can  be  done by adopt ing a 

J 
sumptions  concerning the concentrat ion  dependence  of   the  ternary 
coef f i e   i e n t s .  

For  R ( $  ,(I ) ,we adopt the assumption that t h i s  c o e f f i c i e n t  is 1 2  1 2 

a func t ion  

few as- 

f r i c t i o n a l  

a func t ion  

of the r a t i o  We assume that the  presence  of the polymer inf luences  
the f r i c t i o n a l   f o r c e   p e r  m 3  acting  between the components 1 and 2.  However, 
the  magnitude  of  the f r i c t i o n a l   f o r c e   p e r  kg 1 remains   p ropor t iona l   to  c a t  
c o n s t a n t   r a t i o  $ /$ +(I and  varying (I 

2 
l 1 . 2  3' 
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Because Ò f  the r e c i p r o c a l   r e l a t i o n   ( 3 1 1 ,  

For the concentration  dependence of  R and R we adopt  a d i f f e r e n t  assump- 

t ion,  We assume that these f r i c t i o n a l   c o e f f i c i e n t s  depend  on the polymer  vol- 

ume f r ac t ion   on ly .  We cons ider  the polymer t o  act as a porous  plug whose per- 

meability for  component 1 or 2 is no t   i n f luenced  by t h e  presence  of  the o t h e r  

low molecular  weight  component.  Thus, w e  assume that the pe rmeab i l i t y   o f   t he  

13 23 

plug is only  inf luenced  by the polymer  volume f r a c t i o n ,  

In Figure 3 the  assumptions ( 3 5 )  and  (36) are v i s u a l i z e d   i n  a t e r n a r y  dia- 
gram. 

polymer(31 

Fig,, 3 0  L i  
c i e n t s  R 

i j  

J/\\ RZ3 = constant 

RI2 = constant 

RI3 = constant 

solvent (2) nonsolvent(l1 

.nes connecting  compositions with e q u a l   t e r n a r y   f r i c t i o n a l   c o e f f i -  
accord ing   to   eqn-  ( 3 5 )  and  (36). 
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3.9. Binary frictional coefficients R (0.) as a function of binary diffusion 
ij J 

or sedimentation coefficients 

The b inary  f r ie t  i o n a l   c o e f f  i e  i e n t  R i j  can be re la ted t o  the b inary  phenomeno- 

l o g i c a l   c o e f f i c i e n t  ( L i ) j  def ined  as fo l lows:  

Combination  of  eqns.   (37)  and  (34)  yields the fo l lowing   r e l a t ion :  

In  appendix B the fol lowing  re la t ion  between the b i n a r y   d i f f u s i o n   c o e f f i c i e n t  
D and ( L . ) .  has been  derived: 

1 . J  

S u b s t i t u t i o n  of this expres s ion   i n   eqn .   (38 )   y i e lds  the fol lowing  expression 

f o r  the b i n a r y   f r i c t i o n a l   c o e f f i c i e n t :  

.=l  
J 

L 

In   Chapter  4 of t h i s  thesis we w i l l  use t h i s  expres s ion   fo r  the c a l c u l a t i o n  
of  the b ina ry   coe f f i c i en t  R1 

The b ina ry   coe f f i c i en t  ( L .  ) . c a n   a l s o  be expressed 

sed imen ta t ion   coe f f i c i en t  s This r e l a t i o n  has been 
c i e n t s  ( L  ) and s in   appendix  C: 

1 J  

j ’  

2 3  3 

When w e  s u b s t i t u t e  t h i s  expression  in ,   eqn.  (38) we 

as a func t ion   o f  the 

d e r i v e d   f o r  the c o e f f i -  

ob ta in  the following  ex- 



56 

p r e s s i o n   f o r  the b i n a r y   c o e f f i c i e n t  R 23 

Thus we c a n   o b t a i n  the b i n a r y   c o e f f i c i e n t  R by  measuring  the  sedimentation 

c o e f f i c i e n t   o f  the polymer i n  the  s o l v e n t  as a func t ion   of  the concentrat ion.  

In  Chapter 4 of this thesis we w i l l  show the r e s u l t s   f o r  the system CA-ace- 

tone.  

23 

It is v e r y   d i f f i c u l t   t o   d e t e r m i n e  R by  means o f   d i f fus ion  o r  sedimentat ion 

measurements  because the polymer can be   d i sso lved   in   the   nonsolvent   on ly   in  a 

very small concentrat ion  range.  Even f f  we could  determine R it is doubt fu l  

whether this q u a n t i t y  would describe the f r i c t i o n  between  nonsolvent  and po- 

lymer c o r r e c t l y   i n  the presence  of  an  excess amount of   so lvent .  It Will ap- 

pear that main ly   in  t h i s  composition  range the t e r n a r y   d i f f u s i o n   p r o c e s s   i n  a 

membrane forming  system takes place.  Thus we have t o  estiiate R We w i l l  

13 

13 

13' 
e s t i m a t e  R ($I ) by r e l a t i n g  this c o e f f i c i e n t  

mation  of R (cp ) it is h e l p f u l   t o   d e r i v e  the 

t h e   h y p o t h e t i c a l  case that i n  a binary  system 

e r t e d  by the polymer  on  the  nonsolvent  equals 

t he  polymer  on the s o l v e n t  a t  the same volume 

13 3 

13 3 

The b ina ry   f l ux   equa t ions  are g iven  by ( see  

t o  R ($ ). For a proper esti- 
r e l a t i o n  between R and R i n  

the r e s i s t a n c e   f o r c e   p e r  m3 ex- 

t h e   r e s i s t a n c e   f o r c e   e x e r t e d  by 

f r a c t i o n   o f  polymer : 

23 3 
13 23 

1 "i 

V 6x 
where 1 ~ .  is t h e  chemica l   po ten t ia l   per  kg i and -} is t h e   d r i v i n g   f o r c e  i 

i 
per It can be concluded that i n  ou r   hypo the t i ca l   ca se  

From eqn. (38 ) and'  (43) it follows that 
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- -  
R = ( V  /V ) R  

13 I 2 23, (44 1 

I n   r e a l i t y  the r e s i s t a n c e   f o r c e s   e x e r t e d  by t h e  polymer  on the solvent   and 

the nonsolvent w i l l  d i f f e r ,  espec ia l ly   because '  the s i z e s   o f  the  two  low mo- 
lecular   weight   components   d i f fe r .   Therefore  we w i l l  use the following  expres- 

s i o n   f o r  R \ in   our  model c a l c u l a t i o n s :  
13 

R = C(; /v ) R  
13 1 2 23' 

where C may be  constant ,  or  depending on + 3' 

3.1 O. Conclusions 

A set of   genera l   d i f fus ion   equat ions   (eqn .   16)  and  boundary  conditions  have 
been   der ived   for  t h e  mass t r a n s p o r t   i n  a t e rna ry  polymer s o l u t i o n   a f t e r  i m -  

mersion  into a coagula t ion  ba th  and   pr ior   to   poss ib le   demixing   processes .  

Addi t iona l ly ,   express ions   for  the b inary   d ' i f fus ion   in   the   coagula t ion  ba th ,  

r e l a t i v e   t o   t h e  moving  boundary  between the polymer fi lm and the coagula t ion  

bath have  been  derived  (eqns.  (19)  and  (19a)). 

As long as the composition a t  the bottom  of  the  polymer  solution  remains 

unchanged, the composi t ion  changes  in   the  polymer  solut ion  are  a func t ion   o f  

only.   This means t h a t   d u r i n g   t h i s   p e r i o d ,  a l l  compos i t ions   ex i s t ing   i n  

the polymer so lu t ion   can  be descr ibed  by a constant   composi t ion  t ra ject .ory.  

The r e l a t i o n  between the ternary  phenomenological   coeff ic ients  L i j  and t h e  

t e r n a r y   f r i c t i o n a l   c o e f f i c i e n t s  R i j  is given by eqn.  (33). We have  s implif ied 

the t e r n a r y   f r i c t i o n a l   c o e f f i c i e n t s   t o   f u n c t i o n s   o f   b i n a r y   f r i c t i o n a l   c o e f f i -  

c ients ,   eqns.   (35)   and  (36) .  The f r i c t i o n a l   c o e f f i c i e n t   d e s c r i b i n g  t h e  i n t e r -  
action  between  solvent  and  nonsolvent is related t o   t h e   b i n a r y   d i f f u s i o n   c o -  
e f f i c i e n t ,  eqn. (39) .  The f r i c t i o n a l   c o e f f i c i e n t   d e s c r i b i n g  t h e  i n t e r a c t i o n  

between  solvent  and  polymer is related t o  the sedimenta t ion   coef f ic ien t ,   eqn .  
(41 ). The f r i c t i o n a l   c o e f f i c i e n t   d e s c r i b i n g  the interaction  between  nonsol- 

vent  and  polymer must be estimated. 
In  Chapter 4 of t h i s  thesis we w i l l  c a l c u l a t e  the composi t ion   p rof i les   in  a 

ce l lu lose   ace t a t e -ace tone   so lu t ion   a f t e r   immers ion   i n to  water. We w i l l  use 

experimental ,   concentrat ion  dependent ,   sedimentat ion  and  diffusion  coeff i -  
c i e n t s   i n  the expres s ions   fo r  R I n   t h e   e x p r e s s i o n s   f o r  the chemical  poten- 

i j '  
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tials , eqn,  (A2,3 p 4 )  D we w i i l  use  experimental   concentration  dependent '   Flory 

Hugg ins  paraFe t e r  s o 

An experimental  method w i l l  be presented t o  v e r i f y  the r e s u l t s   o f  the cal- 

cu la t ions   and   t o   e s t ima te  the va lue   o f  R 13' 

3.13, APPENDIX A, Equilibrium thermodynamics for a three component system 

In f a c t  eqn. ( A l )  is v a l i d   o i l y   i n  the case   o f   concent ra t ion   grad ien ts   equa l  

t o  zero.  However w e  w i l l  n e g l e c t  the inf luence  of  the steep concent ra t ion  

g r a d i e n t s  a t  the boundary  between  polymer  solution  and  coagulation bath, on 
the loca l   f r ee   ene rgy ,  

From eqn. ( A l )  we d e r i v e  the fo l lowing   equa t ions   fo r   t he   chemica l   po ten t i a l s  
of t h e  components i n  the mixture: 
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The chemical p o t e n t i a l s  are expressed  per  kmole of  segments  of component 1 ; 

s and r are t h e  r a t i o s  of the molar  volumina: 

v1 s z- , r = -  

;2M2 ; M  3 3  

We use the express ions  ( A 2 )  and ( A 3 )  i n  the d i f f u s i o n   e q u a t i o n s   f o r  the poly- 

mer so lu t ion .  For the boundary  condition we have t o   e v a l u a t e  a l l  three ex- 

p r e s s i o n s   f o r  the chemica l   po ten t ia l s .  The cond i t ions   fo r   l i qu id - l iqu id   equ i -  

l i b r ium ( a t  the boundary) are : 

Apt (d i lu ted   phase)  = Api (concent ra ted   phase)   ( i= l   ,2 ,3)  (A51 

Altena [ l 1  ] desc r ibes  how the   b inoda l   and   t he   t i e l i nes ,   connec t ing   t he   coex i -  

s t i n g   p h a s e s   i n  a ternary  diagram,  can be ca l cu la t ed .  

3.12. APPENDIX B. The relation between the binary coefficients (L ) and D 
i j  

The b i n a r y   d i f f u s i o n   c o e f f i c i e n t  D is measured r e l a t i v e   t o  the l abora to ry  

f i x e d  frame of   reference,   which is e q u a l   t o  the volume f i x e d  frame of  refe- 

r e n c e   i n  the case o f   c o n s t a n t   p a r t i a l  volumes Gi .  
The r e l a t i o n  between D and Li is given  by 

where L. is the   phenomenologica l   coef f ic ien t   def ined   in   the  volume f ixed  
frame of   re fe rence .  

From eqn. ( B l )  it can be der ived  that 
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D - 
dpi/dci = Li  

The r e l a t i o n  between t h e   c o e f f i c i e n t  (L ) def ined   in  the  component j f ixed  

frame  of  reference,  and D is  derived as follows: 
i j '  

6 Pi C 

- ( L i ) j  l -l -J {(l-@i)v.-:?] -l -J = 
= c . (v . -v . )  = 

i 

C i 
- 

c  .v 
1-i Li bi  

- { ( l  -Oi)v.+3!j = - - - -- 
@j 

-1 -1 
'j 

- 
@ .  bx 
J 

From eqn.  (B2)  and (B3) it follows that 

( L - ) .  = D/($ --") 
I J  j dei 

3 o 13 . APPENDIX C. The relation between  the  binary  coeff  ieient (L and  the 
2 3  

sedimentation coefficient s 3 

s is r e l a t e d   t o  a phenomenological coe f f i c i en t  Q, defined below [21]: 3 

where s3 = v / g ,  with v the average  velocity  of component 3 r e l a t i v e   t o  the  

labora tory   f ixed  frame of   reference,  and  g the   cen t r i fuga l   f i e ld   s t r eng th .  p 
-3  -3 

= c2 + c3' the solut ion  densi ty .  

I n  the absence  of a cen t r i fuga l  f ie ld  Q is defined as follows [21 1: 

S C  J = -Q(l+c /C ) - -3 . 3  2  6x 
6p3 

where J is the  mass f lux  of component 3 r e l a t i v e   t o  the 
reference.  
Conversion  of Q from the mass f ixed  frame of   reference 

*C 

-3 

frame of   reference yields the   fo l lowing   re la t ion  between 

mass f ixed  frame of 

t o  the polymer f ixed  

Q and 
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pc2U “C / c  1 
= .c2 3 2 Q  3 

When we s u b s t i t u t e  t h i s  r e l a t i o n   i n   e x p r e s s i o n   ( C l )  we obta in  

List of symbols 

Partial volume of  component i ( m 3  kg”) 
Volume f r a c t i o n   o f  component i 

Concentration  of component i (kg m’3) 
So lu t ion   dens i ty  = 1 ei   (kg 

Molecular weight of component i ( g  
Flory-Huggins  interaction  parameter 

i 

concentration  dependent  Flory-Huggins  interaction  parameter 

v1 Ml jV3M3 
Chemical p o t e n t i a l   o f  component 

Chemical p o t e n t i a l   o f  component 

Gas cons tan t  (J  K-’ kmol-l) 

i ( J  kg’’) 

i ( J  kmol-l) 

Sedimenta t ion   coef f ic ien t   o f  component i 

Ternary  phenomenological  coefficient,  defined  in  polymer  fixed frame 

of  reference,   eqn. (1 -3)  
Binary  phenomenological   coeff ic ient ,   def ined  in  polymer f ixed  frame of  

reference,   eqn. (37) 
Binary  phenomenological  coefficient,   defined  in volume f i x e d  frame of 

reference,   eqn. (B1 ) 

Binary  phenomenological  coefficient,   defined  in mass f i x e d  frame of  
reference,   eqn. (C21 

Binary   mutua l   d i f fus ion   coef f ic ien t ,   def ined   in  volume f i x e d  frame of  

reference,   eqn. (B1 ) 

average  veloci ty   of  component i r e l a t i v e   t o   t h e . l a b o r a t o r y   f i x e d  frame 
of   re fe rence  
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-1 
J. 
- 
J. w= 
J 

J. 3 
Je 
-1 

-1 

‘i 
C; 

X 

X 

m 

Y 
M 

1 

If 

Flux  of component i, r e l a t i v e   t o   t h e  polymer f ixed  f rame  of   reference 

Flux  of component i, r e l a t i v e   t o  the volume f i x e d  frame of r e f e r e n c e  
Flux  of component i, r e l a t i v e   t o  the mass f ixed   f rame  of   re fe rence  

Volume f l u x   o f  component i ( m  s-l) 

Mass f lux   o f  component i (kg m-2 s- ’ )  

F r i c t i o n a l   c o e f f i c i e n t   d e s c r i b i n g  the interact ion  between the compo- 

nents  i and j (def ined  in   eqn.   (29)  ) 

Constant   def ined  in   eqn.   (25)  

Constant  defined  in  eqn.  (28) 

Car t e s i an   spa t i a l   pos i t i on   coord ina te   pe rpend icu la r   t o  the membrane 

s u r f a c e  ( m )  
Pos i t ion   o f   the   in te r face   be tween  the   f i lm  and  the coagula t ion  

bath (m)  

Pos i t ion   coord ina te   o f  the  polymer f i x e d   r e f e r e n c e  frame, d e f i n e d   i n  

e v .  (9.) (m)  
P o s i t i o n   c o o r d i n a t e   r e l a t i v e   t o  X ( t )  (m)  

T o t a l  volume  of  polymer  per u n i t  area of  polymer f i l m  (m)  
m t -  112  

y t - L / 2  
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4. THE  MECHANISM OF FORMATION OF MEMBRANES  PREPARED FROM THE  SYSTEM 

CELLULOSE  ACETATE/ACETONE/WATER 

By A . J .  Reuvers  and C.A. Smolders 

4.1 . Summary 
Using  equations  and  boundary  conditions  derived  in  Chapter 3 ,  we have  per- 

formed  calculat ions  on the t e rna ry   d i f fus ion   p rocesses  that  occur   in  a ce l lu -  

lose-acetate   (CA)-acetone  cast ing  solut ion immersed i n t o  a water bath. 

We have  derived the necessary  concentrat ion  dependent  thermodynamic  and hy- 

drodynamic  parameters  from  experimental data on the three l i m i t i n g   b i n a r y  

mixtures. 

Calcu la t ions  show that immersion  of the polymer so lu t ion   i n to   t he   coagu la -  
t i o n  ba th  r e s u l t s   i n   a n   i n s t a n t a n e o u s   i n c r e a s e   o f  the polymer concent ra t ion  

a t  t h e   s u r f a c e   o f   t h e   s o l u t i o n .  

For a CA-acetone c a s t i n g   s o l u t i o n   t h e   t h i c k n e s s   o f  t h i s  concentrated  sur-  

f a c e   l a y e r  w i l l  i n c r e a s e   ' u n t i l  the  onset   of   l iquid- l iquid  demixing by  means 
of  nucleation  and  growth of the d i lu ted   phase ,  that f i x e s  the asymmetric  pol- 

ymer d i s t r i b u t i o n   i n   t h e  fi lm. The moment, of   onset   of   the   demixing  process  

depends  on  the  thickness of t he   f i lm .  
However, addi t ion   o f  a c e r t a i n  minimum amount of water t o   t h e   c a s t i n g   s o l u -  

t i o n   r e s u l t s   i n   a n   i n s t a n t a n e o u s   o n s e t   o f   l i q u i d - l i q u i d   d e m i x i n g  upon immer- 

s i o n ,   y i e l d i n g  a membrane with a ve ry   t h in   sk in   l aye r .  

The model calculat ions  have  been  confirmed by l ight   t ransmission  measure-  

ments  performed  on immersed c a s t i n g   s o l u t i o n s .  

4.2. Introduction 

Ill Chapter 3 equat ions and  boundary  condit  ions  have  been  derived, describ- 

i n g   t h e   d i f f u s i o n   p r o c e s s e s  that  occur after immersion  of a c a s t  polymer so- 

l u t i o n   i n t o  a nonsolvent bath,  prkor   to   poss ib le   demixing   processes .  

I n  t h i s  Chapter we will apply t h i s  formalism  to  a ternary  system  for   which 

enough  parameters are known. We will describe t h e   d i f f u s i o n   p r o c e s s e s   i n  a 
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polymer s o l u t i o n   c o n s i s t m g   o f   c e l l u l o s e   a c e t a t e  ( C A )  and  acetone,  'immersed 

i n t o  a water ba th .  This system  contains  three o f   t he  basic components  from 

which Loeb-Sour i ra jan- type  membranes are prepared.  Thus, the  c a l c u l a t i o n s  

p r e s e n t e d   i n  t h i s  paper may se rve  as a base when coas ider ing  the mechanism of  

formation  of these type   o f  membranes. 

We w i l l  calculate   composi t ion  paths   represent ing  composi t ion  changes as a 
funct ion   of  time or p l a c e   f o r   d i f f e r e n t   c o a g u l a t i o n   b a t h  o r  c a s t i n g   s o l u t i o n  

compos i t ions  o 

The a t t e n t i o n  will be focussed  on the p o s i t i o n  of the composition  path rel- 
a t i v e   t o  the p o s i t i o n   o f  the b i n o d a l   i n  the ternary  phase  diagram. When the 

composition becomes metastable somewhere i n  the polymer  solution, i .e. when 

the composi t ion  path  crosses  the  binodal  curve , n u c l e i   o f  the  polymer  poor 

phase are formed which may grow o u t   t o  b e  the p o r e s   i n  the u l t ima te  mem- 
brane ., 

The moment a t  which t h i s  l iquid- l iquid  demixing  process  w i l l  occu r   i n  the 

c a s t i n g   s o l u t i o n   c a n  be  ca lcu la ted   wi th   our   d i f fus ion  model  and  measured  by 
means of   l ight   t ransmission  experiments   performed  on immersed c a s t i n g   s o h -  

t tons.   Thus,  we  have a s imple method a t  o u r   d i s p o s a l   t o  test the d i f f u s i o n  

model o 

Besides the inf luence  of   l iquid- l iquid.   demixing we w i l l  a l s o   d i s c u s s   t h e  

inf luence  of aggregate  formati-on  on the u l t i m a t e  membrane s t r u c t u r e .  

Before w e  p re sen t  the va lues   o f  the parameters   used  in   our  model ca lcu la-  

t i o n s ,  we w i l l  g ive  a s h o r t  summary of   the   equat ions ,   re la t ions   and  bounda- 

ry   cond i t ions   de r ived   i n   Chap te r  3. 
The equat ions  that describe 'the t e r n a r y   d i f f u s i o n   i n   t h e  polymer s o l u t i o n  are 
g iven  by: 

i = 1,2 

where v and @ i  are the p a r t i a l   s p e c i f i c  volume and the volume f r a c t i o n   o f  
component i re spec t ive ly ;  1-1 is the chemical p o t e n t i a l   o f  component j and m 

is a. s p e c i a l   p o s i t i o n   c o o r d i n a t e  described in   Chapter  3. The s u b s c r i p t s  1 2 

i 

J 

and 3 refer to   nonsolvent ,   so lvent   and   po lymer ,   respec t ive ly .  
For a complete l ist of symbols we refer t o  Chapter 3. 

The t e r n a r y   c o e f f i c i e n t s  L t j  have  been  expressed as a funct ion  of te rnary  
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f r i c t i o n a l   c o e f f i c i e n t s  R i j  

c is the concentrat ion  of  component i in  (kg/m3).  i 
The t e r n a r y   f r i c t i o n a l   c o e f f i c i e n t  R has been related t o  the mutual d i f -  12 

f u s i o n   c o e f f i c i e n t  D and the chemical p o t e n t i a l  p i n  the b inary   so lvent -  

nonsolvent  mixture:  
1 

The t e r n a r y   f r i c t i o n a l   c o e f f i c i e n t  R23 has been related t o  the b inary  sedi- 
men ta t ion   coe f f i c i en t  s 

3 :  

where p is the dens i ty   o f  the binary  polymer-solvent  mixture.  

The f r i c t i o n a l   c o e f f i c i e n t  R has been related t o  R23: 
13  

R = C ( i l  13  

We w i l l  assume C t o  be a cons tan t  that has t o  be estimated. 

The b i n a r y   d i f f u s i o n   i n  the coagula t ion   ba th  is described by the follow- 

ing  equat ion:  
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where  y is a s p e c i a l   p o s i t i o n   c o o r d i n a t e   r e l a t i v e  t o  the moving i n t e r f a c e  be- 

tween bath and f i l m  and X ( t )  is the   pos i t i on   o f  this in t e r f ace .  

The boundary  conditions a t  this i n t e r f a c e  are as fol lows:  

- The chemica l   po ten t ia l s  are equal  at both sides of the  i n t e r f a c e   f o r  a l l  

three components. 

- The f luxes   o f  component 1 and  those  of  component 2 are equal  at both sides 
o f   t he   i n t e r f ace .  

I n   t h e   n e x t   s e c t i o n s   t h e   v a l u e s   o f  the parameters   used   in  the diffusion  equa-  

t i o n s  w i l l  be  given. These parameters a r e :  

- the b inary   thermdynamic   in te rac t ion   parameters  g ( 4  ), g ($  ) and x 
from  which the   chemica l   po ten t ia l s  are derived;  

12  2  23  2 13 

- the m u t u a l   d i f f u s i o n   c o e f f i c i e n t  D($,) for   acetone-water   mixtures   and  the 

sed imen ta t ion   coe f f i c i en t  s ($J ) f o r  CA i n   ace tone ;  
3 3  - 

- the molecular  weights Mi and t h e   c o n s t a n t   p a r t i a l  volumes  vi f o r  i = 1 ,  2 

and  3. 

4 - 3 -  Thermodynamic interaction parameters g , gZ3 and x, derived from ex- 
perimental  data. 

In  appendix A of  Chapter  3,   expressions for  the chemica l   po ten t ia l s  1-1 1 ’  p2 
and 1.1 are presented .   In  this s e c t i o n  w e  w i l l  p resent  the values   of   the  ther- 

modynamic i n t e r a c t i o n   p a r a m e t e r s   f o r  the binary  mixtures  acetone-water,  CA- 

acetone  and CA-water  . 
3 

The concentration  dependent  parameter g ( $  ) 9  represent ing  the i n t e r a c t i o n  12 2 
between water and  acetone, has been c a k i l a t e d  from- l i t e r a t u r e  data [ 1 ] on 

the excess   f r ee   ene rgy  GE i n   t h e   f o l l o w i n g  way [2]: 

where x1 r e p r e s e n t s   t h e  mole f r a c t i o n   o f  water i n  the mixture.  
The ca lcu la ted   va lues   for   g12 ,are   s t rongly-   concent ra t ion   dependent  as can 

be seen  i n  Figure 1 .  We w i l l  d e s c r i b e  g ( 4  ) for   acetone-water  at 25OC as 
12 2 

fol lows : 
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g,2 = 0.979 + 1.127  exp(-2.306 9,) + 0.292  exp(-12.564 $ l )  (8)  

The concentration  dependent  parameter g f o r  CA-acetone mixtures,  deter- 

mined  by means of  osmotic  pressure  measurements, has, been  given  by  Altena 
23 

b ] :  

gz3 = 0,645 - 0.11 9, (25OC) (93  

g23 a p p e a r s   t o  be less s t rongly   concent ra t ion   dependent   than  g 

s t an t   pa rame te r  x measured by means of   swel l ing  experiments  [q: 

12' 
We describe t h e  thermodynamic i n t e r a c t i o n  between water and CA with a con- 

13' 

x I 3  = 1 .Q (25OC) 

These binary  parameters  will be used   i n  the e x p r e s s i o n s   f o r  the chemical 

p o t e n t i a l s   o f  the ternary  system  CA/acetone/water. 

O .2 .4 .6 .B 1.0 
@*(acetone) 

Fig.1. Concentration  dependence of the thermodynamic in te rac t ion   parameter  
g,2 and the m u t u a l   d i f f u s i o n   c o e f f i c i e n t  D f o r  the binary.system  acetone-  
water a t  25OC. 



4.4. The liquid-liquid  demixing gap 

The ternary  system  CA/acetone/water is no t   mi sc ib l e   i n  a l l  proport ions.  It is 

p o s s i b l e   t o   c a l c u l a t e  the binodal  and  spinodal  curve  using the expressions 

f o r  the chemica l   po ten t ia l s   descr ibed   in   appendix  A of  Chapter 3 and t h e  

thermodynamic in t e rac t ion   pa rame te r s  described i n  the previous  sect ion.  

We have  calculated the binodal  and  spinodal  curve  assuming the CA t o  be mono- 

d i s p e r s e  with M e q u a l   t o  27,000. 3 
In   F igure  2 the c a l c u l a t e d   b i n o d a l   a n d   t i e l i n e s  are shown i n  a phase dia- 

gram toge ther   wi th   the   measured   pos i t ion   o f  the liquid-liquid  demixing  gap 

[ 5 ] .  It can be concluded that t h e  measured  posi t ion  of  the  demixing  gap  and 

the ca l cu la t ed   pos i t i on   o f   t he   b inoda l   cu rve  are i n  good  agreement. This 

implies  that the chemica l   po ten t , ia l s   in  t h i s  te rnary   sys tem are well de- 

s c r i b e d  by express ions   wi th   b inary   concent ra t ion   dependent   in te rac t ion  para- 

meters.  We use   these   express ions   for  the chemica l   po tek t i a l s   no t   on ly   fo r  the 

c a l c u l a t i o n   o f   t h e   p o s i t i o n  of the demixing  gap,  but a l s o  i n  the d i f f u s i o n  
equat ions (1)  and f o r  the calculat ion  of   the  interfacia- l   boundary  composi-  

t ions o 

n, dspinodal 

L , \ \ 

acetone. .% .4 

Fig, 2.. Isothermal  phase  diagram  for the  system  CA/acetone/water. 
-O-: .measured  posi t ion  of  the l iquid-liquid  demixing  gap a t  20 O C  [ 41. The 
binodal  and the sp inodal  are c a l c u l a t e d   u s i n g   i n t e r a c t i o n  parameters measured 
at  25OC. 

. .  



71 

4.5. The b i n a r y   f r i c t i o n a l   c o e f f i c i e n t  R,2 derived  from  experimental  

d i f f u s i o n   d a t a .  

I n  the in t roduct ion   of  t h i s  paper   the   re la t ion   be tween R and the  mutual 
12 

d i f fus ion   coe f f i c i en t   fo r   wa te r - ace tone   mix tu res  is given by equat ion (3 )  : 

The chemica l   po ten t ia l  p (pe r  kg of component 1 )  is given  by: 
1 

- 
where s is e q u a l   t o  v1M1/v2M2. The in te rac t ion   parameter  g I 2  is given by  ex- 
press   ion (8 ). 

For mixtures  of  acetone  and water we will assume R12 t o  be independent  on 

+1/+1++2 and t o  be  equal   to   RI2($ ,=1)   in   our  model ca l cu la t ions .  From equa- 
t i o n s  ( 3 )  and ( l  O )  i.t can.   be   der ived  that  

i1 RT 
R ( 4  = R (+  = l )  = 12 1 12 1 M2D($1=1 

As a consequence  of  the  assumption  that  R I 2  is cons t an t ,  D must be given 
by : 

- 
V2M2+1  dPl ) D($ ) = -- l RT dQ1 

We w i l l  compare the   d i f fus ion   coef f ic ien ts   ca lcu la ted   accord ing   to   equa-  
t i o n  (1 2 )  with the measured  values  presented by Anderson [ 6 ] .  Both  the meas- 

u red   and , the   ca l cu la t ed   va lues   o f   D($1)   fo r  the system  acetone-water a t  25OC 
are shown i n   F i g u r e  1 .  The ca l cu la t ed   d i f fus ion   coe f f i c i en t s   app rox ima te ly  

' cor re spond   t o   t he   measu red   d i f fus ïon   coe f f i c i en t s .  Hence we can  conclude  that  

expression (1 1 )  is a reasonable  approximation fo r  R (+  ).' From Figure 1 it 
fo l lows   tha t   D($ ,=l )  = 1.25 lO-' m2/sec. 

12  , l  



Expression  (12) will be  used   in  the equat ion  that   descr ibes   the  difrUSiOn 

p r o c e s s   i n  the coagula t ion  bath. 

4.6, The b inary   f r ic t iona l .   coef f ic ien t  R derived  from  sedimentation 
23 

measurements. 

The r e l a t i o n  between K and 

equat ion (4)  : 
23 

the sed imen ta t ion   coe f f i c i en t  s (cp ) is given  by 3 3  

l 
S3(cp3) 

We have  performed  sedimentat ion  experiments   for   solut ions  of  CA i n   a c e t o n e  
i n   o r d e r   t o   o b t a i n   v a l u e s   f o r  R as a func t ion   of  C$ The experiments  have 

been  performed with a Beckman-Spinco  model E Analy t ica l  Ultra Centr i fuge.  The 

sedimentat ion  coeff ic ients   have  been  determined  f rom the displacement  of the 

maximum of   the   concent ra t ion   g rad ien t   curve .  

The CA used,  obtained  from  Eastman Kodak, had  an  acetyl   content   of   39.8% 

and a v i s c o s i t y  number 3 (ASTM); k = 27,000, GW = 54,000. 

23 3' 

n 
The p a r t i a l  volume  of CA i n   a c e t o n e  has been   ca lcu ia ted   f rom the s l o p e  of 

the   so lu t ion   dens i ty   ve r sus   concen t r a t ion   p lo t .  

The p a r t i a l  volume appears  t o  be  . independent  on  concentration  within the 

experimental   concentrat ion  range  (up t o  cp =0.12)  and  has a value  of 

0.7 * 10-3  m3kg-l at 2OOC.  
3 

In   F igure  3 (a) the   s ed imen ta t ion   coe f f i c i en t  is shown as a func t ion   o f  the 

volume fract ion  of   polymer.  
In   o rde r  t o  t ransform  expression ( 4 )  i n t o  a form  -comparable to   exp res s ion  

( 1 1 ) w e  in t roduce  the v a r i a b l e  F(  cp ) : 3 

Wen w e  s u b s t i t u t e  F(@ ) in to   express ion  ( 4 ) .  R is given by: 3 23 
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(-8-5.17 +3) 
F(+3)  = 1.66 * 10 m2/sec. 

For q3 + 1 , F(+ ) = 1 . l  * 10'l3 m2/sec  according  to  t h i s  expression.  It can 

be shown t h a t  i n  t h i s  l i m i t i n g   c a s e  F ( +  ) must be equal  t o  the self  d i f fus ion  
c o e f f i c i e n t   o f   a c e t o n e   i n  CA. G.S. P a r k  [ T ]  has measured the self d i f f u s i o n  

coe f f ig i en t   o f   ace tone   i n  CA for  0.15 < + < 0.25. Ext rapola t ion   of  the  data 

of P a r k  t o  + -+ O y ie lds  a self d i f f u s i o n   c o e f f i c i e n t   o f  2 * 10'14 m2/sec. 

This value is approximately  in  accordance wi th  the va lue   o f  F ( +   = l ) .  The va- 
l i d i t y  of  expression (15) is hereby  confirmed. 

3 

3 

2 

2 

3 
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F i g .  3 .  a. Concentration  dependence  of the  sed imen ta t ion   coe f f i c i en t  s f o r  
CA i n  acetone at 2OOC; b .  Concentration  dependence  of F, a va r i ab le   p ropor t i -  
o n a l   t o  the f r i c t i o n a l   c o e f f i c i e n t  R (see eqn. 1 4 ) .  

23 



4.7* Influence of the various frictional coefficients on the  rate of dff- 
fusion. 

Knowing the   expe r imen ta l   va lues   fo r  the b i n a r y   f r i c t i o n a l   c o e f f i c i e n t s ,  it 

is i n t e r e s t i n g   t o  examine whether the f r i c t i o n a l   f o r c e  between  solvent  and 

nonsolvent  can be neglected  compared  to  the f r i c t i o n a l   f o r c e   e x e r t e d  by the 

polymer  on t h e  low .molecular  weight  components as proposed  by Cohen [8] e 
The obscure   i n f luence   o f   t he   va r ious   b ina ry   f r i c t iona l   coe f f i c i en t s   on   t he  

r a t e   o f   d i f fus ion   can   be   e luc ida ted  when we adop t   t he   fo l lowing   s impl i f i ca -  

t ions  concerning  the  thermodynamics  of   the   ternary  system: 

- 
vlMl = v2M2 

- 

Moreover, we assume that R = (;l/;2)R23 (The cons tan t  C i n   exp res s ion  ( 5 )  

is taken 1 
13 

Let us consider  a t e r n a r y   s o l u t i o n  with g r a d i e n t s   i n   t h e   s o l v e n t   a n d  non- 

so lvent   concent ra t ion ,   bu t   wi thout  a g r a d i e n t   i n  the polymer  volume f r a c t i o n ,  

The above  mentioned  assumptions make it p o s s i b l e   t o   d e s c r i b e  the d i f f u s i o n  

p r o c e s s   i n  t h i s  s o l u t i o n  with the fol lowing  equat ion,   der ived  f rom  eqn.   ( l ) :  

This equa t ion   desc r ibes  a k ind   o f   b ina ry   d i f fus ion   p rocess   i n  a polymer ma- 

t r i x  of which t h e   d e n s i t y   c a n  be chosen. The d i f f u s i o n   c o e f f i c i e n t   f o r  this 

process ,  D '  is given by the term between  brackets. 

D ( @  =l ) = 1.25 * 10m9 m2/sec  and F(@ ) is represented  by express ion  (1 5) .  1 3 
We w i l l  c a l c u l a t e  t he  va lue  of D'($ ) f o r  Cp =0.15. Thïs polymer  volume . 3  3 

f r a c t i o n  is approximate ly   equal   to  a CA weight   f rac t ion   in   ace tone   of   0 .25 ,  
which is  the usua l   C l l . con ten t   i n  a Loeb-Sourirajan-type  cast ing  solut ion.   For  
cp =0.15- it fo l lows  that D' = 1.36 * 10m9 m2/sec. 
3 
, When the f r i c t i o n a l   f o r c e   a c t i n g  between  solvent  and  nonsolverit is neglec- 

ted ( D (  Cpl =l ) -+ w )  as .proposed by  Cohen et al .  [8] it fo l lows  that D *  = 

18.6 * m2/sec. 
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When t h e   f r i c t i o n a l   f o r c e s   a c t i n g  between  polymer  and the low molecular 
weight  components are neglec ted  ( F  + 03) it fol lows that D' = 1.47 * 10-9 
m2/sec. 

From t h e s e   r e s u l t s  it can be concluded  that  f o r  the  system  CA/acetone/ 

water the f r i c t i o n a l   f o r c e   a c t i n g  between  solvent  and  nonsolvent may not  be 

neglected (as proposed by  Cohen [8]) i f  one   wishes   to   descr ibe  the d i f f u s i o n  

behavior a t  a polymer  volume f r a c t i o n   o f  0..15. 

4.8. Calculated  composition paths v a l i d   f o r  a short period after immersion 

I n  t h i s  s e c t i o n  we w i l l  present  calculated  composition  changes  in  an i m -  

mersed CA so lu t ion   du r ing  the period  over  which the bottom  composition  of t h e  

fi lm  remains  unchanged.  In  Chapter 3 we have shown that d u r i n g   t h i s   p e r i o d  

the  interfacial   boundary  composi t ions  remain  constant .  

F i r s t ,  we w i l l  g ive  a s h o r t   d e s c r i p t i o n   o f  the i te ra t ive   p rocedure   fo l lowed 
f o r   t h e   c a l c u l a t i o n   o f   c o n c e n t r a t i o n   p r o f i l e s   i n  the f i l m  as a func t ion   of  

time, f o r   c e r t a i n   i n i t i a l   c o m p o s i t i o n s   o f  the coagula t ion  ba th  and the poly- 

mer so l u t   i o n  : 

The d i f f u s i o n   e q u a t i o n s   f o r  the semi i n f i n i t e l y  thick film (eqn. (1 ) ) are 

so lved   fo r  a randomly  chosen  interfacial   boundary  composition  which is 

s i t u a t e d   o n  the binodal   in   the  phase  diagram. 

The fluxes  of  solvent  and  nonsolvent a t  the i n t e r f a c i a l  boundary  of t h e  

polymer s o l u t i o n  are ca l cu la t ed  with eqn. (25) of  Chapter 3. 
These f luxes  are u s e d   t o   c a l c u l a t e  the rate of movement of the i n t e r f a c i a l  

boundary, 6 X / 6 t  (eqn. (26)  , Chapter 3 ) .  
6 X / 6 t  is used   to   so lve  the d i f fus ion   equa t ion   fo r   t he   coagu la t ion  bath 

(eqn. ( 6 ) ) ,  f o r  the i n t e r f a c i a l  boundary  composition that  is i n   e q u i l i b r i u m  

(connected  through a t ie - l ine)   wi th   the   in te r fac ia l   boundary   composi t ion   o f  
the f i lm.  

The s o l v e n t   f l u x  a t  the  i n t e r f a c i a l  boundary  of the bath is  ca l cu la t ed  wi th  

eqn. (28) .  of Chapter 3 and  compared  with t h e   s o l v e n t   f l u x  a t  the o the r  side 

of  the boundary,  calculated  before.  

This  procedure is repea ted  b y  choos ing   o ther   in te r fac ia l   boundary  composi- 

t i o n s   u n t i l  the c a l c u l a t e d   s o l v e n t   f l u x e s  a t  both sides of  the i n t e r f a c e  

are equal .  
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Fig. 4. Calculated  composi t ion  paths   for  10 vol,% CA s o l u t i o n s  immersed 
in to   coagu la t ion  baths with d i f f e r e n t   i n i t i a l '   c o m p o s i t i o n s .  The .index at the 
i n t e r f a c i a l  boundary  composition refers t o  the c o r r e s p o n d i n g   i n i t i a l  bath 
concent ra t ion  shown i n   F i g u r e  5. 
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Because we wish t o  examine  whether  metastable  compositions are reached 
somewhere i n   t h e  polymer s o l u t i o n  we will rep resen t  the calculated  composi- 

t i o n   c h a n g e s   i n   t h e  film i n  a ternary  phase  diagram. This  can be  c a r r i e d   o u t  

by r ep resen t ing  the composition  changes by means of  'composition  paths ' .  

I n  t h i s  s e c t i o n  we cons ider  the fi lm t o  be i n f i n i t e l y   t h i c k .  Under these 

circumstances,   the  composition  change  in the f i l m  is  a f u n c t i o n   o f  mt '1/2 and 

the composition  path  can be i n t e r p r e t e d   i n  two d i f f e r e n t  ways: 

- The path shows the succession  of  compositions a t  a f i x e d   p o s i t   i o n   i n  the 

f i l m  from the i n i t i a l   c o m p o s i t i o n   t o  the composition  for t + m .  

- The path shows the succession  of  compositions a t  a f i x e d  moment from the 

bottom  of  the film t o  the i n t e r f a c i a l  boundary. 

The de r iva t ion   o f  the composition  paths from the ca l cu la t ed   concen t r a t ion  

prof i les   goes   a long  with a loss of  information  about the concent ra t ion  d i s -  

t r i b u t i o n   i n   t h e  film as a f u n c t i o n   o f  time. However, i n  a fo l lowing   s ec t ion  

we w i l l  show a ca lcu la ted   composi t ion   p rof i le .  

For   our   ca lcu la t ions  we assume t h e  i n i t i a l  polymer  volume f r a c t i o n   i n  the  

f i l m   t o  be e q u a l   t o  0.1. This  corresponds  with a CA we igh t   f r ac t ion   i n   ace -  

tone   equal   to   0 .17 .  

In   Figure 4 compositions  paths are shown f o r   d i f f e r e n t   i n i t i a l   c o m p o s i t i o n s  

of the   coagula t ion   ba th ,   ca lcu la ted   us ing  two d i f f e r e n t   e x p r e s s i o n s   f o r   t h e  

unknown parameter R Which pa th   be longs   t o   wh ich   i n i t i a l   concen t r a t ion  f o l -  
lows  from  Figure 5,  where the boundary  composition  of the fi lm is shown as a 

func t ion   of  the i n i t i a l   c o m p o s i t i o n   o f  the coagula t ion  bath. The correspon- 

ding  boundary  compositions  are  equally  indexed  in  both  f igures.  The t i e l i n e s  
in   F igure  4 connect the  i n t e r f a c i a l  boundary  compositions  of the f i lm   and   t he  

coagula t ion  bath. 

13: 

An increase  of  the i n i t i a l   a c e t o n e   c o n c e n t r a t i o n   i n  the bath goes  along 

with a decrease of  the  polymer  concentration a t  the i n t e r f a c i a l  boundary  of 

the f i lm.  A t  a c e r t a i n   i n i t i a l   s o l v e n t   c o n c e n t r a t i o n   i n  the bath t h e  two- 

phase  system  cannot   exis t   any  fur ther   and the i n t e r f a c i a l  boundary  layer will 

disappear .   This  means t h a t   t h e  polymer starts t o   d i s s o l v e   i n   t h e   c o a g u l a t i o n  

bath. 

However, the polymer w i l l  a l s o ,   d i s s o l v e   i n  the coagula t ion  bath if t h i s  

conta ins   exac t ly  o r  a l i t t l e  more than  the amount o f   so lven t   necessa ry   t o  

create a n   i n t e r f a c i a l  boundary  layer.  For  example, i f  the 'polymer  concentra- 
t i o n  at the  boundary  'of the f i l m  is e q u a l   t o  5 % ,  the polymer concent ra t ion  a t  
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Fig, 5. Polymer  concentration at  the i n t e r f a c i a l  boundary i n   t h e  immersed 
f i l m  as a f u n c t i o n   o f   t h e   i n i t i a l  water c o n c e n t r a t i o n   - i n  the coagula t ion  
bath. The i n d i c e s  at the d i f f e g e n t  boundary  compositions  refer t o  the   co r re -  
sponding  composition  paths shown i n   F i g u r e  4, 

the boundary  of  the bath w i l l  be O., 1 Z ,  which means t r a n s f e r   o f  polymer  from 

the f i lm.   In   Chapter  5 w e   w i l l  show that this concent ra t ion  is i n   f a c t  con- 

s iderably   h igher   than  0.1 % because   o f   the   po lydispers i ty   o f  the polymer. 

We w i l l  now consider  the case i n  which the   coagu la t ion  bath c o n s i s t s   o f  

pure water a t  t h e  start of  each  experiment. A varying amount of water is ad- 

ded t o   t h e   c a s t i n g   s o l u t i o n  while the‘ polymer  volume f r a c t i o n  is kept  con- 

s t a n t  a t  0.1 e 

In   F igure  6 composition  paths are shown which  descr ibe the composition 

change i n  the f i lm  dur ing  the time t h e  bottom  composition  of  the  f i lm  remains 
unchanged,  The unknown p a r a m e t e r  R has been   va r i ed   i n  the same way as i n  

13 
Figure 4 and 5 0  

Figure 6 shows that the polymer  concentration a t  the i n t e r f a c i a l  boundary 
i n c r e a s e s  w i t h  increas ing  water c o n t e n t   o f   t h e   c a s t i n g  solut ion,  However, 
most s t r i k i n g  is the f a c t  that  an   increas ing   water   conten t  of the c a s t i n g  
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CA? 

acetone .8 

Fig. 6. Calculated  Composition  paths  for films of 1 O vol.$ CA s o l u t i o n s  
immersed in to   pure   water   coagula t ion  baths ,  fo r   d i f f e ren t   wa te r / ace tone  
r a t i o s   i n   t h e   c a s t i n g   s o l u t i o n :  
a, $ /$ = 0/100,  12.5/87.5,  20/80; b. = 0/100,  10/90,  12.5/87.5. 1 2  



so lu t ion   causes   t he   compos i t ion   pa th   t o  s h i f t  towards  the  binodal.  , A t  a cer- 
t a in   wa te r   con ten t   o f  the cas t ing   so lu t ion   the   composi t ion   pa th   even   c rosses  

the   b inodal ,  which means that immediately after immersion.  of the f i l m  i n t o  

t h e   b a t h  a metastable  composition is r e a c h e d   j u s t   b e n e a t h   t h e   i n t e r f a c i a l  

boundary i n  the fi lm, 

Earlier we have  performed  quenching  experiments  in  our  laboratory  on meta- 

stable s o l u t i o n s  with a degree   o f   supe r sa tu ra t ion   o f   abou t  O .  1% water. Up t o  

a polymer  concentration  of 30 vol.%, these   exper iments   y ie ld   induct ion  times 

for  l iquid-liquid  demixing  which are so  small tha t   t hey   can   no t  be d e t e c t e d  

experimental ly . .   Therefore ,  we assume that l iquid- l iquid  demixing by means of  

nucleat ion  and  growth  of   the  di luted  phase  takes   place  immediately  af ter   en-  

t e r i n g  the metastable composition  region. 

When the composi t ion   pa th   does   no t   c ross  the b inoda l   l i qu id - l iqu id  demix- 

ing  can  not  take p lace ;  this s i t u a t i o n   p e r s i s t s  at  l e a s t  as long as the com- 
p o s i t i o n  at  the bottom of the  f i l m  remains  unchanged. 

Thus the time it takes before   l iquid- l iquid  demixing  occurs  somewhere i n  

t h e  immersed f i lm will increase  from  zero,  a t  zero  water   content ,  t o  a meas- 

urable   per iod  A t  upon adding a c e r t a i n   c r i t i c a l  amount of  water t o   t h e  cas- 

t i n g   s o l u t i o n .   A c c o r d i n g   t o   o u r   c a l c u l a t i o n s  (see Fig. 6 )  this w i l l  happen a t  

a wa te r / ace tone   r a t io :  

- < - < -  ' O  " I2O5 ' f o r  R = 0 .5 ( ;  /$ ) R  
90 $2 87.5 13 l 2 23' 

I n   t h e   n e x t   s e c t i o n  w e   w i l l  show how t h i s  c r i t i c a l   v a l u e   o f  9 /$ can be de- 

termined  experimentally.  Comparison  of this measured  value  of $ /$ with the  

c a l c u l a t e d   v a l u e   o f  4- /$ f o r  d i f fe ren t   express ions   for ,  R e n a b l e s   u s   t o  
o b t a i n  a s a t i s f a c t o r y   e x p r e s s i o n  - for  R 

1 2  

1 2  

1 2  13' 

13' 
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4.9.  Light   t ransmission  experiments  

Light   t ransmission  experiments   on immersed cas t ing   so lu t ions   have   been   per -  

formed i n   o r d e r   t o  measure the time it takes before   l iquid- l iquid  demixing 

occurs  somewhere i n   t h e   f i l m .  

The experiment&,  setup  for these measurements is  shown i n   F i g u r e  7. The mem- 
brane is cas t   on  a small g l a s s   p l a t e .  The g l a s s   p l a t e  is turned  upside down 

and  placed  on  four   points   of   support   in  a t r anspa ren t  water ba th  as quickly 

as possible .  The water l e v e l   i n   t h e  ba th  is j u s t   i n  between the  top  and  bot-  

tom o f   t h e   g l a s s   p l a t e   t o   p r e v e n t   t r o u b l e s o m e   l i g h t   s c a t t e r i n g  a t  the   water  

sur face .  
The cast f i l m  must be pos i t ioned  a t  t h e   l o w e r   s i d e   o f   t h e   g l a s s   p l a t e   f o r  

the  system  CA/acetone/water,  because t h i s  geometry  prevents   convect ion  in   the 

coagulat ion bath because  of the la rge   dens i ty   d i f fe rence   be tween  ace tone   and  

water. We r e c a l l  that  we wish t o  compare t h e   r e s u l t s   o f  these measurements 

with model c a l c u l a t i o n s  where only  mass t r a n s f e r  by d i f f u s i o n  is considered.  
Above the coagula t ion  bath,  a simple desk lamp a c t s  as a l i g h t   s o u r c e .  A f -  

t e r  immersion  of the c a s t  f i lm i n   t h e   c o a g u l a t i o n  bath,  the l i g h t  t ransmit-  

t ance  is measured  and  recorded as a func t ion   of  time. The appearance  of   opt i -  

ca l   i nhomogen i t i e s   i n  the f i l m ,  as a resul t   of   l iquid- l iquid  demixing,   causes  

the l igh t   t r ansmi t t ance   t o   dec rease .  

After the coagula t ion   process  a small p iece   o f  membrane w i t h  a . e e r t a . i n   s u r -  

f a c e  area, pos i t ioned  ab0v.e the d e t e c t o r ,  is cu t   ou t ,  d r i e d  and  weighed.  In 

combination  with the known volume f r a c t i o n   o f  polymer i n   t h e   c a s t   s o l u t i o n  

the thickness   of  the immersed f i lm a t  t = O  can be ca l cu la t ed .  

Fig. 7. Measurement of the l igh t   t r ansmiss ion   t h rough   an  immersed polymer 
s o l u t i o n ;  1 .  l i gh t source ;  2. g l a s s   p l a t e ;  3 .  polymer  solut ion;  4.. coagula t ion  
bath;  d e t e c t o r ;  6. ampl i f i e r ;  7. recorder .  
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Me have  performed these measuremenes  on CA c a s t i n g   s o l u t i o n s   c o n t a i n i n g  a 

v a r i a b l e  amount  of  water  and a cons tan t  volume f r a c t i o n   o f  polymer (Q, -OOI )o 
We a r e   e s p e c i a l l y   i n t e r e s t e d   i n  the c r i t i c a l   v a l u e   o f  Q, /Q, i n  t h e  c a s t i n g  

s o l u t i o n  where a t r a n s i t i o n   e x i s t s  f rom  delayed  onset   of   l iquid- l iquid de- 

mixing to   ins tan taneous   onse t   o f   l iqu id- l iqu id   demixing ,  The onse t   o f   l iqu id-  

l i q u i d  demixing i n   t h e  immersed f i l m  is accompanied  with a s t rong   decrease   in  

l i g h t   t r a n s m i t t a n c e .  

3- 
1 2  

Exper imen ta l   r e su l t s   fo r  films with a n   i n i t i a l   t h i c k n e s s   o f  220 pm are 

shown in   F igu re  8- The onset   of   l iquid- l iquid  demixing is ins t an taneous   fo r  a 

w a t e r / a c e t o n e   r a t i o   i n   t h e   c a s t i n g   s o l u t i o n   e q u a l   t o   o r   l a r g e r   t h a n  
12.5/87.5 D while it is de layed   for  Q, /Q, equal  t o  or  smaller than  l 0/90. 

1 2  
Consequen t ly ,   t he   c r i t i ca l   va lue   o f  Q, /Q, l ies  i n  between 10/90 and 

12.5/8705. 
1 2  

When this r e s u l t  is compared with the c r i t i c a l   v a l u e s   o f  /Q, c a l c u l a t e d  . 1 2  
i n  the p r e v i o u s   s e c t i o n   f o r  two d i f f e ren t   exp res s ions   fo r  R it can  be  con- 

eluded that the e x p e r i m e n t a l   c r i t i c a l   v a l u e  of Q, /Q, agrees  with the c r i t i c a l  

value  of Q,1 /Q,, calcu la t ed   w i th  R = O. 5 (yl / G 2 )  R23 D 

13'  

1 2  

13 

O 10  20 30 
l I l 

c 
O l0 20 30 t [sed 

Fig, 8, Percentua l   l igh t   t ransmiss ion   th rough 1,0 vol ,$  CA s o l u t i o n s  
immersecl i n t o  a pure water bath f o r   d i f f e r e n t   w a t e f / a c e t o n e   r a t i o s  i n  the 
c a s t i n g   s o l u t i o n  at 25OC. A t  t = O  the f i l m  and the ba th .  are contacted with 
each o t h e r ;   i n i t i a l  film thickness.: 220 ym. 
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The measurements  performed  on  casting  solutions wi th  a w a t e r / a c e t o n e   r a t i o  
smaller t h a n   t h e   c r i t i c a l   v a l u e ,   h a v e   b e e n   r e p e a t e d   f o r   d i f f e r e n t   f i l m   t h i c k -  

nesses .  It has been  observed  that   the   delay  t ime  for   the  onset   of   l iquid-  

l iquid  demixing is p ropor t iona l   t o   t he   squa re  of t h e   i n i t i a l  film th ickness .  

From t h i s   o b s e r v a t i o n  two conclusions  can  be  drawn: 

- Accordiqg t o   o u r  model the  composi t ion  path  in  a ternary  phase  diagram 

d o e s   n o t   s h i f t  as long as the  bottom  composition of the   f i lm  remains  :un- 

changed and no convec t ion   takes   p lace  i n  t h e  ba th .  The measurements show t h a t  

under  these  circumstances  the  composition  path  indeed  does  not  cross  the b i -  

nodal,  which is i n  agreement  with  the model. 

- As soon as the bottom  composition  of the f i lm  starts to   change ,   the  com- 
pos i t i on   pa th   i n  the t e rna ry  phase diagram starts t o  s h i f t  and it may c r o s s  

the b i n o d a l   a f t e r  a ce r t a in   t ime .  

In   t he   p rev ious   s ec t ion  we have  calculated  compositon  paths which desc r ibe  

composition  changes that occur  during the time the  bottom  composition  of  the 
f i lm remains  unchanged.  In the n e x t   s e c t i o n  we w i l l  p r e sen t   ca l cu la t ed  compo- 

s i t i o n   p a t h s  which  approximately  describe  the  composition  changes that occur 

during a longer  period  of  immersion  of a fi lm wi th  a n   i n i t i a l   t h i c k n e s s   o f  

200 pm. We will compare the model c a l c u l a t i o n s  wi th  t he   obse rva t ion  tha t  the  

de lay   t ime  for  the onset  of  l iquid-liquid  demixing is e q u a l   t o  20 seconds  for  

a n   i n i t i a l l y  200 ym t h i ck ,  water-free film immersed i n t o  a pure  water bath.  

4.10. Calculated  composi t ion  paths   approximately  val id  for a longer   per iod  

of immersion 

After a cer ta in   per iod  of   immersion  of  a f i lm  wi th  f i n i t e   t h i c k n e s s  the 

bottom  composition  of  the f i lm w i l l  change. As soon as t h i s  happens it cannot 

be argued  any  fur ther  tha t  t h e   i n t e r f a c i a l  boundary  composition  of the film 

remains  constant .  
Considering the f i n a l   r e s u l t   o f   t h e   p r e c i p i t a t i o n   p r o c e s s  it i!$ c l e a r   t h a t  

t h e  polymer concent ra t ion  a t  the i n t e r f a c e  will increase .   Depic ted   in  a t e r -  

nary  diagram, the boundary  composition w i l l  s h i f t  upwards along the b inodal  
u n t i l  no so lvent  is lef t .  The change  of  composition a t  the i n t e r f a c e  is a 

severe  complicat ion of the ca lcu la t ion   procedure .  
We w i l l  approximate the change of the compos i t ion   i n   t he   f i lm  ' f o r  a longer  
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Fig. 9 .  Approximated  change  of the composition path at d i f f e r e n t  immersion 
t i m e s .  fo r  a 10 vol.% CA s o l u t i o n  immersed i n t o  a pure water bath; i n i t i a l  
film thickness:  200 & 
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period  of  immersion by assuming  the   in te r fac ia l   bounqary   composi t ion   to  re- 
main cons tan t .  The approximation becomes  worse  of  course when the bottom com- 

p o s i t i o n   i n   t h e   f i l m   d i f f e r s  more f rom  the   in i t ia l   composi t ion .  

In   F igure  9 the calculated  change  of  the composition  path is shown f o r   a n  

i n i t i a l l y  200 pm th ick   water - f ree  film, immersed i n t o  a pure  water bath. The 

calculations\have  been  performed  using two d i f f e r e n t   e x p r e s s i o n s   f o r  R 13' 
With R = (i /F ) R  the   composi t ion  path  enters  the l iqu id - l iqu id  demix- 1 3  1 2 23 

ing  gap  about 40 seconds after immersion  of the film. With R 

= O. 5 ( v1  /v2)R23 the ca lcu la ted   de lay  time f o r  the onset  of  demixing is about 
22 seconds .   In   the   p rev ious   sec t ion  it has been shown t h a t   l i g h t   t r a n s m i s s i o n  

measurements  yield a delay time of  20 seconds   for   the   onse t   o f   l iqu id- l iqu id  

d e m i x i n g   i n   a n   i n i t i a l l y  200 pm t h i c k  fi lm. Again t h i s  is in   accordance with 

the c a l c u l a t e d   r e s u l t   f o r  R = O. 5 (v, / v ~ ) R ~ ~ .  

13 - -  

- -  
13 

Although the   ca l cu la t ed   de l ay  time is only  an  approximation  because we as- 

sumed the i n t e r f a c i a l  boundary  composition  to  remain  constant,  t h i s  approx- 

imation is confirmed by Figure  G(b),\which shows that the presence  of  a consì-  
derable amount of   water   in  the cas t ing   so lu t ion   ha rd ly   i n f luences  the i n t e r -  
facial boundary compos it ion. 

Thus the light  transmission  measurements  have  provided  us two independent 

experimental   checks,  which i n d i c a t e   t h a t   o u r   d i f f u s i o n  model co r rec t ly   des -  

cribes the composition  changes  in  an  CA/acetone (/water) so lu t ion  immersed 

i n t o  a water  (-acetone) bath,  if we choose R t o  be e q u a l   t o  0.5(;l/;2)R23. 

The f a c t  that we have t o  choose R t o  be smaller than  (;1/;2)R23 seems reas -  

onable  because the smaller  water 'molecules  w i l l  penetrate   the  'polymer  net-  

work'   easier  than  the  acetone  molecules,   assuming that i n  the t e rna ry  solu- 
t i o n   t h e  water molecu le s   do   no t   fo rm  c lus t e r s ' l i ke   i n   pu re   wa te r .  

13 

13 

4.1 1 . Model c a l c u l a t i o n s  
membrane s t r u c t u r e  

I n  the p rev ious   s ec t ions  - -  

i n   r e l a t i o n   t o  membrane formation  and the u l t i m a t e  

we have shown that a reasonable   assumption  for   our  

model is: R - O . ~ ( V ~ / V ~ ) R ~ ~ .  For t h i s  value  of  R the   ac tua l   composi t ion  
p r o f i l e  is shown in   F igu re  1 O f o r   a n   i n i t i a l l y   w a t e r - f r e e  f i lm immersed i n t o  

13  13 

a pure water bath. The volume f r a c t i o n   o f  polymer  and water are shown as a 

func t ion   of  the d is tance   f rom  the   in te r face   be tween the bath and the f i l m  

( X ' ) .  Because the d i f fus ion ,equat ions   have   been   so lved   us ing  the pos i t ion   co-  
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o r d i n a t e  m, it was necessary t o  convert  the s o l u t i o n   u s i n g  the expression:  

Composi t ion  prof i les  at  1 second  and 21 seconds a f t e r  immersion of the - f i l m  

are shown. These p ro f i l e s   co r re spond  t o  the  composi t ion  paths  shown in   F igure  

9 ( b )  0 

F i g ,  90 Calcula ted   composi t ion   p rof i les   in  a cas t ing   So lu t ion   cons i s t ing  
of t 0  ~ o l . $  CA in   ace tone  immersed i n t o  a pure  water   bath;  X v  is t h e   d i s t a n c e  
from the i n t e r f a c i a l  boundary  between the bath and the film; i n i t i a l  f i l m  
th ickness :  200 Urn. 

The i n i t i a l  f i lm th ickness  is 200 pm. According t o  the c a l c u l a t i o n s   t h e  

f i lm  th ickness   hard ly   decreases   dur ing  the first 21 seconds  after  immersion 
of  the f i l m .  However, near  the i n t e r f a c i a l  boundary the polymer  concentration 



87 

increased  very  s t rongly a t  the very moment of  contact  between  the  polymer so- 
lu t ion   and   t he ,  bath. The small r eg ion   o f   h igh ly   concen t r a t ed   so lu t ion  grows 
Out u n t i l  the onset  of  l iquid-liquid  demixing (21 seconds af ter  immersion) 

f i x e s  t h i s  asymmetric  polymer d i s t r i b u t i o n   i n  the f i lm.  

Thus, the asymmetric p o r o s i t y   d i s t r i b u t i o n   i n  the u l t ima te  membrane is  de- 

termined by the polymer d i s t r i b u t i o n  tha t  r e s u l t s  from the   d i f fus ion   p roces -  

ses i n  the immersed f i lm un t i l ,   t he   onse t   o f   l i qu id - l iqu id   demix ing .  

Liquid-liquid  demixing by means of   nuc lea t ion   of  the di luted  phase  cannot  

take place a t  the interface  between the bath  and  the  f i lm  because  the film 

composition a t  the in t e r f ace   r ema ins   s i t ua t ed  on the b inodal   dur ing   the  co- 

agulat ion  process .  This is independent  on the pos i t ion   o f  the composition 

p a t h   r e l a t i v e   t o   t h e   p o s i t i o n  of t he  b inoda l   i n  the t e r n a r y  diagram. 

The porosity  induced by l iquid- l iquid  demixing  in   the fi lm jus t   benea th  t h e  

in te r face   however ,   depends   s t rongly   on   the   in i t ia l   pos i t ion   o f  the composi- 

t i o n   p a t h   r e l a t i v e   t o   t h e   p o s i t i o n   o f  the b inoda l   i n  the t e r n a r y  diagram: 

I. When the composi t ion  path  does  not   cross   the  binodal   before  the bottom 

composition  of the f i l m  has changed,  which is  the case   fo r   t he   t e rna ry   sys t em 

considered  in   Figure 10 ,  the reg ion   of  h ighly  concentrated  polymer  solut ion 

ju s t   benea th  the i n t e r f a c e   i n c r e a s e s   c o n s i d e r a b l y   u n t i l  the onse t  of l i qu id -  

l iquid  demixing.  The delay time for  the  onset  of  demixing  and  thus t h e  th ick-  

ness   o f  t h i s  in te rmedia te  layer a t  the moment of   onse t   o f   l iqu id- l iqu id  de- 

mixing,  depend  on  the i n i t i a l   p o s i t i o n   o f  the compos i t ion   pa th   r e l a t ive   t o  

the pos i t ion   o f  the binodal  and  on the r a t e   o f   s h i f t i n g   o f  the composition 

path towards the b inodal   in   the   t e rnary   d iagram.  

It is i n t e r e s t i n g  that the th ickness  of t h e   i n t e r m e d i a t e   l a y e r  a t  the 

moment of  onse t  of l iquid- l iquid  demixing,  must a l s o  depend  on the i n i t i a l  

th ickness   o f  the c a s t  f i lm. 

Because the polymer concen t r a t ion   i n   t he   i n t e rmed ia t e   l aye r  is r e l a t i v e l y  

h igh  a t  the moment of   onset   of   l iquid- l iquid  demixing,  the porosi ty   induced 

by t h i s  demixing  process w i l l  be r e l a t i v e l y  low while t h e  chance that the 
u l t ima te   po res  will be interconnected is small. In  Chapter 7 it w i l l  even be  

argued that wi th in  t h i s  in t e rmed ia t e   l aye r  no d i lu ted   phase  a t  a l l  w i l l  be 

nucleated.  Consequently, when l iquid- l iquid  demixing is the on ly  demixing 

process  that  is re spons ib l e   fo r   po res   i n  the u l t ima te  membrane, t h i s  interme- 

diate layer will inf luence  the t ranspor t   behavior   o f   the  membrane very 
strongly.   According  to this reasoning the t ranspor t   behavior   o f  t h i s  type  of 
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membrane is inf luenced by the th i ckness   o f   t he  cast f i l m .  
Beneath t h i s  e f f ec t ive ly   dense   i n t e rmed ia t e   l aye r  with a th ickness  of a few 

micrometers (see Figure 10)  a th i ck   sub laye r  is formed  which is highly  porous 

b e c a u s e   t h e   i n i t i a l  po lymer   concent ra t ion   has   increased   on ly   s l igh t ly   un t i l  

the onse t   o f   l iqu id- l iqu id   demixing   in  t h i s  l aye r .  ' 

11. When a l ready  the i n i t  ia1 composi t ion  path  crosses  the binodal ,  the on- 

set of l iquid- l iquid  demixing w i l l  not   be   delayed  and  nuclei   of  the d i l u t e d  

phase w i l l  b e  formed j u s t   b e n e a t h   t h e   t o p l a y e r   i n  a reg ion  where the  i n i t i a l  

polymer  concentration  has hardly changed.  Consequently, the induced   poros i ty  

and the in t e rconnec t iv i ty   o f  the pores w i l l  be h igh .   In  the Appendix of  this 

thesis w e  w i l l  show that the nuc le i   o f  the d i lu t ed   phase  formed i n   t h i s   r e -  

g ion   of   the  f i l m  can  even  grow  out t o  form  macrovoids i n   t h e   u l t i m a t e  mem- 

brane. The u l t imate   t ranspor t   behavior   o f  t h i s  type  of membranes is only  de- 

termined by the very  thin  dense  layer  formed at the   in te r face   be tween bath 

and f i l m .  

For bo th   types   a f  membrane f.ormation  processes the v i scos i ty   o f   t he   sk in  

l a y e r  at the in te r face   immedia te ly  becomes s o  h i g h   t h a t  the n u c l e i   o f  the 

diluted  phase,   formed  beneath t h i s  sk in   l aye r   canno t  grow through this l a y e r ,  

In   our   op in ion  the process   of   l iquid- l iquid  demixing  can  only  yield a micro- 

po rous   sk in   l aye r   i f  the  formation  of an i n t e r f a c i a l  boundary  between the so- 

l u t i o n  film and the coagula t ion  bath is prohib i ted  by the presence  of  an  ex- 

c e s s  amount o f   s o l v e n t   i n   t h e   c o a g u l a t i o n  bath (see Figures  4 and 5) .  This  

assumption is in   accordance  with e x p e r i m e n t a l   r e s u l t s   o f  Wijmans- [g] ,  con- 

cerning  the  formation  of   microporous  skin  layers .  

During the immersion  process the exchange  of  solvent  and  nonsolvent  in  the 

demixed f i lm  cont inues,   causing  an  increase  of  the -polymer  concentration  in 

the  concentrated  phase  surrounding the pores.  When the concentrated  phase 
c r o s s e s '   t h e   g l a s s   t r a n s i t i o n   i n  the isothermal   phase  diagram  the  ul t imate  

s t r u c t u r e   o f  the membrane is f ixed .  
Membranes formed  by the mechanism  of  delayed  onset  of  l iquid-liquid demix- 

i n g + w i l l  be c a l l e d   t y p e  I membranes. Membranes formed  by the mechanism  of 
instantaneous  onset   of   l iquid- l iquid  demixing w i l l  be call ,ed  type I1 mem- 

branes.  

For  type 11 membranes the th ickness  of the t h i n   s k i n   l a y e r  is very import- 
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a n t   f o r  t h e  t r a n s p o r t   p r o p e r t i e s   o f   t h e  membrane. This   th ickness  i s  deter- 

mined  by t h e  d i s t a n c e   t o   t h e   i n t e r f a c - e   o f  t h e  pos i t i on  where the first nuc le i  

o f   the   d i lu ted   phase  are being  formed.  Unfortunately  our model o n l y   p r e d i c t s  

t ha t   t he   compos i t ion   i n   t he   f i lm   j u s t   benea th   t he   i n t e r f ace  becomes meta- 
stable immediately, af ter  immersion  of t h e  film. The p red ic t ion   o f   t he   exac t  

p o s i t i o n  whpré t h e  f irst  nucle i   o f   the   d i lu ted   phase   a re   be ing  formed is  

beyond the   s cope   o f   t h i s  model. 

4.1 2. Discussion 

I n   t h e   p r e v i o u s   s e c t i o n s  we have  considered  l iquid-liquid  demixing by  means 

of nucleation  and  growth  of the d i lu t ed   phase  as the pore  forming mechanism 

during membrane formation.  According  to t h i s  considerat ion  and  our  model 

c a l c u l a t i o n s  we can  dis t inguish  between two types   o f  membranes: 

- Type I1 membranes cons i s t ing   o f  two l a y e r s :   i )  a ve ry   t h in   sk in   l aye r  

where no nuc lea t ion  of the di luted  phase  could  take  place;  ii) a thick  sub- 

layer   wi th   in te rconnec ted   pores   reaching   un t i l  the  bot tom  s ide  of  t h e  mem- 

brane. 

- Type I membranes cons i s t ing   o f   t h ree   l aye r s .   In   be tween  the two l a y e r s  

ment ioned  for   type I1 membranes an   e f f ec t ive ly   dense   i n t e rmed ia t e   l aye r  has 

been  formed with a thickness   of  a few  micrometers.  Because  of the  high  poly- 
mer concent ra t ion  a t  the moment of   onset   of   demixing  the  formation  of   an 

i n t e r c o n n e c t i v e   p o r e   s t r u c t u r e   i n  this l aye r  has been  prohibi ted.  

Type I membranes w i l l  be formed  only when the in i t ia l   composi t ion   pa th   does  

not   c ross   the   b inodal   in   the   t e rnary   phase   d iagram.  We have shown t h a t   t y p e  I 

membranes are formed when a CA-acetone s o l u t i o n  is immersed i n t o  a coagula- 

t i o n  bath cons i s t ing   o f  water only. 
In  Chapter 6 we w i l l  show t h a t  the type   o f  membrane t h a t  w i l l  be formed is 

s t rongly   in f luenced  by the degree of m i s c i b i l i t y   o f  the solvent   and the non- 
so lvent .  When so lven t s  are used which are better misc ib le  with water than  

acetone  (for  example DMSO, DMF or   dioxane)   type I1 membranes w i l l  be formed. 

Besides liquid-liquid  demixing,  other  porosity  inducing  processes l i k e  

c r y s t a l l i z a t i o n   o r   a g g r e g a t e   f o r m a t i o n  may occur   during the immersion  pro- 

cess. Aggregate   formation  occurs   in   several   ternary  systems [5,10,1 l ] a t  a 
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ce r t a in   nonso lven t  o r  polymer  concent'ration. This demixing  process,  accompan- 
y i n g   t h e   g e l a t i o n   p r o c e s s ,   o f t e n   r e s u l t s   i n  a nodular o r  f i b r i l l a r   s t r u c t u r e ,  

I n  a previous  paper [s] w e  have shown tha t  t h i s  p r o c e s s   a l s o   o c c u r s   i n  CA/ 

ace tone /water   so lu t ions ,  the sys tem  d iscussed   in  this paper. 

We th ink  that aggregate   formation w i l l  l e a d  t o  much be t t e r   i n t e rconnec ted  

pores  than  liquid-liquid  demixing  (above the c r i t i c a l   p o i n t )   b e c a u s e   t h e  

solut ion  demixes by means of  nucleation  and  growth of a s o l i d  phase. 

Espec ia l ly   in   type  I membranes the   occur rence   o f   th i s   demixing   process  du- 

r i n g  the immersion of the c a s t  f i lm w i l l  in f luence  the t r a n s p o r t   p r o p e r t i e s  

o f   t he   u l t ima te  membrane t o  a la rge   ex ten t   because  it may induce  intercon- 

nec ted   pores   in  the dense   in te rmedia te   l ayer   benea th  the s k i n   l a y e r ,  

The inf luence   o f  this demixing   process   on   ' the   s t ruc ture   o f   the   th in   sk in  

l a y e r  is hard t o  predic t   because  no experimental  data a r e   a v a i l a b l e  on the 
s t ruc ture   induced  by aggregate   formation  in   highly  concentrated  polymer  solu-  

t i o n s ,  The c a l c u l a t i o n s   p r e s e n t e d   i n  t h i s  paper  provide the composition  range 

i n  which  these  s t ructure   analyses   should be carried o u t   f o r  the te rnary   sys-  
tem  CA/acetone/water. 
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5. LIQUID-LIQUID  DEMIXING BEHAVIOR OF CELLULOSE  ACETATE/WATER/SOLVENT 
SYSTEMS. COMPARISON OF EXPERIMENTAL  RESULTS WITH CALCULATIONS. 

By A . J .  Reuvers  and C.A. Smolders 

5.1 . Summary 

Liquid-liquid  demixing  behavior  of  the  quasi-ternary systems c e l l u l o s e  ace- 

t a t e  (CA)/THF/water and CA/dioxane/water is examined.  Both t h e  i so thermal  

cloud  point  curve  and the compositions of the coexis t ing  phases  are measured. 

It has been  found tha t  i n  the area near  the cr i t ical  poin t  t h e  compositions 

of the coexis t ing  phases  do not   co inc ide  w i t h  the cloud  point  curve.  This is 

caused  by the po lyd i spe r s i ty  o'f the  polymer. 

For the ca l cu la t ion   o f  the coexis t ing  phases  we use the Flory-Huggins  theo- 
r y   f o r  three-component  systems.  Experimental  concentration  dependent  parame- 

ters are used   for  the thermodynamic interaction  between  solvent  and  polymer,  

respec t ive ly   so lvent   and   nonsolvent .   Al though  in   the   ca lcu la t ions  CA is as- 

sumed t o  be monodisperse,   fairly  good  agreement  has  been  found  between the 

calculated  and  experimental ly   found  coexis t ing  phases .  

Experimentally a's well as by c a l c u l a t i o n  i t  has been  found tha t  the   pos i -  

t i o n s  of the  demixing  gaps are q u i t e   t h e  same f o r  both  systems. However, the 
s lope   o f  t h e  t i e l ines ,   connec t ing  t h e  coex i s t ing   phases ,   t u rned   ou t   t o  d i f f e r  

considerably  for   both  systems.   Calculat ions show that t h i s  is caused  by the 

poorer   misc ib i l i ty  of water and THF compared t o   t h a t  of water and  dioxane. 

5.2. Introduction 

Knowledge of the equ i l ib r ium thermodynamics of the  ternary  system  polymer/ 
solvent/nonsolvent is of  utmost  importanc'e t o   u n d e r s t a n d . t h e  mechanism of 

formation of membranes by means of immersion  precipi ta t ion.  

A cor rec t   express ion  for  t h e  Gibbs free  energy  of  mixing as a func t ion  of 
the composition f o r  t h i s  sys tem  enables   one   to   der ive   express ions   for  the 

chemical p o t e n t i a l s  of the three components i n  t h e  mixture.  These express ions  

can be used t o  ca l cu la t e :  
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- The  d r i v i n g   f o r c e s   f o r  the t e r n a r y   d i f f u s i o n   p r o c e s s   i n  the cas t ing   so lu -  

t i o n ,   a f t e r   b e i n g  immersed i n t o  a nonsolvent bath. 

- The pos i t i on   o f  the binodal   in   an  isothermal   ternary  phase  diagram; this 

binodal  is the boundary  between stable and metastable compositions. 

- The t i e l ines   wh ich . connec t  the  compositions  of the coex i s t ing  phases, s i t u -  

ated on the binodal ;   af ter   immersion  of  the c a s t i n g   s o l u t i o n   i n t o   t h e  co- 

agu la t ion  bath the compositions at the i n t e r f a c i a l  boundary  between the 

bath and the f i l m  are given by such  a p a i r  of coexisting  compositions.  

Thus,  knowledge  of the Gibbs free .energy  of  mixing  of a polymer/solvent/ 
nonsolvent  system  provides  almost a l l  the  necessary  information t o  desc r ibe  
the diffusion  and  demixing  behavior   in  the c a s t i n g   s o l u t i o n   a f t e r  immersion 

of this s o l u t i o n   i n t o  the nonsolvent bath. The only  extra   information  needed 

concerns   the   coef f ic ien ts   which  describe t h e   f r i c t i o n a l   f o r c e s  between the 

d i f f e r e n t  components dur ing  the d i f fus ion   process .  

For t h e   c a l c u l a t i o n   o f   t h e   b i n o d a l ,  the t i e l i n e s   a n d   t h e   d r i v i n g   f o r c e s   f o r  
a c e r t a i n   t e r n a r y   s y s t e m  w e  u se   an   expres s ion   fo r  the Gibbs free energy of 

mixing ( G  ),  descr-ibed i n  Appendix A of Chapter 3 [ l  1.. The Gibbs f r e e   e n e r g y  

Of mixing of the te rnary   sys tem is assumed t o  be a funct ion  of  the free ener- 
gy of  mixing i n  the three l i m i t i n g   b i n a r y  cases. One of the aims of this 

Chapter is to check the  r e l i a b i l i t y   o f  the expres s ion   fo r  G o 

E 

E 

For the system  CA/acetone/water w e  have  compared the ca lcu la ted   and  the 

measured  posi t ion  of  the liquid-liquid  demixing  gap as a check  on  the relia- 

b i l i t y  of the expres s ion   fo r  G (Chapter 4). I n  t h i s  Chapter we w i l l  examine 

the phase  behavior of the systems  CA/tetrahydrofuran (THF) /water and CA/di-  

oxane/water. We w i l l  not  only  examine the pos i t i on   o f  the l iqu id - l iqu id  de- 

mixing  gap,  but we w i l l  a l s o  compare the  calculated  and  measured  compositions 

of the coexis t ing  phases .  

E 

Because the c e l l u l o s a  acetate (CA) used is a polydisperse  polymer,  the l i q -  

l iquid- l iquid  demixing  process  w i l l  be  accompanied  by a f r a c t i o n a t i o n   o f  the 

polymer. This e f f e c t  w i l l  be examined  by  measuring the number (kn) and  weight 

(Mw) average  molecular  weight  of CA i n  the  coexis t ing  phases .  
- 

I n  this Chapter w e  w i l l  a l s o  examine the  in f luence   o f  the thermodynamic  in- 

t e r a c t i o n  between the solvent   and the nonsolvent  on the demixing  behavior of 
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a t e rna ry   so lu t ion .  For t h e s e   c a l c u l a t i o n s  we will use  experimental ly   obtain-  
ed concentration  dependent  thermodynamic  interaction  parameters  for  various 

solvent-water  ,systems.  In  Chapter 6 it will be shown that   the  thermodynamic 

i n t e r a c t i o n  between the   so lvent   and   the   nonsolvent   in f luences  the membrane 

format ion   process   to  a l a r g e   e x t e n t .  

F i n a l l y ,  we w i l l  d i s cuss  the inf luence   o f  the polymer-solvent  and  polymer- 

nonsolvent  thermodynamic  interaction  parameters  on the demixing  behavior  of- 
the t e rna ry   so lu t ion .  

5.3. Experimental  determination of phase  equilibria of quasi  ternary CA/ 

solvent/water  systems 

We have  chosen  dioxane  and THF as t h e  solvents ,   because f o r  t h e s e   s o l v e n t s  

experimental  data on GE for  solvent-water  mixtures are ava i l ab le .  These data 

are necessa ry   fo r   t he   ca l cu la t ion   o f  the phase   equ i l ib r i a   o f  t he  te rnary   sys-  

t ems. 

CA/THF/water s o l u t i o n s  do not show any   ge la t ion  phenomena up t o   v e r y   h i g h  

polymer concentrat ions  [3] .   Unfortunately,  the polymer r ich   phase   o f  a demix- 
e d  CA/dioxane/water. s o l u t i o n   g e l s   a l r e a d y  a t  a polymer  concentration of 1 O%, 

which o b s t r u c t s  a t o t a l   s e p a r a t i o n   o f  t he  polymer lean  and the polymer r i ch  

phase. The g e l a t i o n  phenomena are still  much more pronounced when s o l v e n t s  
l i ke   ace tone ,  DMF or DMSO are used. 

5 . 4 . Exper fmental 
Cel lu lose  acetate was obtained  from  Eastman Kodak and had an   ace ty l   con ten t  

of  39.8%  and a v i s c o s i t y  number 3 ( ASTM) ; ‘;In = 27,000; iw = 56,000 (deter- 

mined by HPLC measurements).  Dioxane  and THF (both   so lvents   f rom Merck, ana- 

l y t i c a l   g r a d e   a n d   s t a b i l i z e d )  were used  without fur ther  p u r i f i c a t i o n .  Water 
was demine ra l i zed   and   u l t r a f i l t r a t ed .  

A l l  the solut ions  prepare,d (we w i l l  ca l l  them i n i t i a l   s o l u t i o n s )   c o n t a i n e d  

enough water t o  demix i n t o  two  phases a t  2OOC. The CA weight   f rac t ion   of  the 

i n i t i a l   s o l u t i o n s  was always 0.04. The wa te r / so lven t   r a t io   o f  the i n i t i a l  so- 
l u t i o n s  has been  varied.  
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The i n i t i a l   s o l u t i o n s   h a v e  ' been   prepared   in  two s t e p s  o F i r s t ,   t h e  polymer 
was d isso lved   in   pure   so lvent ,   Second,  a mixture  of solvent   and water was 

added t o  the s o l u t i o n   t o   o b t a i n  the desired composition  of the so lu t ion ,  The 

s o l u t i o n  was homogenized by s t i r r i n g   i n  a c l o s e d   v e s s e l  at moderate  tempera- 

t u r e  (30-5OOC) o When a l l  the g e l   p a r t i c l e s  were d isso lved  the s o l u t i o n s   i n  

the c losed   ves se l s  were p u t   i n t o  a thermostated bath, a t  20°C, After being 

shaken  for  some time the vesse l s   r ema ined   i n  the thermostated bath, at  least 
during  one week. During t h i s  time t h e  concent ra ted   phase   could   s ink   to  the 

bottom  of the vesse l ,  For the system CA/THF/water  two clear phases were ob- 

t a ined   w i th in  a week, I n   s o l u t i o n s  of  CA/dioxane/water the concentrated  phase 

o f t e n   s t a y e d   s l i g h t l y   t u r b i d ,   b e c a u s e  some of  the diluted  phase  remained 

i n c l u d e d   i n  the gelated  concentrated  phase.  

Taking some samples  of the two phases ,   the   so lvent   mix twe was separa ted  

from  each  sample by  means of vacuum d e s t i l l a t i o n ,   u s i n g   a n   a p p a r a t u s  describ- 

ed by  Mulder [Q] and the CA concentrat ion  could be determined  by  weighting. 

The composition  of the dis t i l led water-THF mixtures was determined,by  den- 
s i t y  measurements  using a Paar Dig i t a l   P rec i s ion   Dens i ty  Meter model DMA 50. 

The cornposition  of the d i s t i l l e d  water-dioxane  mixttunes was determined by 

Pefractive  index  measurements.  

The moleculan?  weight d i s t r i b u t i o n s   o f  the polymer i n  the two phases were 

determined by s ize   exclusion  chromatography  on a Waters High  Performance 

Liquid  Chromatograph  (columns:  micro-styragel;  flow rate: 2 ml/min,)o '  The 

e luen t  was THF, 

The measurements  performed  on the phase  behavior  of the systems  CA/dioxane/ 

water and CA/THF/water are r ep resen ted   i n   i so the rma l  teinnary  phase  diagrams 

(Fig.  1 )  o Figure 1 (a) and l ( b )  r ep resen t  a small p a r t  of t h e  phase diagram, 

where the relevant  measurements are performed. The compositions are represen-  
ted by the weight   f rac t ions .  

For  both  systems two curves are measwed. The dashed curve  connects the  

compositions  of the phases i n t o  which the i n i t i a l   s o l u t i o n s   s e p a r a t e d ,  The  

f u l l   c u r v e  is the c loud   po in t   curvee   represent ing  the compositions  of  solu- 
t i o n s  which start t o  separate i n t o  two l iqu id   phases  at  2OoC, upon  cooling. 

The 'compositions  of the coex i s t ing  phases and  of the i n i t i a l   s o l u t i o n s  are 
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solvent t- 

B / 
30 

.38 I 
wak r 

Fig. 1. Isothermal  phase  diagrams fo r  the  Systems UWY-IF/water (a) and 
CA/dioxane/water ( b )  at  20OC.  -O--: measured  cloud  point  curves; 0-0-0: 
measured  compositions of coexisting  phases  connected by a t i e l i n e   t h r o u g h  the 
composition of the i n i t i a l   s o l u t i o n .  
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connected by t i e l i n e s .  

In the CA/dioxane/water  solutions  the  compositions  of the polymer r i c h  
phases  could  not be  determined  exact ly   because  of  the incomplete   separat ion 

of the di luted  phase  f rom the concentrated  phase.   Nevertheless ,  we could ex- 

ac t ly   de t e rmine  the s lope   o f  the t i e l i n e s   i n  the phase  diagram  for t h i s  sys- 

tem, by connect ing the compositions of the polymeer lean  phase  and the i n i t i a l  
polymer  solution. 

For both  systems the c loud   po in t   cwve   and  the c w v e   r e p r e s e n t i n g  the co- 

ex i s t ing   phases  do not   co inc ide  as it should  have  been the case i f  the poly- 

mer components were monodisperse, The two c w v e s   c r o s s  each o the r  a t  a CA 

we igh t   f r ac t ion   o f  0.04, t h e  CA concentrat ion  of  the i n i t i a l   s o l u t i o n s ,  

Because  of the polydispers i ty   o f  the polymer, the free energy of the i n i -  

t i a l  s o l u t i o n s  is minimized when the polymer is s e p a r a t e d   i n t o   f r a c t i o n s  with 

d i f f e ren t   ave rage   mo lecu la r   we igh t s   i n  the two phases [ 5 ,  6 1 D We have meas- 

ured the number (M ) and  weight (Gw) average  molecular  weights  of  the  polymer 

i n  the coexis t ing  phases   of  the i n i t i a l   s o l u t i o n s   c o n s i s t i n g   o f  CA/THF/water, 

The r e s u l t s  are shown i n   F i g u r e  2, The polymer rich phase  and t h e  polymer 

lean  phase  contain CA with a higher ,   respect ively  lower,   average  molecular  

weight  than t h e  CA i n . t h e   i n i t i a l   s o l u t i o n s ,  This means a l s o  that the coexis- 

t i n g  phases conta in  CA with a d i f fe ren t   molecular ,   weight   than  the polymer i n  

the s o l u t i o n s  which were used t o  determine the  c loud   po in t   curve ,  This ex- 
p l a i n s  why the compositions  of the coexis t ing  phases  do no t   co inc ide  wi th  the 

cloud  point  curve; the c loud   po in t   cu rve   s epa ra t e s  metastable from stable 

compos i t ions   fo r   so lu t ions ,  which conta in  CA with the  i n i t i a l   m o l e c u l a r  

we igh t   d i s t r ibu t ion ;  the curve  through the compositions  of the coex i s t ing  

phases   separates  metastable from stable composi t ions   for   so lu t ions   conta in ing  

CA with d i f fe ren t   molecular  weight d i s t r i b u t i o n s ,  

n 

Although w e  d i d  not  examine  the  magnitude  of the e f f e c t ,  i t  must be no t i ced  

that the molecular   weight   d i s t r ibu t ions  of CA as wel l  as the  compositions  of 
the coexisting  phases  depend  on the CA 

1161 0 

From Figure  2 it can be seen  that gn 
r i ch   phase  a t  inc reas ing  water content  
d i r ec t ion   o f   and  GW f o r  the i n i t i a l  
t h a t  a larger amount of the i n i t i a l  

n '  

c o n c e n t r a t i o n   o f ' t h e   i n i t i a l   s o l u t i o n s  

and kW values   of  CA i n  the polymer 
of  these s o l u t i o n s   b o t h  go i n t o  the 
s o l u t i o n s ,  This is related t o  the f a c t  

polymer is p a r t i t i o n e d   i n  the polymer 
r ich phase at inc reas ing  water content   o f  the  o r i g i n a l   s o l u t i o n ,  The conse- 
quence of this phenomenon is that the compositions of the polymer r ich phases 
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w i l l  approach  the  c loud  point   curve a t  inc reas ing  CA concent ra t ion .  

I I I I 

.34 .3 6 
weight%  water in the  original  solution 
weight%  solvent 

Fig. 2. Number (fin) and  weight (mw)  average  molecular  weights  of CA i n  the 
coexis t ing  phases  as a func t ion  of t h e   w a t e r / s o l v e n t   r a t i o   i n   t h e   i n i t i a l  so- 
s o l u t i o n s   c o n s i s t i n g   o f ,   C A / T H F / w a t e r ;  Rn and MW i n   t h e   o r i g i n a l   s o l u t i o n :  
27,000 r e s p e c t i v e l y  56,000. 

Kamide et a l  [ 71 have  performed  calculat ions  on the phase  behavior of quas i  

ternary  systems that  resemble the  systems that we have  examined. These au- 
thors   have   ca lcu la ted   coexis t ing   phases  for  various  molecular  weight d i s t r i -  

but ions  of  the o r i g i n a l  polymer.   Unfortunately,   they  have  not  calculated the 

boundary i n  between stable and metastable compositions with the  i n i t i a l  poly- 
mer molecular   weight   d i s t r ibu t ion  ( t h i s  boundary  might be compared wi th  the 

c loud   po in t   curve) .   Never the less ,   a l so  t he i r  c a l c u l a t i o n s  show t h a t  the ef- 

fect  of t h e  po lyd i spe r s i ty  of t h e  o r i g i n a l  polymer  on the phase   equ i l ib r i a  is 

most  pronounced a t  low polymer   concent ra t ions   in  t h e  area near  the c r i t i ca l  

po in t ,  the area where we have  performed  our  measurements. 
F igure  1 does  not  only,  show t h e   i n f l u e n c e   o f  the po lyd i spe r s i ty  d f  CA on 
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the equilibrium  phase  behavior  of the ternary  Systems  in?-est igated;  It als0 

shows t h a t  the cho ice   o f   t he   so lven t  affects the s lope  of the t i e l i n e s  con- 

nec t ing  the coexis t ing  phases .  This phenomenon w i l l  be d i s c u s s e d   i n  the las t  

sec t ion   o f  t h i s  chapter .  

5.6, Calculation of phase equilibria of the ternary systems CA/dioxan@/wat@r 

and CW/%HF/water 

We w i l l  c a l c u l a t e   p h a s e   e q u i l i b r i a  of the t e r n a r y  systems CA/dioxane/water 

and CA/THF/water i n  a similar way as we have  done f or  the system CA/ ace- 

tone/water 121, This means that we assume the polymer t o  be monodisperse with 

molecular  weight M 

However o un l ike  the expres s ions   fo r  the chemical   potent ia ls ,   used by Kamide 

et al  f 6 I s  OW express ions   for  the chemica l   po ten t ia l s   can   be   used   for   t e rna-  

ry   sys t ems  with concentrat ion  dependent   thermodynamic  interact ion  parameters  

gl (nonsolvent-solvent   interact ion)   and g23 (solvent-polymer  interact ion)  s 

3' 

The e x p r e s s i o n s   f o r  the chemica l   po ten t ia l s  (Apf) have  been  given i n  Chap- 1 

ter 3. 
The cond i t ions   fo r   l i qu id - l iqu id   equ i l ib r ium are: 

Apf (polymer  lean  phase) = Apl (polymer r i ch   phase )  i = 1 2, 3, 

where 1 o 2 and 3 refer t o  the nonsolvent ,  the so lvent   and  the polymer  respec- 

t i v e l y -  The procedure  used t o   c a l c u l a t e  the compositions of the coex i s t ing  

phases has been described by Altena [8]. 

I n  the fo l lowing   s ec t ion  the values  of the   i n t e rac t ion   pa rame te r s  w i l l  be 

g iven   fo r  the te rnary   sys tems w e  wish t o  examine. 

5.7. The thermodynamic interaction  parameters g12($2) y g,3(+,) and x13 for 
the systems CA/dioxane/water and CA/THF/water 

The binary  concentrat ion  dependent   parameters   g ,2(+,)   have  been  calculated 

from l i terature data [g, 101 f o r  the excess   f r ee   ene rgy  GE of mixtures of 
solvent   and water, Tfiese calculat ions  have  been  performed  using the fol lowing 

express ions  [8 J : 
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1 E 
g12(92) = - [ x l l n ( x l / + l )  + x21n(x2/$2) + G /RT] , 

x1 92 

where x and 9, r ep resen t  the mole f r a c t i o n ,   r e s p e c t i v e l y   t h e  volume f r a c t i o n  

of component i i n  the mixture.  For the ca l cu la t ion   o f  @i, we assumed the 

p a r t i a l   s p e d i f i c  volumes  of the components t o  be cons t an t   and   equa l   t o  the 

i 

v a l u e s   f o r  the pure  components.  For the desc r ip t ion   o f  t h e  concent ra t ion  de- 

pendence of g we use  similar express ions  as have  been  used f o r  the system 

acetone-water  (Chapter  4). 
12 

THF-water (25OC): 

g I 2  = 1.613 - 0.546 + 1.096  exp(-4.604 $ l )  + 0.303  exp(-17.374 + l )  (2)  

Dioxane-water  (25 O C ) : 

The thermodynamic interact ion  between water and CA is described by a con- 

s tant   parameter  x measured by means of swelling  experiments [Q]: 13' 

x13 = 1.4 (25OC) (4 )  

The concentration  dependent  parameter g f o r  CA-dioxane mixtures has been 23 
obta ined  by Alteha using  osmotic  pressure  measurements  [l 1 ] : 

g23 = 0.62 - 0.11  $2 (25OC) (5)  

We have  determined the  concentration  dependent  parameter g f o r  CA-THF 
23 

mix tu res   i n  a way similar t o  tha t  of  Altena,  who has examined s o l u t i o n s  of C A  

in   d ioxane   and   ace tone  [ 1 l 1. 
For CA concentrations  above 2.5  weight % we used a h igh   p re s su re  osmometer 

[ 11 1. For CA concent ra t ions  below  0.5  weight' % we used a low p res su re  osmo- 

meter. The membranes used i n  both osmometers were S a r t o r i u s   a l l e r f e i n s t ,  

ca ta logue  number 11 539. 

The osmot ic   p ressure   d i f fe rence  ( T )  between the  pure  solvent   and a polymer 
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s o l u t i o n  is r e l a t e d  t o  the chemical   potent ia l   of  the s o l v e n t   i n   t h e   m i x t u r e  

(AIL+) i n  the fol lowing way: 2 

where v2M2 is the molar  volume  of the  s o l v e n t .  For a complete l ist  of symbols 

we refer t o  Chapter 3 o 

The express ions   for  AV; f o r   b ina ry  polymer s o l u t i o n s  is given by (Chapter 

3 ) :  

Combination  of  eqn, ( 6 )  and (7) y i e l d s  g23($2) + $2{dg23($2)/d$21 as a fum- 

t ion   o f   the   osmot ic   p ressure   and  @ 

For M we have  used i of CA, determined wi th  t h e  low pressure  osmometer. 

This  value of Gn2 viz .   35,000, .   turned  out   to  be h igher   than  %n determined by 
HPLC measurements  (27,000)  because  the membrane used is permeable   for   the 

very small polymer  molecules. For o ther   ca lcu la t ions ,   no t   connec ted  with 

osmotic   pressure  determinat ions,  w e  have  used the G = 27,000  value. 

3' 

3  n 

n 
The partial s p e c i f i c  volume of CA i n  THF has  been  calculated  f rom  the  s lope 

of the so lu t ion   dens i ty   versus   concent ra t ion   p lo t   and  it has a value of 

0.717 10-3 m3kg-12 with in  the experimental   concentrat ion  range.  

The r e s u l t s  of the  osmotic  pressure  measurements are shown in   Tab le  1.  The 

ca lcu la ted   va lues   o f  g + @2{dg /d@2) are shown i n   F i g u r e   3 *  We approximate 

g23 (4,) f o r  CA-THF s o l u t i o n s  with the funct ion:  
23 23 

From this expression L t  can be seen  that g is only  concentration  dependent 

fo r   ve ry  small values  of $ 
23 

3' 



Table 1 . Osmotic  pressure IT of CA-THF mixtures as a func t ion   of   the   weight  
and volume f r a c t i o n   o f  CA at 25OC. 

w (weight   f rac t ion  CA) 3 

o. O0099 
O. 0252 

O. 0404 
0.0560 

O. 0841 

o. 1 o1 

O. 134 
o. 202 

cp (volume  fact ion CA) 3 

O. 00063 

0.01 61 

O. 0260 

O. 0363 

O. 0550 
0.0662 

O. 0891 

0.1 38 

O. 0655 

3-1 
5.7 
8.6 

17.3 
21.6 

35.0 . 

89.2 

o values  calculated from osmotic pressure 
data  table 1 l 

.2' I I 
I 

O 0.0 5 0.10 0.1 5 

@3 

Fig. 3. + cp2 {dg23/d+2}  (see  equat ion  (7))  as a funct ion   of  CA volume 
f r a c t i o n   ( t 2 ?   i n  a mlxture  of CA and THF. 3 
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5.8. Calculated phase behavisr esmpared with experimental results 

For the c a l c u l a t i o n   o f  the phase  behavior  of the ternary  systems,   g  12 and 
gZ3 were assumed t o  be a func t ion   of  Cp /(C$ +Cp ) and Cp2/(Cp2+Cp3) r e s p e c t i v e l y  

(see Appendix A, Chapter  3). 
2 2 1  

Besides the i n t e r a c t i o n   p a r a m e t e r s   g i v e n   i n  the p rev ious   s ec t ion ,  we used 

the   fo l lowing   parameters   for  the c a l c u l a t i o n   o f  the phase   equ i l ib r i a :  

- the molecular  weight of CA, THF, dioxane  and water: 27,000, 72.11 , 88,12 
and 18-0  g mol-' r e s p e c t i v e l y  

- the p a r t i a l   s p e c i f i c  volume of  THF, dioxane  and water: 1 D 130, 0,967 and 
1 .O00 10e3 m3kg-' r e s p e c t i v e l y  

- the p a r t i a l   s p e c i f i c  volume of  CA i n  THF-water and  of CA i n  dioxane-water: 

0.717  and O .  725 * 1 OL3 m3kg-' r e spec t ive ly .  

The ca l cu la t ed   coex i s t ing  phases f o r  the systems CA/THF/water and CA/ 

dioxane/water are shown i n  the ternary  phase  diagrams  of  Figure 4. I n  these 

phase  diagrams  the  compositions are represented  by the volume f r ac t ions   o f  

t h e  three components. 

Because we assume CA t o  be  monodisperse, the  compositions  of the coex i s t ing  
phases  (connected by t i e l i n e s )  are s i t u a t e d   o n  a binodal   curves  It can be 

seen  that the ca l cu la t ed   pos i t i ons  of the  b inodals  are a lmost   equa l   for   bo th  

te rnary   sys tems,  However, the s lopes  of  the t i e l i n e s   d i f f e r   c o n s i d e r a b l y   f o r  

bo th   sys t ems ,   e spec ia l ly   i n   t he  area n e a r   t h e   c r i t i c a l   p o i n t .  

The calculat ions  have  been  performed with a molecular  weight  of the mono- 

disperse  polymer (M ) equal   to   27,000,  the number average  molecular  weight  of 

CA. We might   a lso  choose  the  weight   average  molecular   weight   of  CA f o r  M 
t o  approximate the phase  .behavior  of the quas i   t e rnary   sys tem.  However, an  

inc rease  of M from  27,000 t o  56,000 has such a small effect on the p o s i t i o n  

of the binodal  and the d i r e c t i o n   o f  the t i e l i n e s   t h a t  the  changes  cannot be 

shown f n   F i g u r e  4.  Only i n   t h e  area near' the cr i t ical  pofnt  the binodal  
s h i f t s  .a l i t t l e  b i t  i n t o  the d i r e c t i o n   o f  the polymer-solvent  axis.  The po- 

s i t i o n  o f   t h e   c r i t i c a l   p o i n t  i t se l f  shifts i n t o  the d i r e c t i o n   o f  a lower 
polymer  concentFation. 

3 

3 '  

3 

I n   ' F i g u r e  5 the ca lcu la ted   phase   behavior   o f  the  h y p o t h e t i c a l   t e r n a r y  sys- 

tems (monodisperse  polymer) is shown toge ther  with the measured phase  behav- 
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CA CA 

Fig. 4 Calcu la t ed   b inoda l   and   t i e l i nes   fo r  the ternary  systems CA/THF/wa- 
ter and  CA/dioxane/water. The in te rac t ion   parameters   used  are given by equa- 
t i o n s  (2-5  and 8 ) .  

i o r  of   the qLtasi ternary  systems  (polydisperse  polymer).  Only that pa r t   o f  
the ternary  diagram is shown where the measurements  have  been  performed. The 

compositions are r ep resen ted  by t h e  volume f r a c t i o n s   o f  the components. Be- 

cause the compositions  of the coexisting  phases  and the cloud  .point   curves  

are measured i n  we igh t   f r ac t ions  we have  converted the composi t ions  in  volume 

fract ions,   assuming '  the p a r t i a l   s p e c i f i c  volumes  of the components t o  be con- 

s t a n t :  

- - - - 
4 .  = v.w. /   (v  w + v w + v w ) i , j , k  = 1 , 2  or 3 and kfj#i ( 9 )  
1 1 1  i i  j j  k k  

where w is the we igh t   f r ac t ion ,  4 is the  volume f r a c t i o n  and T is  the i i i 
p a r t i a l   s p e c i f i c -  volume of  component i. 

The phase  behavior  has  been  measured a t  a temperature  of 2OoC, whereas the 

calculations  have  been  performed  using  thermodynamic data measured a t  a tem- 

pe ra tu re   o f  25OC. We have  observed  experimentally that t h i s  temperature d i f -  

fe rence  has only  a small e f f e c t  on the pos i t i on   o f  the cloud  point  curve.  
When t h e  temperature is  increased  from 2OoC onto  25OC, the cloud  point   curve 

shifts about 0.3 weight   percentage  into the d i r e c t i o n   o f  the CA-water a x i s  
for '  the system CA/THF/water. For the system  CA/dioxane/water t h i s  va lue  has 

been  found t o  be e q u a l   t o  1 .O  weight  percentage.  Although we d id  not  measure 

the comRositions  of the coexis t ing  phases  a t  a temperature  of 25OC, we assume 
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that the pos i t i ons   o f  these compositions i n   t h e   p h a s e   d i a g r a m   r e l a t i v e   t o   t h e  

cloud  point  curve  hardly  change a t  a temperature   increase  of  50C0 

Fig, 5. Isothermal  phase behavior   for  the systems CA/THF/water and CA/ 
dioxane/water, The dashed curve   and   l ines   represent  the  ca lcu la ted   b inodal ,  
r e s p e c t i v e l y   t i e l i n e s  at 25OC. The fu l l   cu rve9   connec ted  by the t i e l i n e s ,  
r ep resen t s  the composi.tions  of the coexis t ing  phases ,  measured a t  2OOC.  The 
o t h e r   f u l l   c u r v e  is the cloud  point  curve  measured a t  20OC. 

- Figure  5  shows that the s lopes  of  the c a l c u l a t e d   t i e l i n e s   f o r  t h e  t e r n a r y  

systems are f a i r l y  well i n  agreement with the s lopes  of  the measured t i e l i n e s  

f o r  the quasi   ternary  systems.   Although the s lopes  of  the c a l c u l a t e d   t i e l i n e s  

are less s t eep   t han   t hose  of the measured t i e l i n e s ,  the d i f f e r e n c e   i n  the 

s lopes  of  the t i e l i n e s   f o r  the two quas i   t e rnary   sys tems is  well approximated 

by the c a l c u l a t i o n s  o 

- I n  this paragraph the pos i t ions   o f  the ca lcu la ted   b inodals  are compared 

with the measured pos i t ions   o f  the cloud  point  curves at high CA concentra- 

t i o n s ,  where the inf luence   o f  the po lyd i spe r s i ty   o f  the polymer  on the phase 

behavior   disappears  (see Figure 1 and 2). 

Taking  into  account the t empera tu re   co r rec t ion   fo r  the p o s i t i o n   o f  the 

measured cloud  point  curve,  it can be concluded that the pos i t i ons   o f   t he  

measured  cloud  point  curve  and the ca l cu la t ed   b inoda l   ag ree   ve ry  well f o r  the 
system  CA/dioxane/water . 

For the system CA/THF/water  the resemblance  between the ca l cu la t ed  and 

expe r imen ta l   r e su l t s .  a t  high CA concent ra t ions  t s  not  so  good, T h i s  may be 
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caused by the  neglec ted   in f luence   o f   the   concxt ra t ion   dependence   of   the  
p a r t i a l   s p e c i f i c  volumes  of the components.  Another  reason may be t h a t   f o r  

t h i s   sys t em the b i n a r y   i n t e r a c t i o n   p a r a m e t e r s   u s e d   a r e   i n   f a c t   o n l y  a poor 

approximation  for  the, i n   r e a l i t y ,   t e r n a r y   i n t e r a c t i o n   p a r a m e t e r s   i n  the  

expres s ion   fo r  the Gibbs free energy  of  mixing (see Appendix A ,  Chapter 3 ) .  

- A t  low  polymer  concentrations the polydispers i ty   o f  CA causes the  calcu- 

la ted b inodal  t o  d i f fe r  from t h e  cloud  point  curve  and t h e  pos i t i ons  of the 

compositions  of the coexis t ing  phases .  This  e f f e c t   c a n   c l e a r l y  be observed 
from the d i f fe rence   o f  the CA c o n c e n t r a t i o n   i n  the ca l cu la t ed   and  t h e  meas- 

ured  polymer  lean  phases. The polydispers i ty   o f  CA is a l s o  the r eason   fo r  t h e  

d i f f e r e n c e   i n  ' the  measured CA concent ra t ion  (3.0 vol .%)  and the c a l c u l a t e d  

CA concent ra t ion  (1.0 vol.%) at  t h e  c r i t i ca l  p o i n t   f o r  the  system CA/THF/ 

water (the c r i t i c a l  poin t  is the   po in t   in   the   phase   d iagram where the coex- 

is t i l lg   phases ,   connected by a t i e l i n e ,   c o i n c i d e ) .  When the c a l c u l a t i o n s  are 

performed wi th  GW ins t ead  of Mn values t h i s  d i f f e rence  is even larger. . 

Because the po lyd i spe r s i ty   i n f luences  t h e  demixing  behavior  only i n  the  

area nea r   t he  c r i t i ca l  po in t ,  the assumption  for  the d i f f u s i o n  model  (Chapter 

3 ) ,  tha t  no polymer d i s s o l v e s   i n  the coagula t ion  bath dur ing  the  coagula t ion  

process ,  is a l s o   v a l i d  when polydisperse  polymer is  used. Only when a l a rge  

amount of  solvent is added t o   t h e   c o a g u l a t i o n   b a t h ,  some (low  molecular 

weight)  polymer will d i s s o l v e   i n  the  coagula t ion  bath and i n  the d rop le t s   o f  
d i lu t ed   phase ,   nuc lea t ed   i n   t he  polymer so lu t ion .  

From t h e   r e s u l t s   d i s c u s s e d   i n   t h i s   s e c t i o n  and the ca lcu la ted   and   exper i -  

mentally  determined  phase  behavior  of the system  CA/acetone/water  (Chapter 

h ) ,  we conclude that  the expres s ion   fo r  the excess  f ree  energy,   used  for  the 

ca lcu la t ion   of   the   phase   behavior -and   the   d i f fus ion   behavior  of te rnary   sys-  

tems, g ives  a f a i r l y  good  approximation of r e a l i t y .  

5.9. Relation  between  binary  thermodynamic  interaction  parameters  and the 
phase  behavior of a 'ternary  system. 

The e f f e c t  o f   vary ing   the   in te rac t ion   parameters   on   the   phase   behavior   o f  a 
polymer/solvent/nonsolvent system has been  calculated by s e v e r a l   a u t h o r s  

[6,8,1..2]. Kamide [6]  has ca l cu la t ed  the phase   behavior   us ing   cons tan t   in te r -  
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act ion  parameters .   Al tena [8] has used  concentration  dependent gl (nonsol- 

vent-solvent)  parameters  and Yilmaz [ 121 has used  concentration  dependent g 12 
and g (solvent-polymer)  parameters. From these   au thors   on ly  Kamide examined 

the phase  behavior  for  polydisperse  polymers.  
23 

The reason  for   us   for   employing  concentrat ion  dependent   expressions  for  the 

in t e rac t ion   pa rame te r s  g 12 and has been the examinat ion  of   avai lable  

experimentally  determined  parameters.  These parameters   tu rn   ou t  ' to be s t rong-  

l y  dependent   on  concentrat ion,   especial ly   gl  [8]. I n   F i g u r e  6 the concentra- 

t i o n  dependence  of  g12 is shown for   d i f fe ren t   so lvent -water   mix tures .  

g ( 9  f o r  Dm-water mixtures  has been  calculated  from data on GE of 12 2 
Saphon [ l  31. The concentration  dependence of gl f o r  DMF-water is described 

by the expression:  

The concentration  dependence  of g12 f o r  the mixtures  water-THF and water- 

dioxane are given by equat ion   (2)   and   (3)   respec t ive ly   and   for  the mixture  
water-acetone by (Chapter  4):  

g12 = 0.979 f 1.127  exp(-2.306 $ 1 ~ 1  + 0.292  exp(-12.564 9,) 

N 

m- 

L 

1 

O 

DMF 

Fig. 6 ,  Concentrat ion  dependent   interact ion  parameters   for   binary  solvent-  
wat er s ys t ems 
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We have  not  used, the multi,-order  polynomials  given by Altena [8]  t o  ap- 
proximate  the  experimental  data on  g12  because the smooth f u n c t i o n a l   r e l a t i o n  

between g ' and $2 could be bet ter  approximated  with  the  expressions we use;  

f o r  the poorly miscible systems  acetone-water  and THF-water the   equat ion   used  

f o r   c u r v e   f i t t i n g   o f  g,,($,) t u r n e d   o u t   t o  have a l a rge   i n f luence   on  the 

ca l cu la t ed  p,hase behavior   of   the   ternary  systems.  

12  

Kamide, Yilmaz  and  Altena  found that an   increas ing   va lue  of g12  (poorer 

misc ib i l i ty   o f   so lvent   and   nonsolvent )  leads t o  a s h i f t  of t he  binodal  to- 

wards the d i r e c t i o n   o f  the polymer-nonsolvent a x i s   o f  the ternary  diagram, 

while t h e  s lope   o f  the t i e l i n e s  becomes less s t eep .  We have  examined the 

inf luence   o f  the use   o f   d i f fe ren t   so lvents   on   the   phase   behavior   o f  CA/sol- 

vent/water  systems,  assuming the solvent-polymer g (r) /$  +$ ) parameter t o  

keep the va lue   fo r  dioxane-CA mixtures.  The s o l v e n t s  we have  examined are 

THF, acetone,  dioxane  and DMF because  the  use  of  these s o l v e n t s   f o r  the pre- 

para t ion   of  CA c a s t i n g   s o l u t i o n s  leads t o   v e r y   d i f f e r e n t  membrane s t r u c t u r e s  

upon coagula t ion  of t h e   s o l u t i o n s   i n  a water bath: This  will be shown i n  

Chapter 6. 

2 3 2 2 3  

From Figure  6 one  might  conclude  that  the thermodynamic i n t e r a c t i o n s  be- 

tween water and THF, ace tone ,   respec t ive ly   d ioxane  are q u i t e   t h e  same. The 

value  of  g12  however, is  o n l y   a n   i n d i r e c t   i n d i c a t i o n  for  the m i s c i b i l i t y   o f  a 

binary  mixture.  A better i n d i c a t i o n   f o r  the m i s c i b i l i t y  of a binary  mixture  

is the following  expression: 

( the  r e l a t i o n  between p, and  g,2 is given by  eqn. ( 1  O) i n  Chapter 4) .  

With a decreas ing   va lue  for  t h i s  dimensionless   expression the m i s c i b i l i t y   o f  

the b inary   mix ture   a l so  decreases (when the va lue   fo r  t h i s  express ion  is  < O 

t h e  binary  mixture  is s e p a r a t e d   i n t o  two  phases).  Figure 7 shows that  the 

m i s c i b i l i t y   f o r  the var ious  mixtures  differs  cons iderably   wi th in  a l a rge  con- 

cent ra t ion   range .  

The effect of the vary ing   misc ib i l i ty   behavior   o f  t he  binary  systems on the 

ternary  phase  behavior is  shown i n   F i g u r e  8. It can be seen  that  the s lope   o f  

the t i e l i n e s  becomes less s t e e p  when the m i s c i b i l i t y   o f  the solvent-water 
mixture becomes worse.   This   effect  is in   acco rdance   w i th   t he   ca l cu la t ions  
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Fig, T e  The m i s c i b t l i t y  of binary  solvent-water  systems as 
the composition, 

solvent .9 -5 ' water 

a func t ion  of 

Fig. 8, Calculated  binodals   and tielines for  ternafoy  CA/solvent/water 
systems,   using g (Q ) for dioxane-CA mixtures. 23 2 
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r epor t ed  by the  previously  ment ioned  authors   [6 ,8 ,12] .  The s h i f t   o f   t h e   p o s i -  

t i o n   o f  the binodal  towards the nonsolvent-polymer  axis a t  decreas ing  misci- 
b i l i t y   o f  the solvent-water  mixture  going from DMF t o   a c e t o n e ,  is  a l s o   i n  

accordance wi th  prev ious   ca lcu la t ions  [8] .  However, it has not  yet   been no- 

t iced tha t  the b i n o d a l   s h i f t s   t o  the l e f t  aga in   for   very   poor ly  miscible 

mixtures (go,ìng f rom  ace tone   t o  THF). 

The phase  behavior  of the four   ternary  systems,  shown, i n   F i g u r e  8, has 

been   ca lcu la ted ,   neglec t ing  the in f luence   o f  the varying g parameters. I n  a 

separate   procedure,  we have   ca lcu la ted   the   in f luence   o f  t h i s  i n t e r a c t i o n  pa- 

rameter on the phase  behavior ,   us ing  the  experimental  g data f o r  CA-diox- 

xane,  CA-acetone  and CA-THF and  an  assumed  value of 0.42 ( t h i s  value is equal 

t o  the concentrat ion  independent   par t   of  g ( q  ) f o r  THF-CA). The other   para-  

meters used   fo r  the calculations  have  been  taken  from the system  CA/dioxane/ 

wat er. 

23 

23 

23 2 

I n   F i g u r e  9 t h e   r e s u l t s  are shown when us ing  the appropr i a t e  g parameters 

of CA-dioxane and CA-THF. The ca l cu la t ed   d i f f e rences  between the phase be- 
23 

hav io r   fo r  g (dioxane-CA)  and  g23  (acetone-CA), r e s p e c t i v e l y ,  g (THF-CA) 

and g = 0.42 were so small t h a t  they  could  not  be v i s u a l i z e d   i n   F i g u r e  9. 
23  23 

23 
Thus the in te rac t ion   parameter  g has t o  change t o  a c o n s i d e r a b l e   e x t e n t   t o  23 

--- g,, = 0.62 -0.11 -!!k (dioxane) 

CA? - g,, = 0.42 - 0 . 0 0 3 3 e x p [ - 5 0 ~ 1  (THF) 
%+e3 

%+Q3 

dioxsne 9 .s water 

Fig. 9. Calcu la t ed   b inoda l s   and   t i e l i nes   fo r  the ternary  system CA/di- 
oxanelwater,   using g ( 4  ) f o r  dioxane-CA and THF-CA mixtures.  23 2 



112 

inf luence  the phase  behavior '  of a polymer/solvent/nonsolvent systen), as has 

also  been shown  by Yilmaz [l 21. However, it is doubtful  whether  the  expres- 

s ions  for g (@ ) chosen by Yilmaz are st i l l  realistic. 
23 2 

The t h i r d  parameter that can   in f luence  the ternary  phase  behavior  is x 
13' 

the parameter   descr ibing the thermodynamic i n t e r a c t i o n  between the nonsolvent 

and the polymer e The previously  ment ioned  authors   [6 ,8 ,12]   have already shown 

t h a t  the b inodal   sh i f t s   towards   the   po lymer-so lvent   ax is   and   the   s lope   o f   the  

t i e l i n e s  bec.omes s t eepe r   fo r   an   i nc reas ing   va lue   o f  x This  effect can be 

very   l a rge   because  the value of x can   vary   s t rongly ,   us ing   d i f fe ren t  non- 

solvent-polymer  combinations [8] m 

13" 

13 

5 o 4 O o Conclusions 

- Comparison  of the c l o u d   p o i n t   c F v e  with the experimental ly   found composi- 

t i o n   o f  the coexsis t ing.   phases  shows that the phase  behavior  near the cri t i-  

cal poin t  is inf luenced  by the po lyd i spe r s i ty   o f  the polymer ,   for   t e rnary  

systems 

- When us ing  the Flory-Huggins  theory  for  three-component  systems,. with con- 

cen t r a t ion   dependen t   b ina ry   i n t e rac t ion   pa rame te r s ,   f o r  the  c a l c u l a t i o n   o f  

the phase  behavior,  the  neglect   of  the  po lyd i spe r s i ty   o f  the polymer i s  res- 

pons ib l e   fo r   on ly  a minor p a r t   o f  the unaccutoacy of the ca l cu la t ion ,  The 

neg lec t   o f   t e rna ry  effects i n  the e x p r e s s i o n   f o r  the  f r ee   ene rgy  is a l a r g e r  

shortcoming of our   ca lcu la t ion   procedure   than  the assumed monodispersi ty   of  

the polymer o 
- Despi te  the shortcomings  of   our   calculat ion  procedure it can be concluded 

t h a t  the phase  behavior   of   ternmy  systems  can be p r e d i c t e d   f a i r l y  well. This 

i n d i c a t e s  t ha t   t he  used   express ions   for  the Gibbs f r e e   e n e r g y  are a lso   accu-  

rate enough t o  be  u s e d   f o r   t h e   c a l c u l a t i o n  of the d r i v i n g   f o r c e s   f o r   d i f f u -  

s i o n   i n   t e r n a r y   s y s t e m s .  

- For the  solvents   examined by us  it is mainly the v a r i a t i o n   o f  their thermo- 
dynamic . in te rac t ion   wi th  the nonsolvent   that   inf luences the demixing  behavior 

of the polymer/solvent/nonsolvent system. The m i s c i b i l i t y  of the so lven t  and 
the nonsolvent   espec ia l ly  affects the s lope   o f  the t i e l i n e s .  
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5.11. APPENDIX A. Phase  equilibria of the  system poly(2,6-dimethyl-l,4- 
phenyleneoxide)/trichloroethylene/methanol 

The demixing  behavior  of  the  ternary  system poly(2,6-dimethyl-l,4-pheny- 

leneoxide/trichloroethylene/methanol (PPO/TCE/MeOH),. has been  examined i n  

o r d e r   t o   o b t a i n  the experimental  data n e c e s s a r y   t o   e l u c i d a t e  the mechanism of 

membrane format ion   for  t h i s  system. Some exper imenta l   da ta   for  t h i s  system 

are a l ready  known: Wijmans [l 41 i nves t iga t ed   t he   pos i t i on   o f  the cloud  point 

curve ,   and   the   pos i t ion   o f  t he  l iquid-liquid  demixing  gap has been  determined 

i n  the appendix  of  Chapter 2 of t h i s  thesis. 

I n  t h i s  appendix we w i l l  p resent  some experimental ly   determined composi- 

t i o n s  of   coexis t ing   l iqu id   phases . ,  The experimental   procedure  fol lowed  to  

o b t a i n  these data has been described earlier i n   t h i s ,   c h a p t e r .  (The composi- 

t i o n s   o f  the d i s t i l l e d  TCE/MeOH mixtures  have  been  determined by d e n s i t y  

measurements).  Within  the  examined  composition  range, two c l e a r   l i q u i d   p h a s e s  

could be ob ta ined   be fo re   ge l a t ion   o f  t h e  concentrated  phase set i n .  PP0 has 

been  taken  from the batch used  by  Wijmans; h = 21,000; k = 44,000. n W ’  

The  compositions  of the c o e x i s t i n g   l i q u i d   p h a s e s   a t  25OC are r e p r e s e n t e d   i n  

F igure  A l ,  t h a t  r ep resen t s  a small pa r t   o f  the phase  diagram, where t h e  rele- 

vant  measurements are performed. The compositions are r ep resen ted  by weight 

f r a c t i o n s  of the components. The dashed curve  connects  the  compositions  of 

the phases   in to  which the i n i t i a l   s o l u t i o n s ,   c o n t a i n i n g  4 w t  .% PPO, are sepa- 

rated. The f u l l   c u r v e   r e p r e s e n t s  the compositions  of  solutions  which start t o  

demix i n t o  two’ l i qu id   phases  at  2 5 O C ,  upon  quenching (a t  20 wt.$ PPO) o r  upon 
cool ing  (a t  PP0 concent ra t ions  < l 0  wt.$). It can be seen  tha t  the polydisper- 

sity of PP0 +causes  the two cu rves   t o   d ive rge  a t  low PP0 concent ra t ions .  

I n   o r d e r   t o  compare the  phase  diagram  of the system PPO/TCE/MeOH wi th  t h e  
phase  diagrams  determined  for the systems  CA/solvent/water, wi th  dioxane  and 

THF as so lven t   r e spec t ive ly ,  we have  . represented the compositions of the 

coexis t ing   phases   for  these systems by volume f r a c t i o n s  of t h e  components i n  ’ 

Figure A 2 .  
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\ \ \ L- 
TCE .9 5 -9 O .a 5 -80 

Fig, A4 o Isothermal   phase  diagram  ( in  w t . % )  fo r  the system PPO/TCE/MeOH a t  
25OC -@- : cloud  point  curve; -0 -0 :  compositions of coexis t ing  phases  
connected by a t i e l i n e   t h r o u g h  the composition of the i n i t i a l   s o l u t i o n .  

a PP0 ITCEIMeOH 
b CAI THFI water 
c CAIdioxanelwater 

Fig, Isothermal  phase  diagrams  ( in vol.$) f o r  the indicated  polymer/ 
solvent/nonsolvent  systems. The curves r ep resen t  the compositions of coex- 
is t ing  phases ,   obtained  f rom  demixed,  4 wt,$ polymer  solutions.  
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Compared t o   t h e   t e r n a r y  CA ' sys tems,   the   b inodal   curve   for  the system PPO/ 

TCE/MeOH is s h i f t e d   i n t o  the d i r e c t i o n   o f  the  polymer-solvent  axis;  the s lope  

o f   t h e   t i e l i n e s   f o r   t h e  PP0 system  has a v a l u e   i n  between t h e   v a l u e s   f o r   t h e  

two CA, systems.  According t o  the  c a l c u l a t i o n s   p r e s e n t e d   i n  t h i s  chap te r ,  

these two characteristics ,are c o r r e l a t e d   t o  a lower   swel l ing   va lue   for  P P 0  i n  

MeOh compared t o   t h e   s w e l l i n g   v a l u e   f o r  CA i n  water, and a lower m i s c i b i l i t y  

of ..MeOH wi th  TCE compared t o   t h e   m i s c i b i l i t y  of water with  dioxane. These 

conclusions  can be drawn  on the cond i t ion  that the  m i s c i b i l i t y  of P P 0  with 

TCE is, b road ly   speak ing ,   equa l   t o   t he   mi sc ib i l i t y  of CA with  dioxane or 

THF. 

We have  measured the equi l ibr ium  swel l ing   va lue   o f  PP0 i n  MeOH t o  be 7.5 
(k0.5) wt.$ MeOH. This  value  corresponds with 11(+1)  vol.$ MeOH. The swe l l ing  

value  of  CA i n  water is 17 vol.$ water [b]. This  means tha t  t h e  thermodynamic 
interact ion  between '  the polymer  and the nonsolvent is indeed   r e spons ib l e   fo r  

t h e  fact tha t ,  f o r  t h e  P P 0  system less nonsolvent is needed f o r   e n t e r i n g  the 

demixing  gap  than  for  the  two CA systems. 
Unfortunately,  no data are ava i l ab le   on  the thermodynamic i n t e r a c t i o n  be- 

tween TCE and MeOH. Thus we canno t   ve r i fy   whe the r   t he   r e l a t ive ly  f l a t  s lope  

of the t i e l i n e s   f o r   t h e  PP0 system are related t o  a low tendency of mixing  of 

MeOH with TCE. 
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6. THE CONNECTION. BETWEEN  NON-IDEALITY  PARAMETERS OF TERNARY SYSTEMS AND 
THE MECHANISM OF MEMBRANE  FORMATION  BY MEANS OF  IMMERSION  PRECIPITATION , 

By  A. J. Reuvers  and  C.A.  Smolders 

6.1 . Summary 

We have  obtained  the  necessary  parameters  for  the  system  CA/dioxane/water 

to be  used  in  our  previously  derived  diffusion  model  for  membrane  formation 
by  means  of  immersion  precipitation. 
Sedimentation  and  diffusion  measurements  have  been  performed  to  obtain  ex- 

pressions  for  the  frictional  coefficients  for  diffusion  in  the  binary  mix- 

tures'  dioxane-CA [ R ( $  ) ] and  dioxane-water [ R ( $I ) ]. 
23 3 12 2 

Using  the  frictional  coefficients  of  the  system  'CA/dioxane/water,  model 
calculations  have  been  performed  in  order t o  examine  the  specific  influence 
of  the  three  thermodynamic  interaction  parameters  g12($12),  g ( $  ) and x 1 3  on 
the  moment  of  onset  of  liquid-liquid  demixing  in an immersed  casting solu- 

t  ion. 

23 2 

Light  transmission  measurements  performed on various  CA/solvent/water  sys- 
tems  confirm  the  conclusion  from  the  calculations  that  the  thermodynamic  in- 

teraction  between  the  solvent  and  the  nonsolvent  (g ) has a dominant  influ- 
ence  on  the  moment  of  onset  of  liquid-liquid  demixing  in  the  immersed  film. 

12 

SEM analysis  clearly  show  the  narrow  connection  between  the  moment  of  onset 

of  liquid-liquid  demixing  and  the  ultimate  membrane  morphology. 

6.2. Introduction 

In Chapter 4 of  this  thesis  we  applied  the  diffusion  model,  described in 
Chapter 3, on  the  ternary  membrane  forming  system  CA/acetone/water.  Composi- 
tion  changes  in  the  casting  solution  upon  immersion  of  this  solution  into  a 

coagulation  bath,  have  been  calculated. 
The  calculations  showed  the'  formation  of  a  layer  highly  concentrated  poly- 

mer  solution  layer  adjacent  to  the  solution  surface.  The  thickness of this 
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concen t r a t ed   l aye r   i nc reases '   un t i l   t he   onse t   o f ' l i qu id - l iqu id   demix ing   f i xes  

t h e  asymmetric  polymer d i s t r i b u t i o n   i n   t h e   s o l u t i o n  fi lm. The moment of  onslet 

of the demixing  process   and,   therefore ,  the  ul t imate   thickness   of  the concen- 

trated su r face   l aye r   depends   on   t he   t o t a l   t h i ckness   o f  the film. 

However , addi t ion   o f  a c e r t a i n  minimum amount of  nonsolvent, i n  t h i s  case 
water , t o  the c a s t i n g   s o l u t i o n   r e s u l t s   i n  a d r a s t i c  change  of the membrane 

formation mechanism:  upon  immersion of  the t e r n a r y   c a s t i n g   s o l u t i o n ,  the  com- 

p o s i t i o n   a d j a c e n t   t o   t h e   s u r f a c e   o f   t h e  polymer so lu t ion   i n s t an taneous ly  be- 

comes metastable, which r e s u l t s   i n  the, formation  of   nuclei   of  a polymer l e a n  

phase,   y ie lding a membrane with a ve ry   t h in   t op laye r .  

*L.. 

The ex i s t ence  of these two d i f f e r e n t  mechanisms  of membrane formation has 

been  confirmed by l igh t   t ransmiss ion   measurements   on   coagula t ing   cas t ing  so- 
lu t ions   (Chapter  5 )  o 

I n  t h i s  chapter  we w i l l  examine the  connection  between the choice  of the 

so lven t  and t h e  mechanfsm of  membrane formation., The in f luence   o f   t he   cho ice  
of  the solvent   on the u l t i m a t e   s t r u c t u r e  of the membrane has been the sub jec t  

of a few earlier inves t iga t ions  [ 1-45 o 

So e t  al D [ l  ] and Frommer [2] measured the water   content  of' swollen CA mem- 

b ranes   p repa red   f rom  va r ious   b ina ry   ca s t ing   so lu t ions  immersed i n t o  a water 

bath. So proposed a correlat ion  between the porosi ty   of  the u l t ima te  membrane 

and the so lven t   so lub i l i t y   pa rame te r s :  the  h i g h e r   t h e   s o l v e n t   s o l u b i l i t y  pa- 

rameter 6, the  higher  the poros i ty  of the u l t ima te  membrane. Frommer proposed 

a correlat ion  between the rate o f   p rec ip i t a t ion   o f  the c a s t i n g   s o l u t i o n   a n d  

the tendency of mixing  of  solvent with water, ind ica t ed  by t h e  heat of mix- 

ing:  the higher  the heat of  mixing  of the so lven t  with water, the higher  the 

p r e c i p i t a t i o n  rate. 

Bloch  [3]   and  Guil lot in  [Q] reported  pure water flow rates and salt re ten-  

t i o n   v a l u e s  for  CA membranes prepared   f rom  b inary   cas t ing   so lu t ions .  From 

their  r e s u l t s  it can be conc luded   t ha t   t he   s e l ec t iv i ty   i nc reases   and  the pure 

water f l u x  decreases when the CA c a s t i n g   s o l u t i o n s  are prepared  f rom  solvents  
i n  the sequence: DMSO, DMF, TEP, acetic acid, dioxane  and  acetone. 

These invest igat ions  have a l l  i n  common 'that empi r i ca l   co r re l a t ions   have  
been  found  between t h e  u l t ima te  membrane s t r u c t u r e   a n d  the nature   of  the so l -  
vent  used for  the prepara t ion  of the c a s t i n g   s o l u t i o n ,  We wish t o  examine 
t h i s  c o r r e l a t i o n   i n  a more fundamental way using the' d i f f u s i o n  model .de- 

scribed i n  Chapter 3-  According t o  t h i s  model the. na tu re  of the so lvent  is 
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characterized  by  its  thermodynamic  and  hydrodynamic  interaction  with  the two 

other  components. 

We will  first  obtain  expressions  for  the  hydrodynamic  interactkon  parame- 

12 2 23 3 ters  for  dioxane-water [R (C$ ) ]  and  dioxane-CA [R ( $  ) ]  from  diffusion  and 

sedimentation  measurements.  These  parameters  will  be  compared  with  the  hydro- 
dynamic  interaction  parameters  derived  for  the  acetone-water  and  acetone-CA 

mixtures.  The  hydrodynamic  interaction  parameter  for  water-CA [R ( $  ) ]  will 
be  determined  indirectly,  using  light  transmission  measurements on CA-dioxane 
casting  solutions  immersed  into  various  dioxane-water  mixtures. 

13 3 

Using  the  hydrodynamic  interaction  parameters  Óf  the  ternary  system  CA/di- 
oxane/water  we  will  calculate  the  specific  influence  of  the  thermodynamic  in- 

teraction  parameters  of  various  solvent-water  pairs (gl2) on  the  initial  dif- 

fusion  behavior  in  the  immersed  casting  solution.  The  influence  of  the  ther- 
modynamic interaction  between  solvent  and  polymer (g ) respectively  between 
nonsolvent  and  polymer (x ) on  the  initial  membrane  formation  process  will 

be  examined,  using  assumed  values  for  these  parameters. 

23 
13 

Finally  the  model  calculations  will  be  verified  by  light  transmission  meas- 

urements on immersed  CA  casting  solutions  and  by SEM analysis  to  observe  the 

ultimate  membrane  structure  obtained from these  various  casting  solutions. 

6.3. The  frictional  coefficients  for  dioxane-CA (R ) and  dioxane-water 
23 

(R121 mixtures  derived  from  experimental  data 

- R23 derived from sedimentation  measurements - 

In Chapter 4 it  has  been  shown  that  the  concentration  dependent  binary 

frictional  coefficient R can  be  derived  from  the  sedimentation  coefficient 23 
s ( 0 3 )  0 

For the  binary  system  dioxane-CA  we  have  performed  sedimentation  experi- 
ments  within a. very  limited  concentration  range  because  already  at  a  fairly 
low CA concentration  the  rate of sedimentation  of  the  polymer  .turned  out  to 
be too low  to  be  measurable. In Table 1 the  experimentally  obtained  sedimen- 
tation  coefficients  are  presented  together  with  the  factor F(4 ) ,  defined in 

Chapter 4 of this  thesis  and  expressing  the  concentration  dependence  of  R23: 
3 



- 
where v is  the p a r t i a l   s p e c i f i c  volume  of the  polymer and.&$ is t h e  molecu- 3 
lar  weight of dioxane; R and T have  their   usual  meaning. 

Table 4 ,  The sed imen ta t ion   coe f f i c i en t  s and the f a c t o r  F [eqn, ( l ) ]  as a 
f u n c t i o n  of t h e  volume f r a c t i o n   o f  CA i n  the CA-dtoxane s o l u t i o n ,  at 2 O O C .  

: 9, F * 109 [m2sec-1] S +t 1014 sec  I 

o 023 2 + 3 7  2.69 
D 040 l .'r0 1.93 

, 

When the  values   of  F(@ from Table  1 are compared with the  values   of  F ( $  ) 3 3 
der ived   for  CA-acetone mixtures  (Chapter 4) it can be concluded that F(@ 

f o r  CA-dioxane mix tmes  'is abovt 6 times smaller   than F ( @  ) f o r  CA-acetone 

mixtures ,  a t  low  polymer concentrat ion.  We w i l l  assume that t h i s  r a t i o  be- 

3 

3 

t w e e n   t h e   f a c t o r s  F($ ) for   both  mixtures   remains  the same a t  higher  polymer 

concent ra t ions  o Therefore,  we approximate  the  concentration  dependence  of 

R ( 9  ) f o r  CA-dioxane with an  exprFssion that  resembles the expression  used 

f o r  CA-acetone: 

3 

23  3 

(-9-5.17 43) 
F ( @  ) = 2-73 10 3 m2/sec 

The la rge   d i f fe rence   be tween the  f r i c t i o n a l   c o e f f i c i e n t s  R f o r   t h e  sys- 

tems  CA-acetone  and CA-dioxane is in   accordance  with the l a r g e   d i f f e r e n c e  

between  the  mutual  diffusion  coefficients  for  these  systems  measured by A l -  

t e n a  [ S ] .  

23 

It can be concluded t h a t  the choice  of the solvent  can  have a l a r g e   i n f l u -  
ence  on the value  of R The ef fec t   o f   such  a v a r i a t i o n  of R on the r a t e  

of   d i f fus ion   dur ing  membrane formation  however, is overshadowed by the domi- 
23  23 

nant   in f luence  of R,2 on the r a t e  of the t e r n a r y   d i f f u s i o n   p r o c e s s s  as has 

already  been shown i n  Chapter 4. This f r i c t i o n a l   c o e f f i c i e n t  R,2 w i l l  be ob- 
tained  from  diffusion  measurements  performed  on  water-dioxane  mixtures. 
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- The integral diffusion coefficient Por dioxane-water mixtures - 

The b i n a r y   f r i c t i o n a l   c o e f f i c i e n t  R 12($2)   can  be derived  from  experimental 

data o n   t h e  mutua l   d i f fus ion   boef f ic ien t  D(@ ') and  the  chemical   potent ia l   of  

one  of the components i n  the binary  mixture  (Chapter 4 ) .  
2 

A s  f a r  as we know D(@ ) for  water-dioxane  mixtures has on ly  been measured 

f o r  @ = O .  95 [5].  Because we wish t o  know t h e  concentration  dependence  of D 

w i th in  the complete  concentration  range we have  performed  additional  diffu- 

s i o n  measurements. 

2 

2 

Integral   d i f fusion  coeff ic ients   have  been  measured by t h e  diaphragm cel l  

technique  using a Stokes  type cel l  [ 6 ] .  Two 50-cm3 ce l l  compartments were 

sepa ra t ed  by a 2-mm th ick  Pyrex  s intered  glass   diaphragm  (pore  s ize  5-10 Vm), 
and   each   ce l l  was s t i r red magnetically  (60  r.p.m). The Teflon  bottom  plug was 

of the type  descr ibed by Albright [Y] .  The measurements were performed a t  

25.OoC. 
The c e l l  was calibrated by allowing 0.1 M po ta s s ium  ch lo r ide   t o   d i f fuse  

in to   pu re  water and  assuming the  i n t e g r a l   d i f f u s i o n   c o e f f i c i e n t   t o  be 

1.87 f 10-9 m2/sec [6]. 

The compartments were f i l l e d  accord ing   t o  the procedure described by Stokes 

[6]. The more dense   l iqu id  was p l a c e d   i n  the bottom  compartment. The diff'u- 
S ion   runs  were s t o p p e d   a f t e r  3 t o  9 days. 

The compositions  of  the  dioxane-water  mixtures  from the  d i f fus ion   runs  were 
determined by a d i f f e r e n t i a l   r e f r a c t o m e t e r .  

The i n t e g r a l   d i f f u s i o n   c o e f f i c i e n t s  were ca lcu la ted   us ing  the formula  [8] : 

where 6 is the i n t e g r a l   d i f f u s i o n   c o e f f i c i e n t , '   AC^)^ and   AC^)^ are the  i n i -  

t i a l  and t h e   f i n a l   c o n c e n t r a t i o n   d i f f e r e n c e s  of dioxane  between the ce l l  

Compartments r e spec t ive ly ,  fl is the '?cell constant"  and 8 is t h e  d i f f u s i o n  
time. By c a l i b r a t i o n ,  fl was found t o  be 7.53 * 102 m-2. 

I n  Table 2 the values of ( c ~ ) ~  in  both  compartments  and of (Ac ) are re- 2 f  
por ted   toge ther  with the   ca l cu la t ed   va lues  of i. 
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Table 2, I n t e g r a l   d i f f u s i o n   c o e f f i c i e n t s   f o r  the system  dioxane-water at 
25OC,  measured by the diaphragm c e l l   t e c h n i q u e ;  c3 is the concentrat ion  of  
dioxane o 

(c2Io t o p  
3 1 0 - ~  [kg m-3] 

o ,0000 

o o O000 

O. 1943 

O o 4039 

O o 6096 
O. 81  99 
O o 9227 

(c2l0 bottom 
1 0 - ~  [kg m-'] 

O .  1003 

O D 2009 

O e 3856 

O o 6298 

o, 81  91 
O. 9263 

1 D 0330 

L 
W 

(Ac2)f 
1 [kg m-3] 

O ,  0590 

o. 1555 
O ,  1340 

o 0 1 575 

O.  1595 
O. 0760 
O. 0590 

- 
D 

3 109 [m2 sec-'] 

1 O37 
1 - 3 5  

1 .O5 

O.  74 

0,52 
o. Q1 
l -26 

- Derivation of W12 fyom the diffusion data - 

To ob ta in  R 1 2  from the d i f f u s i o n  data, it is n e c e s s a r y   t o  rewrite t h e  in t e -  

g ra l   d i f fus ion   coe f f i c i en t s   i n to   sv t rue7P   mutua l   d i f fus ion   coe f f i c i en t s .  

Assuming the p a r t i a l   s p e c i f i c  volumes  of  dioxane  and water t o  be cons t an t ,  

t h e   i n t e g r a l  d i f f  u s i o n   c o e f f i c i e n t '  g is approximately related t o  the  mutual 
d i f f u s i o n   c o e f f i c i e n t  D($,) v i a  the  r e l a t i o n  [8] 

1 where @M = T ) ] and the s u p e r s c r i p t s  * and refer t o  the bottom 

and  top  compartments  respectively; @ is  the volume f r a c t i o n   o f  component i. 
2 f  

i 
I n  Chapter 3 we have  derived the fo l lowing   re la t ion   be tween the mutual 

d i f f u s i o n   c o e f f i c i e n t  D and the b i n a r y   f r i c t i o n a l   c o e f f i c i e n t  R 12' 



where v is the p a r f i a l   s p e c i f i c  volume of   the   so lvent   (d ioxane)   and  p l  is 

t h e  chemical pote,n$ial of the   nonsolvent  (water) i n   t h e   b i n a r y   m i x t u r e ,   g i v e n  
by t h e   e x p r e s s i m  

2 

where s is e q u a l   t o  v M / i  M and Mi is the  molecular  weight of component i ;  

Au is e q u a l   t o  p -p where p is t h e  chemical poten t ia l   o f   pure  water. 
The interact ion  parameter   g12  for   dioxane-water   mixtures  at  25OC is  given by: 

1 1  2 2  

l 1 o '  O 

g12 = 1.389 - 0.607 + 1.050  exp(-4.731 9,) + 0.500 exp(-19.922 $,) (6a )  

Subs t i tu t ion   o f  t he  equat ions  (5) and ( 6 )  i n  eqn. ( 4 )  relates t h e  measured 

i n t e g r a l   d i f f u s i o n   c o e f f i c i e n t s  6 t o  R 1 2 ( r j 2 ) .  By c u r v e   f i t t i n g  it has been 

found   t ha t   t he   measu red   i n t eg ra l   d i f fus ion   coe f f i c i en t s ,   r ep resen ted   i n  
T a b l e  2 ,  are well approximated by eqn.  (4) when us ing  the  following  expres- 

s i o n   f o r  R 1 2 ( + 2 ) :  

1 M2 - (1.00 0.25  $2) D ( $ 2 = 0 )  
R1 2(+2) RT 

D($,=O. 95)  measured by Altena [ 5 ]  is a l so  i n  good  agreement with the  calcu- 

l a ted  d i f f u s i o n   c o e f f i c i e n t .  

According t o  the f i t t i n g   p r o c e d u r e  the f r i c t i o n a l   c o e f f i c i e n t  R 1 2  is only  
s l igh t ly   dependent   on   concent ra t ion   and  its value ìs about   the  same as f o r  

the system  acetone-water. The s t rong  concentrat ion  dependence  of  the calcu- 
la ted mutua l   d i f fus ion   coe f f i c i en t  is mainly  caused by the thermodynamic 

f a c t o r ,  as is the case f o r  the  binary  mixture  acetone-water  (Chapter  4).  

Equation ( 7 )  w i l l  be  used i n   t h e   t e r n a r y   d i f f u s i o n   e q u a t i o n s ,   d e s c r i b i n g  

the  mass t r a n s p o r t   i n  the immersed CA-dioxane c a s t i n g   s o l u t i o n ,  whereas equa- 
t i o n  ( 5 )  w i l l  be used i n  the b ina ry   d i f fus ion   equa t ion   desc r ib ing  the  mass 

t r a n s p o r t   i n  the coagula t ion  ba th  (see Chapter 3) .  
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H measured integral diffusion  coefficients 
0 measured differential diffusion  coefficient [ Altena] 
- cakulated diffusion coefficients 

.z -4 .g .8 1.0 
(dioxane) 

Fig, 1, Concentration  dependence  of the mutua l   d i f fus ion   coe f f i c i en t  D f o r  
the binary  system  dioxane-water a t  25OC.  For the c a l c u l a t i o n  of D(@*) t h e  
equat ions  (4-7) i n  the  text  have  been  used. 

604e Determination of the frictional coefficient R (+ ) ~ Q F  the temary 
13 3 

system CA/dioxane/water 

According t o  the d i f f u s i o n  model , app l i ed  f or  a polymer s o l u t i o n  immersed 

i n t o  a co'agulation bath, the onse t   o f   l iqu id- l iqu id   demixing   in   the  polymer 

s o l u t i o n  after being immersed i n t o  the bath, should either t ake   p l ace   i n s t an -  

' t aneous ly  o r  be de layed   for  at least the  per iod  over  which the s o l u t i o n  f i lm 

can be considered as a semi- inf in i te  medium. 

For the system  CA/acetone/water the e x i s t e n c e   o f   t h e s e   d i f f e r e n t   t y p e s  

membrane formation  processes  has been  confirmed by l i g h t   t r a n s m i s s i o n  meas- 
urements  performed  on  coagulating  casting  solutions  (Chapter 4) o It has been 

found   t ha t   add i t ion  of a cer ta in   minimal  amount of water t o  the c a s t i n g  solu- 
t i o n  leads t o  a s h a r p   t r a n s i t i o n  from,  delayed t o  instantaneous  onset  of 
l iquid- l iquid  demixing f o r  t h i s  t e r n a r y  system. 

The same type  of l i gh t  t ransmission  experiments  has been  performed f o r  'the 

system  CA/dioxane/water. I n  c o n t r a s t  with CA-acetone c a s t i n g   s o l u t i o n s ,  it 
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appeared tha t  immersion  of a b inary  CA-dioxane c a s t i n g   s o l u t i o n   i n t o  a pure 

water ba th   r e su l t s   i n   i n s t an taneous   onse t   o f   l i qu id - l iqu id   demix ing .   De layed  

onset  of  demixing  in CA-dioxane so lu t ions   cou ld   a l so  be obtained,   but   only 

after a d d i t i o n  of a c e r t a i n  minimum amount of  dioxane t o   t h e  water bath. 

I n   t h i s   s e c t i o n ,  we wish t o   f i n d  a reasonable   express ion   for  the s t i l l  
\ 

unknown f r i c t i o n a l   c o e f f i c i e n t  R ( $  ) (water-polymer i n t e r a c t i o n ) ,   f o r   t h e  

system  CA/dioxane/water. This express ion  will be de r ived   i n  the  fo l lowing  

way : 

13 3 

- R ( $  ) is  assumed t o  be related t o  R ($I ) (solvent-polymer  interact ion)  
13 3 23 3 

acco rd ing   t o  a s p e c i a l l y  choosen r e l a t i o n ;  

- t h i s  r e l a t ion   con ta ins   one  unknown v a r i a b l e  t h a t  is  determined by an 
i t e r a t ive   p rocedure :   fo r  t h e  optimal  value  of t h e  v a r i a b l e ,  model ca lcu la-  

t i o n s  must y i e l d   t h e   s h a r p   t r a n s i t i o n  f rom  ins tan taneous   to  de1aye.d onset   of  

demixi'ng at t h e  same dioxane   concent ra t ion   in  t h e  coagula t ion   ba th  as has  

been  determined  experimentally. 

I n  a similar way, an   express ion   for  R ( 4  ) has been  der ived  for  the system 
13 3 

CA/acetone/water i n  Chapter 4: 
R ( $  ) was assumed t o  be related t o  R ( $  ) accord ing   t o  the fo l lowing  

13  3 23 3 
r e l a t i o n :  

The i t e r a t i v e   p r o c e d u r e   r e s u l t e d   i n  a C-value  of 0.5. Because it  seems 

r e a s o n a b l e   t o   e x p e c t   t h a t   t h e  smaller water molecules  penetrate  the  'polymer 

network' easier than   the   ace tone   molecules ,   the   va lue   o f  0.5 f o r  C was a 

s a t i s f y i n g   r e s u l t .  

On physical  grounds  however, we expect that t.he r a t i o  of R ( $  ) and 13 3 
R ( $  does  not  only  depend  on the  s i z e s   o f  t h e  solvent  and  nonsolvent mole- 

cul .es ,   but   a lso  on the dens i ty   o f  the  'polymer  network',  determined by $ I n  
t h i s  Chapter   therefore ,  R ( 4  ) w i l l  be assumed t o  be related t o  R ( $  ) i n  

the fo l lowing  way: 

23 3 
3' 

13  3  23 3 
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The p rocedure   u sed   t o   ca l cu la t e  the composition  changes i n  t h e ’  immersed 

f i lm has been  descr ibed  in   Chapter  4. The composition  changes are ca l cu la t ed  

f o r  the period  during  which the bottom  composition  of the  f i lm  remains un- 

changed.  Since  then the  composition  charges  are a func t ion   of   on ly  

(where m is the pos i t i on   coord ina te ) ,  the c o m p o s i t i o n   p r o f i l e   i n  the  f i l m  

during t h i s  period  can be represented  by a non vary ing   composi t ion   pa th   in  

t h e  ternary  diagram  of the system  considered (see Chapter 4). T h i s  path re- 

p resen t s  a l l  local   composi t ions that e x i s t   i n  the immersed film. 

Th i s  composi t ion   pa th   connec ts   the   in i t ia l   cas t ing   so lu t ion   composi t ion  
(far from the i n t e r f a c e )  wi th  the  i n t e r f a c i a l  boundary  composition  of the  

f i l m ,   t o  be found  on the b inodal   in  the  ternary  diagram. A t i e l i n e   c o n n e c t s  

the  i n t e r f a c i a l  boundary  composition  of the f i l m  with the i n t e r f a c i a l  boun- 

dary  composition  of  the  coagulation  bath.   These  interfacial   boundary composi- 

tions  remain  unchanged as long as i )  the bottom  composition  of the f i l m  re- 

mains  unchanged, ii) no convection takes p l a c e   i n  the bath and iii) no 

l iqu id- l iqu id   demixing   occurs   in  t h e  f i lm.  

The following  parameters are used   for  the c a l c u l a t i o n  of the composition 

changes  and  the moment of onset  of demixing i n   t h e  immersed CA-dioxane 

c a s t i n g   s o l u t i o n :  

- the  f r i c t i o n a l   c o e f f i c i e n t s  R23(!3) and R12(@1 /@l  +q2) given by the ex- 

pressions  (1-2)  and (7) r e spec t ive ly ;  
- the thermodynamic  interaction  parameters 

gl 2 given by express ion   (6a)  

g23 (dioxane-CA) = 0.62 - O. 11 (.$ /4 +q ) 191,  

x1 ( w a t e r - C A )  = 1.4 [ l  O ]  ; 
2 1 2  

- the  molecular  weights of CA, dioxane  and water: 27,000, 88.12 and 18.0 

gram rno1-l r e spec t ive ly ;  

- the p a r t i a l  specific volume of CA, dioxane  and water: 0.717, 0.967  and 
1 .O03 * lOW3 m3kgd1 re spec t ive ly .  

In   F igu re  2 the calculated  composi t ion  paths  are. shown f o r  a 15  vol .  % CA- 

d ioxane   so lu t ion  immersed i n t o  a coagula t ion  bath of which the i n i t i a l  compo- 
s i t i o n  has been  varied.  It can be seen  that the composi t ion  paths   calculated 
f or  the pure .  water bath and the 18.5% dioxane i n  water bath do c ross  the 

dernixieg gap. T h i s  means that immediately after immersion of the c a s t i n g  



s o l u t i o n   i n   t h e s e   b a t h s ,   n u c l e i  of t h e  polymer lean  phase are formed i n   t h e  
f i l m  j u s t   benea th   t he   i n t e r f ac i a l   boundary   l aye r .  The formation of these 

nucle i   can  be detected by l ight   t ransmission  measurements .  

The calculated  cornposi t ion  path  for  the c a s t i n g   s o l u t i o n  immersed i n t o   t h e  

37:5$ d ìoxane   in  water bath. does  not   cross  the demixing  gap, which means tha t  

t h e  formatioq of nuc le i  of the d i lu t ed   phase  is  delayed. 

/ 
volume fraction dioxane 
in  the  coagulation bath: 
a. O 
b. 0.185 
c. 0.375 

dioxane .8 .3 

Fig. 2. Calcu la ted  i n i t i a l   c o m p o s i t i o n   p a t h s   f o r  15 vol.$ CA-dioxane solu- 
t i o n s  immersed i n t o  a coagula t ion  ba th  wi th  a va ry ing   i n i t i a l   compos i t ion .  

I n  Table 3 the calculated  and  measured minimum dìoxane   concent ra t ions   ìn  

the  coagulat ion  bath,   necessary  to   induce delayed onset  of  demixing  ( the 
c r i t i ca l  coagula t ion  bath composition),  are represented  as a func t ion   o f   t he  

polymer  content of the c a s t i n g   s o l u t i o n .  The experimental   values are obta ined  
by l ight   t ransmission  measurements  (see Chapter 4) with an  accuracy  of 1 

vo l .  4% dioxane. 



1 28 

Table 3. The  minimum dioxane  content   of   the   coagulat ion bath n e c e s s a r y   t o  
induce  delayed  onset of demixing a t  25OC a5 a func t ion   of  the polymer content  
of the c a s t i n g   s o l u t i o n .  The calculations  were  performed,  using  expression 
( 9 )  with C = -1. 

$3 ( c a s t i n g   s o l u t i o n )  (coagula t ion  bath)  

measured ca lcu l  at ed 

0.1 o 
0.15 o. 19 O. 15 

0*1  o 0.17 

0,20 o .20  0.16 

Ca lcu la t ions   o f   t he   c r i t i ca l '   coagu la t ion  bath composi t ions  yield the b e s t  

correspondence with the experimental   values ,   us ing  expression (9)  with C = 

-1 o This C-value means that we assume that the polymer  network e x e r t s  a lar- 

g e r   f r i c t i o n a l   f o r c e   o n  the d i f fusfng   d ioxane   molecules   than   on   the .   d i f fus ing  

water molecules.  This assumption  seems  reasonable  because  of the d i f f e r e n t  

s i z e s  of the two components. 

Table 4-  The f r i c t i o n a l   c o e f f i c i e n t s  R12 (water-solvent) ,  R23 (solvent-CA) 
and R (water-CA) f o r  the systems  CA/acetone/water  and  CA/dioxane/water. 13 

CA/acetone/water 

1 e 25 f l O-' m2/sec 

(-8-5.1 743) 
1.66 f 10  m2/sec 

CA/dioxane/water 

( 1  -00-0.25  $2) f 1 . 2 0 f i o - ~  m2/sec 
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I n  Table 4 a survey is g iven   o f   t he   f r i c t iona l   coe f f i c i en t s   fo r   t he   sys t em 
CA/dioxane/water  (obtained i n  t h i s  Chapter )   and   for  the system  CA/acetone/ 

water (obta ined   in   Chapter  4) .  It is  worth  knowing tha t  f o r  the  system C A /  

acetone/water the calculated  composi t ion  paths  are hard ly  affected, whether 

express ion  ( 9 )  (wi th  C = -1 ) or   exp res s ion  (8)  (wi th  C = 0.5) is  used, be- 

cause   t he   r e s i s t ance   fo r   d i f fus ion  is dominated by R 12' 

I n  a l l  f u r t h e r   c a l c u l a t i o n s   i n   t h i s   C h a p t e r ,   f r i c t i o n a l   c o e f f i c i e n t s   f o r  

the  system  CA/dioxane/water w i l l  be used. 

6.5. Variation of the  initial  polymer  concentration  in  the  casting  solution 

I n   F i g u r e  3 the  inf luence  of  the i n i t i a l  polymer c o n c e n t r a t i o n   i n  t h e  CA- 

d ioxane  cast ing  solut ion  on the  d i f fus ion   process  i s  shown. The coagula t ion  

b a t h   c o n s i s t s  of  pure water. For a n   i n i t i a l  CA concentration  of  lO%, as well 

as 208, the composition  path  crosses the binodal  which means ins tan taneous  

onset   of   l iquid- l iquid  demixing.  

The main in t en t ion   o f   p re sen t ing  t h i s  f i g u r e  however, is  t o  show the  in f lu -  

ence  of the i n i t i a l  polymer concentrat ion  on the boundary  compositions at t h e  

i n t e r f a c e  between t h e  coagula t ion  ba th  and the  s o l u t i o n  fi lm. It can be seen  

tha t  a n   i n c r e a s e   o f   t h e   i n i t i a l  polymer concent ra t ion   y i ,e lds  a higher polymer 

concent ra t ion  a t  t h e   f i l m  side o f   t h e   i n t e r f a c i a l   b o u n d a r y   d u r i n g   t h e   f i r s t  

p e r i o d   a f t e r  immersion  of the film. The lower  solvent   concentrat ion at  t h e  

ba th  side of the i n t e r f á c i a l  boundary  indicates  that  the ra te  of mass t r ans -  

port   through the  i n t e r f a c i a l   l a y e r  i s  lowered a t  i n c r e a s i n g   i n i t i a l  polymer 

c o n c e n t r a t i o n   i n   t h e   s o l u t i o n  f i lm.  

These  conclusions  concerning the inf luence   o f  t h e  i n i t i a l  polymer  concen- 
t r a t i o n   i n  the  c a s t i n g   s o l u t i o n  are a l s o   v a l i d   f o r   t e r n a r y   s y s t e m s  which 

y i e l d  a delayed onset  of  l iquid-liquid  demixing.  In  Chapter 7 it w i l l  be 

demonstrated that f o r  membranes prepared   accord ing   to   the   p rocess   o f   de layed  
onset  of  l iquid-liquid  demixing  ( type I membranes), the toplayer  morphology 

and   th ickness  are s t rong ly   i n f luenced  by the polymer concent ra t ion  a t  the 

film side o f   t h e   i n t e r f a c i a l   b o u n d a r y   d u r i n g   t h e   f i r s t   p e r i o d  af ter  immersion 

of  t h e  film. Thus, f o r   t y p e  I membranes it can be explained tha t  the i n i t i a l  

polymer  concentration  of the c a s t i n g   s o l u t i o n   t u r n s   o u t   t o  be an  important 

c o n t r o l l a b l e   f a c t o r   t o   o p t i m i z e  the  s e l e c t i v i t y  and t h e  r e s i s t ance   o f  the 

t op1 ayer. 
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Fig. 3. Ca lcu la t ed   i n i t i a l   compos i t ion   pa ths  f o r  CA-dioxane so lu t ions  with 
a varying CA concent ra t ion ,  immersed i n t o  a pure water coagulat ion bath. 

6.4.  Influence of the three binary thermodynamic interaction  parameters on 
the initial  membrane formation process 

The choice  of the solvent-nonsolvent  pair   of components  used f o r  t h e  prepa- 

r a t i o n   o f  asymmetric CA membranes tu rns  out  t o  have a la rge   in f luence   on  the 

performance  of the .  u l t ima te  membrane [1-4]. By varying  one  of the components 

of the so lvent -nonsolvent   pa i r ,  two binary  thermodynamic  and  hydrodynamic 

in te rac t ion   parameters   and  the spec i f i c   mo la r  volume of the exchanged compo- 

nent  ai?e changed .   In   t h i s   s ec t ion  we w i l l  only  examine t h e  s p e c i f i c   i n f l u e n c e  

of  the binary  thermodynamic  interact ion  parameters  on the i n i t i a l  membrane 
formation  process  by means of model ca l cu la t ions .  For the hydrodynamic  para- 
meters we use  the express ions   der ived   for  the system  CA/dioxane/water ( T a b l e  

41, because i n  our  opinion, the express ion  f o r  R of t h i s  system is  more . 

real is t ic  than  the express ion  fo r  R of the system  CA/acetone/water. 
13 

13 



- Influence of g,2($2) - 

F i r s t  , w e  will examine the  s p e c i f i c   i n f l u e n c e   o f  t h e  thermodynamic i n t e r -  

a c t i o n  between the  solvent  and  the  nonsolvent  components  [g ( $  ) ]  on t h e  

i n i t i a l   d i f f u s i o n   p r o c e s s .  For g ,2 ($2)   exper imenta l   express ions   for   var ious  

solvent-water  combinations are used  which  have  been described i n  Chapter 5. 

For the interact ion  parameters   g23(+2)   and x t h e  experimental  data f o r  

dioxane-CA, r e s p e c t i v e l y  water-CA are used. The molar volume of the s o l v e n t ,  

u sed   fo r  the c a l c u l a t i o n s ,  is changed  together wi th  t h e  examined  solvent- 

water combination. 

12 2 

13 

The calculated  composi t ion  paths   ( together   with  the  binoda3s  and  the t i e -  

l ines   connec t ing  the  i n t e r f a c i a l  boundary  compositions)  are shown i n   F i g u r e  

4, f o r  the solvent-water  combinations  using  dioxane,  acetone  and THF as sol- 
vent   respec t ive ly .  The composition  paths  have  been  calculated,  assuming  the 

coagul'ation bath t o   c o n s i s t  of  pure water. 

For the  DMF-water combination no composition  path  could be ca l cu la t ed  be- 

cause the p a r t i a l   d i f f e r e n t i a l   e q u a t i o n s   d e s c r i b i n g  the d i f fus ion   process  
became i n t r a c t a b l e .  T h i s  is related t o  the f a c t  tha t  t h e  composition  path 

t e n d s   t o   e n t e r  the uns tab le   sp inodal   reg ion   of  t h e  composition  diagram. 

From Figure 7 i n  Chapter 5 it has been  concluded  that t h e  tendency  of 
mixing  of the examined  solvent-water  combinations  decreases i n   t h e   f o l l o w i n g  
sequence  of   solvents :  DMF, dioxane,  acetone  and THF. From Figure 4 and the  

calculat ions  performed wi th  g (DMF-water) it can be conc luded   t ha t   i n  the  

same sequence  of  solvents the parameter  g,2  causes the pos i t i on   o f   t he  compo- 

s i t i o n   p a t h   t o   s h i f t  from t h e  demixing  gap, i n  the d i r e c t i o n   o f  t h e  so lvent -  - 

polymer a x i s  of t h e  composition  diagram (a s h i f t  f rom  ins tan taneous   to  de- 

layed  onset  of  demixing).  

12 

For the solvents   acetone  and THF we have a l so   (approximate ly)   ca lcu la ted  

the change  of the pos i t ion   o f  the composition  path from the  moment the d i f -  

f u s i o n   f r o n t  reaches the bottom  of the immersed s o l u t i o n  fi lm. These ca lcu la-  

t i o n s  have  been  performed  assuming t h e  i n t e r f a c i a l  boundary  composition  of 
the  f i lm t o  remain  constant (see Chapter 4 ) :  f o r   a n   i n i t i a l l y  200 pm t h i c k  

f i lm  the  composi t ion  path  grosses  the  binodal after 25 and 60 seconds   for  g 12 
(acetone-water)  and g (THF-water) r e spec t ive ly .  Thus,  according t o   t h e   c a l -  

c u l a t i o n s  the delay time for   the   onse t   o f   l iqu id- l iqu id   demixing   increases  

wi th  decreasing  tendency  of  mixing of the  so lven t  wi th  the nonsolvent. 

12 

It is  d i f f i c u l t   t o   u n d e r s t a n d  the r e s u l t s   o f  the ca l cu la t ions  as t o  their  



physical  background,  because t h e  pos i t i ons  of the  binodal   and the composition 

pa th  are related t o  the in te rac t ion   parameter  g12 i n  a very  complex way. 

Nevertheless,   from the ca l cu la t ions  it can be concluded  that  a small var ia -  

t i o n  of gl can  have a l a r g e   i n f l u e n c e   o n  the moment of onse t  of l i qu id -  
l i qu id   demix ing   i n  the immersed polymer so lu t ion   and ,   consequent ly ,   on   the  

u l t ima te  membrane s t r u c t u r e ,  as has been  explained  in   Chapter  

Fig. Calcu la ted   in f luence  of gl2.(O2) on the i n i t i a l   p o s i t i o n   o f   t h e  
composi t ion  path  for  a f i lm immersed I n t o  a pure  water bath.  Express ions   for  
g12($2)  have  been  chosen,  which  describe the  thermodynamic  interaction  of the 
ind ica t ed   so lven t s  with water o 

When the so lven t  component of the te rnary   sys tem is  va r i ed ,   no t   on ly  g 
12 

changes ,   bu t   a l so  g For the systems CA-dioxane,  CA-acetone and CA-THF the 

expres s ions   fo r  Q 23(@2) are known (see Chapter 5 ) .  The difference  between 
these expressions is too  small to have a s ign i f i can t   i n f luence   on  the posi- 
t i o n s  of' the composition path and the binodal .   Nevertheless ,  the value  of  g 

23 
may v a r y   t o  a larger ex ten t  when still  another   so lvent  is chosen.  Therefore, 

23 



we have ca l cu la t ed   t he   i n f luence   o f  a larger va r i a t ton   o f  g on  the  posi-  

t ions   o f   the   composi t ion   pa th   and  the binodal.  
23 

The r e s u l t s ,  wi th  g = 0.0 and g = 0.4 ,  are r ep resen ted   i n   F igu re  5 f o r  

a f i l m  immersed i n t o  a pure water bath.  For  the  other  thermodynamïc parame- 
ters, n e c e s s a r y   f o r   t h e   c a l c u l a t i o n s ,  we have  used the  data fo r   t he   sys t em 

CA/dioxane/water. From Figure  5 i t  can be seen  tha t   the  posi t ion  of   the  bino-  

dal hardly  changes; the d i r e c t i o n   o f  the t i e l i n e s  becomes less  s t e e p   a n d   t h e  

pos i t i on   o f  the composition  path shifts towards t h e  polymer-solvent  axis when 

the   va lue  of g decreases.  This means that   the   tendency  towards  delayed on- 

set of l iquid- l iquid  demixing  increases  when the  tendency of mixing  of the 

so lven t   w i th  the polymer  increases. 

23 23 

23 

Thus,  according t o   t h e s e   c a l c u l a t i o n s   t h e   e f f e c t   o f  a decreas ing  g value 
on the i n i t i a l  membrane formation  process is e q u a l   t o  the  e f f ec t   o f   an   i n -  

c r eas ing  gl value. However , a rather large v a r i a t i o n  of g is necessa ry   t o  

ob ta in  a s i g n i f i c a n t   e f f e c t .  

23 

23 

Fig. 5. Calculated  inf luence  of   g23  on the i n i t i a l   p o s i t i o n   o f   t h e  compo- 
s i t i o n   p a t h   f o r  a f i lm immersed i n t o  a pure water bath.  



- Influence of x - 
13 

When the nonsolvent  or the polymer  component i n  the system is var ied ,   no t  

only  g12(@*)  or  g23(@3)  but also x (nonsolvent-polymer  interact ion)  chan- 

g e s .  The spec i f i c   i n f luence   o f  x on t h e   i n i t i a l   d i f f u s i o n   p r o c e s s   h a s   b e e n  

examined  by  comparing model c a l c u l a t i o n s   f o r  x = 1.4  and 2.0. The value  of 

2.0 f o r  x has been  chosen  because t h i s  in te rac t ion   parameter  may have a 

cons iderably   h igher   va lue   than  1 . 4 ,   t h e   v a l u e   f o r  CA-water i n t e r a c t i o n .  To- 

ge ther  with the other  parameters  used, the  r e s u l t s  of the  c a l c u l a t i o n s   f o r  a 

f i l m  immersed i n t o  a pure water bath are shown i n   F i g u r e  6 ,  

13  

13-  

13 
13 

From Figure  6 i t  can be  seen t h a t  the pos i t ions   o f  the binodal as well as 

that of the composition  path s h i f t  towards the polymer-solvent  axis when the  

value  of x increases .   Nevertheless ,  the tendency  of the te rnary   sys tem 

towards  delayed  onset  of  demixing decreases with inc reas ing  x value.  This 

can be concluded  from the ca l cu la t ed   de l ay   t ime   fo r  the onset  of  demixing 

(assuming the i n t e r f a c i a l  boundary  composition to   r ema in   cons t an t   du r ing  t h i s  

delay time): f o r  x = 1.4  one  f inds 25  seconds;  for x = 2.0 a period  of 1 O 

seconds is  f o u n d   ( i n i t i a l  f i lm th ickness :  200 V m ) .  

13 

13 

13  13 

Fig. 6. Calcula ted   in f luence   o f  x13 on the i n i t i a l   p o s i t i o n  of the compo- 
s i t i o n   p a t h  for  a f i lm immers’ed i n t o  a pure water bath. 
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The main r e s u l t s  of t he   ca l cu la t ions   on  the  s p e c i f i c   i n f l u e n c e   o f   t h e   t h r e e  
thermodynamic interact ion  parameters   on the  i n i t i a l   d i f f u s i o n   p r o c e s s   c a n  be 

summarized 'as follows: 

- Decreasing  values  of g and x promote the  tendency  towards  delayed on- 

set of l iquid- l iquid  demixing upon  immersion  of a s o l u t i o n   f i l m   i n t o  a non- 

so lven t  b a t 4 ,  whereas a decreas ing   va lue   o f  g promotes the oppos i t e  e f fec t ,  

viz .   ins tantaneous  demixing.  

23 1 3  

12 

- When t h e   s o l v e n t  or nonsolvent component is  var ied ,   espec ia l ly   the   change  

i n   t h e   g I 2   p a r a m e t e r  may have a large  infuence  on t h e  e a r l y  phenomena dur ing  

the membrane formation  process.  

6.7. Light  transmission  experiments  performed on CA/solvent/water  systems 

Light  transmission  experiments  have  been  performed  on  various immersed 

CA-solvent c a s t i n g   s o l u t i o n s   t o   o b t a i n  the  delay 'time fo r   t he   onse t   o f  
l iquid- l iquid  demixing as a funct ion  of   the  solvent   used  and  of   the  solvent  

c o n c e n t r a t i o n   i n  the coagula t ion  bath.  By measuring these experimental  delay 

times the model ca lcu la t ions   can  be tes ted.  Besides,  these delay times will 

be co r re l a t ed   w i th  the u l t ïma te  membrane s t r u c t u r e  examined wi th  the   scanning  

electron  microscope.  

The experimental set up f o r  the  l i g h t  transmissi,on  experiments  has  been 

described i n  Chapter 4 o f   t h i s   t h e s i s .  For so lvents   wi th  a h igher   dens i ty  

than  water, the cast f i l m  has been pos i t ioned  a t  t h e  upper s ide  of the i m -  

mersed g l a s s   p l a t e .  For so lven t s   w i th  a lower  densi ty   than water the oppos i t e  

has been  done to   p reven t   g rav i t a t iona l ly   i nduced   convec t ion   cu r ren t s   i n  t h e  

coagul a t  ion  bath. 

The r e s u l t s  of t h e  measurements  on  binary  15  vol.% CA c a s t i n g   s o l u t i o n s  are 

r e p r e s e n t e d   i n   F i g u r e  7. It can be  seen  tha t  upon immersion i n t o  a pure water 

ba th  on ly  THF and  acetone y i e l d  a f i n i t e  de lay  time f o r  the  onset   of   l iquid-  

l i q u i d  demixing. When the   so lvents   d ioxane ,  DMF or  DMSO are   used ,  a minimum 
so lven t   concen t r a t ion   i n   t he   coagu la t ion  ba th  is  necessary   for  a delayed 

onse t  of demixing. 

It is  very  remarkable   that ,   according t o  t he   l i gh t - t r ansmiss ion  measure- 
ments, the tendency  towards  delayed  onset   of   demixing  increases   in  the  se- 

quence DMSO, DMF, dioxane,  acetone  and THF. I n   e x a c t l y  the  same sequence the  

tendency  of the s o l v e n t s   t o  mix wi th  water decreases. This c o r r e l a t i o n  i s  i n  



a c c o r d a n c e   w i t h  the c a l c u l a t i o n s   i n  the p rev ious   s ec t ion ,  where on ly  g12 has 

been  varied.  

Obv ious ly ,   va r i a t ions   i n  the f r i c t iona l   i n t e rac t ion   pa rame te r s   have   on ly  a 

s l i g h t   i n f l u e n c e   o n  the i n i t i a l   d i f f u s i o n   p r o c e s s e s   i n  the film. This may 

a l s o  be concluded  f rom  the  calculated delay times f o r  the onset  of  demixing, 

us ing  t h e  fr ic t ional   parameters   for   CA/dioxane/water ,  compared with the ex- 

perimental   delay times f o r  THF-CA and acetone-CA so lu t ions  immersed in to   pu re  
wat er: 

CA-TaF : 67 seconds (measured); 60 seconds  (calculated)  

CA-acetone: 1 9 seconds  (measured) ; 25 seconds  (calculated)  .+ 

It is  v e r y   s t r i k i n g   t o  see the la rge   in f luence   o f  the equi l ibr ium thermody- 

namic  parameter  g12(@2)  on the k ine t i c s   o f  the membrane formation  process .  

This  shows that equilibrium  thermodynamic  properties  not  only  determine the 

phase  behavior of a t e r n a r y  membrane forming  system  (which i s  obvious)  but 

a l s o   a n d   t o  a l a r g e   e x t e n t ,  the  d i f f u s i o n   p r o c e s s e s   i n  the immersed c a s t i n g  

s o l u t i o n .  

0.2 mm 
25 “t 

weïghf fraction solvenf  in  coagulation bath 

Fig, 7. Experimental delay time f o r  the onset   of   l iquid- l iquid  demixing 
after immersion  of a 1 5  vol.$ CA so lu t ion ,   p repared   f rom the ind ica t ed  sol-  
vent  s i n t o  a coagula t ion  bath w i t h  a v a r y i n g   i n i t i a l   s o l v e n t / w a t e r   r a t i o ,  
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6.8. SEM anaiys is 

I n  F igure  8 micrographs  of  cross  sections  of the u l t ima te  membranes. are 

shown, which have  been  obtained by immersion  of the 15 vol .$ C A  Sohu,t,ion 

f i l m s   i n t o   p u r e  water baths .  

The most remarkable effect tha t   can  be observed is  the  absence  of t h e  s o  

called macrovoids   (or   f inger   shaped   cav i t ies )   in  the membranes formed by 

means of  delayed  onset  of  demixing.  In the Appendix  of t h i s  thesis it will be 

shown t h a t  t h i s  r e l a t i o n  between the moment of   onset   of   l iquid- l iquid de- 

mixing  and the formation  of  macrovoids is no t   acc iden ta l .  

A second  e f fec t   tha t   fo l lows   f rom the SEM ana lyses  i s  the l a r g e   d i f f e r e n c e  

between the toplayer   th ickness   o f  the membranes formed  by means of  delayed 

and  instantaneous  onset  of l iquid- l iquid  demixing,  i f  we de f ine  t h e  top laye r  

as t h a t  su r f ace   r eg ion  where no droplets   of   di luted  l iquid  phase  have  been 

formed  during membrane formation. It is clear that a t h i c k  top layer  is  due t o  

an  extended  delay time for   the   onse t   o f   l iqu id- l iqu id   demixing   (v iz .  f o r  THF 
and  acetone,   Fig.   8(c)   and  8(d)) .  

It can a l s o  be seen  t h a t  dur ing  the  delay time f o r  the onse t   o f   l iqu id-  

l i q u i d  demixing the  polymer f i lm  thickness   decreases   considerably,   which 
causes a decrease of   the   poros i ty   o f  the sublayer  and which may prevent the 

format ion   of   an   in te rconnec t ive   pore   s t ruc ture .  Due t o  t h i s  e f fec t ,  the mem- 

brane  prepared  from the CA-THF c a s t i n g   s o l u t i o n  has the performance  of a 

homogeneous,  dense membrane. However , f o r   t h e  membrane prepared  from  the 

CA-acetone c a s t i n g   s o l u t i o n   ( F i g .   8 ( c ) )  the p o r e s   i n  the sublayer  are i n t e r -  

connected,  due t o  the formation  of  aggregates  accompanying the  ge la t ion   o f  

the sublayer .   Therefore ,  the r e s i s t ance   o f  t h e  sub laye r   o f   t h i s  membrane, i s  
much lower   t han   t ha t   fo r   t he  membrane prepared  from the CA-THF so lu t ion .  



Fig. 8. Micrographs of the cross sec t ions  of membranes prepared  from 15 
vol .$  CA c a s t i n g   s o l u t i o n s  immersed i n t o  a pure water bath. Solvents  used for  
the p repa ra t ion  of the c a s t i n g   s o l u t i o n :  a. DMF; b. dìoxane; c. acetone;  d.  
THF (The  m a g n i f i c a t i o n   f a c t o r   f o r  a. and b. differs from that f o r  c. and 
d , )  o 

. _ .  . . .  
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6.9. Conclusions 

The d i f f u s i o n  model f o r  membrane format ion   has   been   appl ied   for   the   sys tem 

CA/dioxane/water . 
Sedimentation  and d i f f  usion  measurements  performed  on dioxane-CA, r e s p e c t i -  

vely  dioxanerwater  mixtures  yielded a f r i c t i o n a l   c o e f f i c i e n t  R-  ( q  ) which i s  

a b o u t   s i x  times higher  than  for  CA-acetone,  and a f r i c t i o n a l   c o e f f i c i e n t  

R ( 4  which is  about   the  same as for  acetone-water.  

23 3 

12 2 
Light  transmission  measurements  showed t h a t  a minimum dioxane  concentrat ion 

i n  the coagula t ion   ba th  is  necessa ry   t o   ob ta in   de l ayed   onse t  of l i qu id - l iqu id  

demixing  upon  immersion  of a CA-dioxane s o l u t i o n   i n  t h e  bath.  An express ion  

f o r  R ( Q  ) has been  determined  which makes t h e  model c a l c u l a t i o n s   t o   p r e d i c t  
delayed onse t   o f   l iqu id- l iqu id   demixing   in   an  immersed CA-dioxane f i lm t o  
occur at t h e  same minimum dioxane   concent ra t ion   in  the coagula t ion  ba th  as 

has been measured wi th  l igh t   t ransmiss ion   exper iments .  

13 3 

Model ca lcu la t ions   on  the system  CA/dioxane/water  showed tha t  an   increase  
of  the polymer concent ra t ion   o f  the c a s t i n g   s o l u t i o n   y i e l d s  a s t rong   i nc rease  

of  t h e  polymer concent ra t ion  at t h e  i n t e r f a c i a l  boundary  of t h e  f i lm upon 

immersion  of  the film. I n  the next   chapter  it w i l l  be shown f o r   t y p e  I mem- 

brane  forming  systems  that  t h i s  e f f e c t  may have a l a r g e   i n f l u e n c e   o n   t h e  

morphology  and the th ickness  of the  u l t ima te   t op laye r .  
4 

Model calculat ions,   performed  using $.the f r i c t i o n a l   c o e f f i c i e n t s   o f   t h e  

system  CA/dioxane/water,  further  showed that decreasing  values  of  the  thermo- 

dynamic in te rac t ion   parameters  g and x promote the tendency  towards de- 
23  13 

layed   onse t   o f   l iqu id- l iqu id   demixing   in   an  immersed f i l m ,  whereas a decreas- 

ing  value  of  gI2  promotes the oppos i t e  effect .  

Light  transmission  experiments  performed  on  various immersed CA-solvent 

systems  confirmed t h e  conclusion  from  the model c a l c u l a t i o n s   t h a t  the value 

of g12 has a dominant i n f luence   on   t he  moment of   onset   of   l iquid- l iquid de- 

mixing i n  the ibersed  film. 

With SEM a n a l y s i s  the inf luence   o f  the de lay  time f o r  the onset   of   l iquid-  
l i q u i d  demixing  on the  u l t ima te  membrane morphology  could  clearly be demon- 

strated. 
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7. CONTROL OF MEMBRANE KORPHOLOGY 

By A. J. Reuvers  and C. A. Smolders 

7.1 . Summary 

Membrane formation by means of   immersion  precipi ta t ion  can  occur   according 

t o  two d i s t i n c t l y   d i f f e r e n t  mechanisms,  characterized by t h e  moment of  onset 

of l iqu id- l iqu id   demixing   in  t h e  ,immersed f i lm.  A survey is given  of  the way 
i n  which t h e  mechanism of membrane formation  can be cont ro l led .  

Type I membranes (formed by t h e  mechanism of   delayed  onset   of   l iquid- l iquid 

demixing) are cha rac t e r i zed  by a r e l a t i v e l y   t h i c k   t o p l a y e r .  It is shown i n  

which way the toplayer  is a f f e c t e d  by the d i f fus ion   processes   and  the  kine- 

t ics  of l iquid- l iquid  demixing.  

Type I membranes are most ly   charac te r ized  by a hype r f i l t r a t ion ,   gas   s epa ra -  

t i o n  or pervaporation  type  of  performance. It is reasoned that '  the morphology 

of the toplayer  depends on a possible  rearrangement  of the polymer d i s t r i b u -  

t i on   t h rough   aggrega te   fo rma t ion   i n   t he   nascen t   t op laye r .  

Type I1 membranes (formed by the mechanism of instantaneous  onset  of 

l iquid- l iquid  demixing)  are cha rac t e r i zed  by a very   ' th in   top layer   and ,  on 

prepara t ion   of  the membrane f rom  a .modera te ly   concent ra ted   cas t ing   so lu t ion ,  

by   an   u l t ra f i l t ra t ion   type   o f   per formance .  

7.2. Introduction 

The main r e s u l t  of the d i f f u s i o n  model p r e s e n t e d   i n  this t h e s i s  is t h e  
e luc ida t ion  of two d i s t i n c t l y   d i f f e r e n t  mechanisms  of membrane formation by 

means of   immersion  precipi ta t ion.  The difference  between  the two  mechanisms 
is charac te r ized  by the moment of   onset   of   l iquid- l iquid  demixing  in  the 

immersed c a s t i n g   s o l u t i o n :  t h i s  moment either co inc ides  with the  very moment 

a t  which the so lu t ion   f i lm   and  the coagula t ion   ba th  are contac ted ,  o r  it is  
delayed for  at least the period  over  which the composition a t  the  bottom of 

the f i lm  remains   cons tan t .  
The terminology  type I and  type I1 membranes has been i n t r g d u c e d   t o   d i s c r i -  
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minate  between membranes formed by delayed  ( type I) o r  ins tan taneous   ( type  

11) onset   of   l iquid- l iquid  demixing.  

In   Chapter  4 it has been shown that the moment of   onse t   o f   l iqu id- l iqu id  
demixing  can be determined  experimental ly  by a s i m p l e   l i g h t   t r a n s m i s s i o n  

experiment  performed  on  an immersed c a s t i n g   s o l u t i o n .  

With the he lp   o f  the d i f f u s i o n   m o d e l ,   a p p l i e d   t o  the system  CA/acetone/wa- 
ter ,  it has been  reasoned that the   ( eas i ly   measu rab le )   de l ay  time f o r  the on- 

set of  l iquid-liquid  demixing is i n t e r r e l a t e d  with the th i ckness   o f  the se- 

l e c t i v e   t o p l a y e r   o f   t h e   u l t i m a t e  membrane: t he   onse t   o f   l i qu id - l iqu id  demix- 

i n g   s t o p s  the growth  of a l aye r   cons i s t ing   o f  a h ighly   concent ra ted  polymer 

s o l u t i o n  adjacent t o  the in te r face   be tween the bath and the f i l m ;  from this 

l a y e r  the u l t ima te   s e l ec t ive   t op laye r   o f  the membrane w i l l  be  formed. 

Besides the thickness   of  the t o p l a y e r ,   a l s o  the presence of f i n g e r l l k e  
cavi t ies   (macrovoids)   in  the u l t i m a t e  membrane depends  on the type  of mem- 

brane  formation  process  that occurs .  A s  a ru l e   de l ayed   onse t   o f   l i qu id - l iqu id  

demixing  prohibi ts   the   formation  of   macrovoids ,  whereas ins tan taneous   onse t  

of   l iquid- l iquid  demixing  yields  the formation  of  macrovoids. There are two 

e x c e p t i o n s :   i n   s o l u t i o n s  with a h igh  polymer o r  nonsolvent   concentrat ion ma- 

crovoids  may not  be found. The process  of  macrovoid  formation w i l l  be discus-  

sed i n  the Appendix  of t h i s  t h e s i s   i n  more detail.  

I n  t h i s  Chapter we w i l l  d i s cuss  the t o p l a y e r   s t r u c t u r e   o f  the two d i f f e r e n t  

types  of  membranes. F i r s t   o f  a l l  the  inf luence  of various  process  parameters 

on the type  of  membrane formation  process  that  occurs ,  w i l l  be summarized. 

7.3. Influence  of  various  process parameters on the  type  of membrane forma-. 

tion  process 

I n  Chapter 4 and 6 the inf luence  of   var ious  process   parameters   on the mo- 
ment of onset   of   l iquid- l iquid  demixing has been  calculated  and/or  measured. 

I n  terms of the type  of membrane t h a t  may be expected,  the r e s u l t s  were as 
fo l lows  : 

- The a d d i t i o n  of nonsolvent t o  the cas t ing   so lu t ion   promotes  the formation 
of type  I1 membranes (Chapter 4). 
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- the a d d i t i o n   o f   s o l v e n t   t o  the coagula t ion  bath promotes the formation  of  

type  I membranes (Chapter 6 ) .  
- An increase  of  the polymer c o n c e n t r a t i o n   i n  the cas t ing   so lu t ion   promotes  

the formation  of  type I1 membranes f o r  the system  CA/dioxane/water  (Chapter 

6 ) .  It should be premature t o   g e n e r a l i z e  t h i s  conclusion  because  the measured 

e f f e c t  and the  examined  concentration  range are only  small. 

- An,  increasing  tendency  of  mixing  of t he  so lven t  with the nonsolvent  (ex- 
pressed by the minimum value  of $. {dp.  /d$. } for   the   b inary   so lu t ion)   p romotes  

the formation of type  I1 membranes very  strongly  (Chapter 6 ) .  
- A higher  degree of swel l ing  of   the  pure polymer i n  the nonsolvent   ( for  

water: the hydrophyl ic i ty   o f  t he  polymer)  promotes  the  formation  of  type I 

membranes (Chapter 6 ) .  

- An i n c r e a s i n g   s o l u b i l i t y  of t he  polymer in   t he   so lven t   p romotes   t he  forma- 

t i o n  of type  I membranes (Chapter 6 ) .  

1 1 1  

The l a s t  t h r e e  parameters are determined by the cho ice   o f   t he   t h ree  compo- 

n e n t s   t o  be used   for   the   immers ion   prec ip i ta t ion   p rocess .  It  must be not iced  

that  the  choice  of  the solvent-nonsolvent  system has a decis ive  inf luence  on 

the type  of membrane format ion   process   tha t   occurs  (see Chapter 6, Fig. 4 and 

7) .  An example  of the inf luence  of the  solvent-nonsolvent  combination is 

given i n   F i g u r e  1 ,  where the c r o s s   s e c t i o n s  are shown of a type I and a type 

I1 membrane prepared  from a polysulfone-DMAc c a s t i n g   s o l u t i o n  immersed i n t o  

i-propanol  and  ethanol,   respectively.  

The inf luence   o f  t h e  coagula t ion  ba th  temperature  on the membrane formation 

process  [ l  ] has  not  been  examined i n  this thesis. Never the less ,   in   our  

opinion t h i s  temperature  w i l l  i n f luence   t he  membrane formation  process  

through a change  of the thermodynamic  interaction  between the t h r e e  compo- 

nents .  Thus, t h e  inf luence  of the coagula t ion  ba th  temperature  can  only be 

understood when the temperature   dependence  of   the  interact ion  parameters  is 
known. 

O u r  model p r e d i c t s  the moment of  onset of l iqu id- l iqu id   demixing   for  the 

case   tha t   immers ion   prec ip i ta t ion  is performed with only  three  components.  
Nevertheless ,  it can   be   reasoned   tha t   addi t ion .   o f   ex t ra  low molecular  weight 

components t o  the coagula t ion  ba th  o r   t o  the c a s t i n g   s o l u t i o n   a l s o   y i e l d s  

composition  paths which remain   s i tua ted  a t  a f i x e d   p o s i t i o n   i n   t h e  composi- 
t i o n   d i a g r a m ,   u n t i l  the composition a t  the  bottom  of the f i l m  starts t o  

change. This means that the discrimination  which  can be made between  type I 



1 44 

and  type I1 membrane f ormation  processes  does  not  depend  on the  aumber of 
components  used D 

When two or  more  polymer  components are used f o r  the prepara t ion   of  the 

c a s t i n g   s o l u t i o n ,   t h e   k i n e t i c s  of demixing of metastable s o l u t i o n s  may be 

changed  considerably. This y i e l d s  a formation  process  and a membrane morphol- 

ogy t h a t  may d i f f e r  from the d e s c r i p t i o n s   g i v e n   i n  t h i s  thesis f o r   t e r n a r y  

systems  with  only  one polymer  component. An example  of the use of  two  polymer 

components is the add i t ion   o f   po ly r iny lpy r ro l idone  (PVP) t o  the cas t ing   so lu -  

t i o n  [a-4 J o 
. ,~.. _"\.\___ .-.~,"~"~----*~---,-~~~~-~~~ ....... .~~ ~~. . . , fl \ ' ~  ,,,:,~b ~~, , , ~' 

, .~ ~, , 

Fig. 1 o Micrographs  of   cross   sect ions of membranes prepared  from a 25 wt.$ 
polysulfone-DPIAc cas t ing   so lu t i . on  immersed in to :  
a. i-propanol  ( type I membrane); b,  e thanol   ( type  I1 membrane)- 

I n  the p rev ious   s ec t ion  w e  have  summarized the in f luence   o f   va r ious  parame- 
ters on the type  of membrane formation  process  t h a t  w i l l  occur. T h i s  i n f lu -  

ence has been  examined  by ca l cu la t ing   compos i t ion   pa ths   va l id   fo r  a s h o r t  
per iod  after immersion  of the f i l m  and/or  by l ight  transmission  experiments.  

A t  t h i s  poin t  the  ques t ion  arises what the in f luence   o f  the var ious  process  
parameters  on the th i ckness  of the t o p l a y e r   f o r  the two types  of membranes 
might be, We w i l l . t r y  t o  answer this ques t ion ,   def in ing  the toplayer  as that 
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su r face   $ ' r eg ion   o f  the membrane c ross   s ec t ion   where   no   d rop le t s   o f   d i lu t ed  

l iquid  phase  have  been  formed  during membrane formation. 

- Type I membranes - 

Before   the   in f luence   o f  the various  process  parameters on the   t h i ckness   o f  

the type I toplayer   can be understood, the  toplayer   formation  process   should 

be described i n  more detail .  Therefore,  we w i l l  f i rst  d i scuss  at  which posi- 

t i o n   i n  the immersed f i l m   t h e  first nuc le i   o f   t he   d i lu t ed   phase  are formed. 

Secondly, we will reason  that t h i s  pos i t ion   de te rmines  the  u l t ima te   t op laye r  

th ickness .   F ina l ly ,  the inf luence  of   var ious  process   parameters   on t h e  u l t i -  
mate top laye r   t h i ckness  w i l l  be shown. 

a. From Figure  2 it can be concluded that ,  du r ing   t he   t ype  I membrane forma- 

t ion   p rocess ,   c ross ing   of  the binodal by t h e  c o m p o s i t i o n   p a t h   f i r s t l y  

occurs a t  the   l imi t ing   compos i t ion   nea r   t he   i n t e r f ac i a l   boundary .  

acetone .8 .4 

F i g .  2. Approximated  change of the composition  path a t  d i f f e r e n t  immersion 
times f o r  a 10 vol.%  CA-acetone s o l u t i o n  immersed i n t o  a pure water ba th ;  
i n i t i a l  film th ickness :  200 pm (Th i s  F igure  resembles Figure  9 i n  Chapter 4 ) .  
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b. F igure  2 a l s o  shows that pene t r a t ion   o f  the compos i t ion   pa th .   i n to  the 
demixing  gap  occurs   fas ter  a t  compositions t h a t  l i e  f u r t h e r  away from the 

interfacial   boundary  composi t ion.  

c. From k i n e t i c  measurements by Ronner [ 5 ]  it can be concluded that the de- 

g ree  of supersa tura t ion ,   necessary   to   induce  t h e  formation  of   nuclei   of  

the d i lu t ed   phase   w i th in  a c e r t a i n   p e r i o d   o f  time, inc reases  with increas-  

i ng  polymer concentrat ion  in   the  ternary  system  polymer/solvent /nonsol-  

vent D 

The phenomena mentioned a t  poin t  b and c prohib i t   d i lu ted   phase   nuc lea t ion  

at t h e   l i m i t i n g   p o s i t i o n   n e a r   t h e   i n t e r f a c i a l  boundary. Due t o  these phenome- 
na, the  degree   o f   supersa tura t ion   necessary   to   induce  the formation  of  nu- 

clei ,  is reached f i rs t ly  at a p o s i t i o n   o n  the composi t ion   pa th ,   s i tua ted  a t  a 

c e r t a i n   d i s t a n c e  away from  the  interfacial   boundary  composi t ion.  

Now we w i l l  t r y  t o  r e a s o n   t h a t  no nuc le i  w i l l  be formed  anymore i n  the 

r e g i o n   i n  between the locus  of the f irst  formed  nuclei   and the s u r f a c e   o f  the 

polymer so lu t ion .  This means that t h i s  reg ion   of  t h e  s o l u t i o n   f i l m   c o n s t i -  

t u t e s  the toplayer   o f   the   u l t imate  membrane, a c c o r d i n g   t o  the d e f i n i t i o n   o f  

the toplayer  mentioned at the   beg inn ing   o f   t h i s   s ec t ion .  

A t  the in te r fac ia l   boundary   sur rounding  the first formed  nuclei  a binodal  

composi t ion   ex is t s  a t  the polymer rich side of  the boundary. The exac t  com- 

pos i t i ons  at the boundary are determined by the ends  of the t i e l i n e   c r o s s i n g  

t h a t  point  of the composition  path where the f i r s t   n u c l e i  have  been 

formed (see Figure  3) .  Thus,  from the very moment the first nuc le i  are being 

formed, . the  reg ion   in   be tween  these   nuc le i   and   the  surface of  the  film is 
enclosed by  two near ly   equal   binodal   composi t ions.  These boundary  conditions 
g ive  rise t o   a n  immediate decrease  of  the degree   o f   supersa tura t ion   wi th in  

t h e   t o p   r e g i o n   o f   t h e  f i lm (see Figure  3) , thus   p revent ing  the formation  of  

nuc le i   o f  the d i lu t ed   phase  t o  o c c w   w i t h i n  this reg ion   dur ing  the proceeding 

membrane formation  process .  
Two fac tors   obvious ly   de te rmine  the p o s i t i o n   i n  the immersed f i lm at which 

the first n u c l e i  are formed: 

I. A high polymer concent ra t ion  at the Tnterfacial   boundary o f  the film, at 
the ver.y moment the composi t ion  path  crosses  the binodal ,  is  accompanied 
by a r e l a t i v e l y   h i g h   l o c a l  polymer c o n c e n t r a t i o n   i n  the reg ion   near  the 
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clei. 

solvent nonsolvent 

Fig. 3. Schematic representa t ion   of  the change  of the composition pa th ,  
r ep resen t ing  the ,compositions  in  between: 
- the surface  and the bottom  of the immersed polymer s o l u t i o n  f i lm f o r  t < t 
t h e  moment of onse t   o f   l iqu id- l iqu id   demixing;  
- the su r face   o f  the f i l m  and the   l ocus   o f  the f irst  formed  nuclei  of the d i -  
lu ted   phase  p f or t > t 

3 '  

3' 

i n t e r f a c i a l  boundary. From t h i s  phenomenon and the  kinetic,  measurements  on 

nuc lea t ion  by Ronner [ 51, it may be concluded  that  a higher  polymer  con- 

c e n t r a t i o n  at the i n t e r f a c i a l  boundary,  upon  immersion of the c a s t i n g  

s o l u t i o n ,   r e s u l t s   i n  a larger   dis tance  between the  l o c a t i o n  of t he  f i r s t  

formed  nuclei  and the su r face   o f  the  so lu t ion   f i lm .  

II.From  Figures 9-10 shown i n  Chapter 4 it can be seen  that dur ing  the  time 

t h a t  the composi t ion  path  does  not   yet   enter  t h e  l iquid- l iquid  demixing 
gap, the loca l   compos i t ions   i n  the  t o p   r e g i o n   o f  the f i lm s h i f t  along the  

composition  path  on  to  the  binodal  boundary  composition.  Thus,   according 
t o  the k i n e t i c s  of l iquid-liquid  demixing 1151, a longer   delay time f o r  the  

moment o f   en t r ance   i n to  the demixing  gap a l s o   r e s u l t s   i n  a l a r g e r   d i s t a n c e  

between t h e   l o c a t i o n   o f   t h e   f i r s t  formed  nuclei  and the s u r f a c e  of the 

s o l u t i o n  film. 
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Keeping i n  mind these two f a c t o r s ,  the  inf luence  of  some process  yariables 
on   t he   u l t ima te   t op laye r   t h i ckness  w i l l  be discussed. 

- The i n i t i a l  polymer c o n c e n t r a t i o n   i n  the c a s t i n g   s o l u t i o n .  

Membranes have  been  prepared by immersion  of i n i t i a l l y  300 pm t h i c k  CA- 

ace tone   so lu t ion   f i lms ;  with a CA concentrat ion  of  10 and 15 vol.$, i n t o   p u r e  

water  baths.  From Figure 4 it can be seen  that  the top laye r   t h i ckness   ( t he  

r e g i o n  where no droplets  of  diluted  phase  have  been  formed)  of  the two u l t i -  

mate membranes d i f f e r   cons ide rab ly .  The delay times fo r   onse t   o f   l i qu id -  

l i q u i d  demixing i n  the two fi lms  have  been measured t o  be 45 and 43 seconds 

f o r  the 10 vol,$ CA so lu t ion   and   t he  15 vol.% CA s o l u t i o n ,   r e s p e c t i v e l y .  

Thus ,   acco rd ing   t o   t he   p rev ious   cons ide ra t ions   i n  this subsec t ion ,   t he   i n f lu -  

ence  of the i n i t i a l  CA c o n c e n t r a t i o n   i n  the c a s t i n g   s o l u t i o n   o n  the CA con- 

c e n t r a t i o n  at the i n t e r f a c i a l  boundary  of  the immersed f i l m  (see Figure  3,  

Chapter 6 )  is s o l e l y   r e s p o n s i b l e   f o r  the d i f fe rence   be tween  the   th icknesses  
of the two  toplayers.  

We s h o u l d   r e a l i z e  tha t  i n  CA/acetone/water  systems the formation  of  aggre- 

g a t e s  may prohib i t   the   g rowth   of   nuc le i   o f  the  d i l u t e d   l i q u i d   p h a s e   ( s e e  

Chapter 2 )  o Therefore   one   might   reason   tha t   the   l a rger   th ickness   o f  the top- 

l a y e r   i n   F i g u r e  4(b)  would be due t o  t h i s  e f f e c t  of  aggregate  formation. A 

better example  of the i n f l u e n c e   o f   t h e   i n i t i a l  polymer c o n c e n t r a t i o n   i n  the 

s o l u t i o n   f i l m  on the toplayer   th ickness  is given by Mulder [ 6 ]  f o r  membranes 
prepared  from  polysulfone-DMAc  casting  solutions  (PSf  does  not  readily  form 

aggrega tes )  immersed in to   an   i -propanol  bath: the  thickness   of  the u l t i m a t e  

top layer   increases  with inc reas ing   po lysu l fone   concen t r a t ion   i n  the c a s t i n g  
s o l u t i o n  D 

- The i n i t i a l   s o l v e n t   c o n c e n t r a t i o n   i n   t h e   c o a g u l a t i o n  bath. 

Model c a l c u l a t i o n s  show that the polymer concent ra t ion  at t h e   i n t e r f a c i a l  

boundary  of the immersed so lu t ion   f i lm   dec reases  with i n c r e a s i n g   s o l v e n t  

c o n c e n t r a t i o n   i n  the coagula t ion  bath (see Figure 4 and 5 ,  Chapter Q ) ,  where- 

as l ight   t ransmission  measurements  show an   i nc rease   i n   de l ay  time f o r  the  

onset   of   l iquid- l iquid  demixing (see Figure 7, Chapter 6) .  Therefore,  it is  

n o t   p o s s i b l e   t o   p r e d i c t   t o  what e x t e n t  the toplayer   thickness   of  the membrane 
w i l l  change with vary ing   so lven t   concen t r a t ion   i n  the coagulat ion bath. 

Wijmms [T ]  has observed a decrease of the toplayer   thickness   of  membranes 
prepared  from  polysulfone-DMAc  solution films with i n c r e a s i n g  DMAc concentra- 
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Fig. 4. Micrographs  of   cross   sect ions of type I membranes prepared  from 
CA-acetone films immersed i n t o   p u r e  water. I n i t i a l  f i lm th ickness :  300 pm; 
i n i t i a l  CA c o n c e n t r a t i o n   i n  the f i lm:  a. 10 vol.$;  b. 15 vol.%. 

t i on   i n   t he   i -p ropano l   coagu la t ion   ba th .  This i n d i c a t e s  t ha t ,  w i th   i nc reas ing  
so lven t   concen t r a t ion   i n   t he   coagu la t ion  bath,  the top laye r   t h i ckness  of the 

u l t ima te  membrane is main ly   a f fec ted  by the decreasing  polymer  concentration 
a t  the i n t e r f a c i a l  boundary  of t h e  immersed film. 

- The i n i t i a l  polymer s o l u t i o n  f i lm th ickness .  

I n  case  of  type I membranes, the de lay  time f o r  the onse t   o f   l iqu id- l iqu id  

demixing,  and  thus the top laye r   t h i ckness   o f  the u l t ima te  membrane, is  af- 

f e c t e d  by the f i l m  th ickness   o f  the c a s t i n g   s o l u t i o n .  

This  r e l a t i o n ,   p r e d i c t e d  by the model, has never  been  recognized  before,  as 

f a r  as we know. I n   F i g u r e  5 this e f f e c t  is demonstrated  by means of  micro- 

graphs  of  type I polysulfone" membranes. It can be seen  tha t  not   on ly  the 

t o p l a y e r   t h i c k n e s s ,   b u t   a l s o  the  dimensions  of the p o r e s   i n  the sublayer  

decrease w i t h   d e c r e a s i n g   i n i t i a l  f i lm thickness .   This  is caused  by  the  in- 

c r eas ing  rate a t  which the loca l   composi t ions   o f  the sub laye r   c ros s  t h e  bino- 

dal f o r  smaller th i cknesses ,  which promotes the formation  of   nuclei   of  the  

di luted  phase.  
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Fig. 5. Micrographs  of cross sec t ions   o f   t ype  I membranes prepared  from 25 
wt. % polysulfone-DMAc films immersed into  ï -propanol .  
I n i t i a l  f i lm th ickness :  a. O. 4 mm; b.  O. 2 mm; c. O. 1 mm. 

- Type I1 membranes - 

For  type I1 membranes the model is n o t   c a p a b l e   t o   p r e d i c t  the inf luence  of 

the process  parameters on the toplayer   thickness   of  the u l t ima te  membrane. 
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This is due t o  the p resence   o f   ve ry   s t eep   concen t r a t ion   g rad ien t s   i n   t he  

r e g i o n   n e a r   t h e   i n t e r f a c e ,   d u r i n g  the i n i t i a l   p e r i o d  af ter  immersion  of the 

film. These s t e e p   c o n c e n t r a t i o n   g r a d i e n t s   c a u s e   t h e   l o c a l   f r e e   e n e r g y   t o  

depend  not  only  on the loca l   composi t ion  (as we have  assumed in   our   model ) ,  

b u t   a l s o   o n  the loca l   composi t ion   der iva t ives  [8].  

The s t eep   concen t r a t ion   g rad ien t s  do not   only  complicate  t h e  ercteria f o r  

m e t a s t a b i l i t y   a n d   i n s t a b i l i t y   o f  the loca l   composi t ion  at  the i n t e r f a c e ,   b u t  

they   a l so   cause  the l i nea r   f l ow  equa t ions ,   u sed   i n  t h e  model, t o  be inade- 

quat e. 

The re fo re ,   i n  fact  it is  n o t   y e t   j u s t i f i e d   t o  assert t h a t  the model  pre- 

d ic t s  instantaneous  onset   of   demixing  for   the  type I1 membrane format ion  

process.  

For t h e   t y p e  I1 membrane format ion   process   the  model rather p r e d i c t s  tha t ,  

a t  least as soon as the concent ra t ion   g rad ien ts  are smooth  enough t o   j u s t i f y  

the neglect   of  the gradien t   dependent   cont r ibu t ion   to  t h e  l o c a l  free energy, 

the system becomes metastable and   nuc lea t ion  w i l l  s tart .  

Light  transmission  experiments show t h a t ,  a t  process  circumstances  near the 

t r a n s i t i o n  from  delayed t o  instantaneous  onset  of  demixing, no de lay  times 

being  independent  on t h e  th ickness   o f  the cas t ing   so lu t ion   cou ld  be measured. 

From t h i s  observa t ion  it can be concluded tha t  the presence  of  steep  concen- 

t r a t i o n   g r a d i e n t s   d u r i n g  the i n i t i a l   p e r i o d  af ter  immersion  of the f i lm does 

not   yield  measurable   delay times fo r   t he   onse t   o f   l i qu id - l iqu id   demix ing .  

This c o n c l u s i o n   j u s t i f i e s  the a s s e r t i o n  that   the  onse t   o f   l iqu id- l iqu id  

demixing  occurs   instantaneously  for   the  type I1 membrane formation  process.  

The q u e s t i o n   i n  which way the   t h i ckness   o f   t he   t op laye r   o f   t ype  11 membranes 

can be influenced  however,  cannot be answered  by  the  model. 

7.5. The  morphology of the  toplayer 

So fa r ,  we have  only  discussed t o  which e x t e n t  the toplayer   th ickness   o f  

the u l t ima te  membrane can be con t ro l l ed .  The top laye r   t h i ckness  is  an  impor- 

t a n t  characteristic of  t he  membrane b e c a u s e   j o i n t l y  wi th  the s t r u c t u r e  (i.e. 

packing  densi ty)   of  the top laye r ,  i t  determines the f lux  through a membrane. 

I n  t h i s  s e c t i o n  we want t o   d i s c u s s  the morphology  of the top laye r ,  the cha- 

racter is t ic  tha t   de te rmines  the s e l e c t i v i t y  of a membrane t o  a l a r g e   e x t e n t .  

The con t r ibu t ion   o f  the model t o  a better understanding  of the., t op laye r  
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morphology is s u b s t a n t i a l ,   b u t  limited. The morphology  cannot be expla ined  by 
the model solely, because   demix ing   p rocessesS   l i ke   c rys t a l l i za t ion   and  forma- 

t i o n   o f   a g g r e g a t e s ,   c a n   p l a y   a n   i m p o r t a n t   r o l e   d u r i n g   t h e   f o r m a t i o n   o f  the 

toplayer  [ g 9  1 O ] ,  while the model ca l cu la t ions  are on ly  va l id  as long as these 

kinds  of  demixing  processes do not  occur.  

Nevertheless ,  the model ca l cu la t ions   y i e ld   t he   l oca l   compos i t ion   o f  the 

top laye r   du r ing   t he  first per iod   a f te r   immers ion   of  the c a s t i n g   s o l u t i o n ,   a n d  

the  rate of  this composition  change. This information is i n d i s p e n s a b l e   t o  

understand the inf luence  of aggrega te   fo rma t ion   and   c rys t a l l i za t ion   on  the 

u l t imate   top layer  morphology. 

The format ion   of   aggrega tes   in   supersa tura ted   t e rnary   sys tems,   cons is t ing  

of  polymer,   solvent and nonsolvent ,  has been  examined i n  Chapter 2 f o r  CA and 

P P 0  so lu t ions .  The main conclusions drawn  from t h i s  work and  from literature 
[g-1 21 are: 

- aggregate   formation is a slow  process compared to   l i qu id - l iqu id   phase  

separat ion,   probably  because some o r i e n t a t i o n   o f   t h e  polymer  molecules is 

requ i r ed   fo r   t he   fo rma t ion   o f   agg rega te s ;  

- the formation  of   aggregates  and the k i n e t i c s  of t h i s  demixing  process are 

promoted by an   i nc rease   o f  the nonsolvent  and/or the polymer  concentra- 

t i o n  i n  a t e r n a r y   s o l u t i o n ;  

- the a b i l i t y   o f  a t e rna ry   so lu t ion   t o   fo rm  aggrega te s   s t rong ly   depends   on  

the choice  of the three components; 

- t he   s t ruc tu re   i nduced   by  t h i s  demixing  process  depends  on  the  composition 
( e s p e c i a l l y  the polymer concentrat ion)*  and  on the type   o f  polymer  used. 

PP0 for   example,   y ie lds  a nodu la r   s t ruc tu re  wh.ereas CA y i e l d s  a f ibr i l lar  

s t r u c t u r e .  

Keeping i n  mind these c h a r a c t e r i s t i c s  of the process  of  aggregate forma- 

t i o n ,  its possible  impact on the  toplayer  morphology  of the u l t ima te  membrane 
w i l l  be discussed.  

- Type I membranes - 
According t o  the d i f f u s i o n  model- the in i t i a l   compos i t ion   changes   i n  the 
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naScen$: %oplayer  of  type I membranes can be descr ibed  as fol lows (see a l s o  

Figure '6 ) :  
A t  t h e   i n t e r f a c e  where the f i l m  is contac ted  wi th  the   coagu la t ion  bath a 

polymer r ich   b inodal   composi t ion  is  being  formed  within a f r a c t i o n  of a sec- 

ond. This composition, tha t  can be ca l cu la t ed  w i t h  the model,  remains con- 
s t a n t   d u r i n g  the few seconds that the  bottom  composition  of the f i lm  remains 

unchanged.  Thereupon, the  i n t e r f a c i a l  boundary.  composition starts t o  s h i f t  

upwards a long   the   b inodal .   Fur ther  away from the   in te r face   be tween  the   ba th  

and   the   f i lm,  the local   composi t ion  of  t h e  f i lm changes   i n to   t he   d i r ec t ion   o f  

the. i n t e r f a c i a l  boundary  composition at  a rate t h a t  decreases with the d i s -  

t a n c e   t o  the  in te r face .   This   p rocess  is suddenly  dis turbed by the  onse t  of 

l iquid- l iquid  demixing,  which s t o p s   t h e   i n c r e a s e  of the top laye r   t h i ckness ,  

but  not its change i n  composition. 

contact  betweei 
film and bath bottom cornp. of  the diluted phase 

change 

Fig. 6. Schemat ic   representa t ion   of   the   in i t ia l   composi t ion   changes   in  the  
nascent   toplayer   of  a type I membrane. 

Chronological ly ,   the   formation  of   the  morphology a t  the i n t e r f a c i a l  bounda- 

r y  of the film can be c l a s s i f i e d  as fol lows.  

- During the very  rapid  composition  change at  the i n t e r f a c i a l  boundary  of the  

fi lm,  induced by c o n t a c t i n g   t h e  f i lm and the  ba th ,  no o r i e n t a t i o n   o f  polymer 

molecules is poss ib le .  
- During the few seconds the interfacial   composi t ion  remains  constant ,   or ien-  
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t a t i o n   o f  the polymer  molecul'es is poss ib le .  Whether t h i s  w i l l  lead t o   a g s e -  
gate  formation  depends  on the type  of   ternary  system  considered.  For the 

system  CA/acetone/water  for  example, a few seconds are enough t o  form  an 

inhomogeneous s t ruc ture   cons is t ing   o f   aggrega tes   sur rounded by a d i l u t e d  

' phase (Chapter 2) .  These local   composi t ion  changes  have  not   been  depicted  in  

Figure 6. 

The morphology created  does  not  only  depend  on  the  type of  ternary  system, 

but  also on the number o f   nuc le i   o f   so l id   pa r t i c l e s   be ing  formed  and  on the 

volume f r a c t i o n   o f  these s o l i d   p a r t i c l e s   i n   t h e   c o n c e n t r a t e d   t o p l a y e r .  

It is  obvious that t h e s e  two c h a r a c t e r i s t i c s   a r e   r e l a t e d   t o   t h e   c o m p o s i t i o n  

of the supe r sa tu ra t ed   so lu t ion .  A higher  polymer  concentration at the i n t e r -  

f a c i a l  boundary  yields a higher volume f r a c t i o n   o f   s o l i d  particles and a 

lower  degree  of  porosity.  A higher  polymer  concentration is  a l so  accompanied 

with a h igher   degree   o f   supersa tura t ion   of  the solut ion  which may cause the 

number o f   nuc le i   o f   so l id  particles t o   i n c r e a s e ,   y i e l d i n g  a more f i n e l y  

s t lnuctured  toplayer .  

- During  the  per iod  over   which  the  solvent  is slowly depleted fur ther   f rom 

the t o p l a y e r ,  the changes i n  the morphology  of this l a y e r  are completed u n t i l  

the g l a s s   t r a n s i t i o n  is reached [ l 3 1  and the u l t i m a t e   s t r u c t u r e  at the i n t e r -  

f a c i a l  boundary of the f i l m  i s  f ixed .  

The process  of  morphology  formation i n  that region  of  the toplayer  tha t  is  

n o t   d i r e c t l y   i n   c o n t a c t  with the coagulat ion bath (the sub   pa r t  of the top- 

l a y e r )  may d i f f e r   f rom the f ormation  process at t h e   i n t e r f a c i a l  boundary  of 

the  f i lm ,   because   t he  rate of  composition  change  decreases with increas ing  

d i s t a n c e  from the i n t e r f a c e  (see Figure  6 ) .  A lower rate of  composition 

change  enables the aggregate  f ormation  process   to   occur  at lower  polymer 

concentration,  which may cause a d e n s i t y   g r a d i e n t   i n   t h e   u l t i m a t e   t o p l a y e r .  

The inhomogeneities  formed i n  the (sub  par t   of  the) toplayer  might be dis- 

t i n c t  enough t o  be measured by  means o f   l i gh t   t r ansmiss ion   expe r imen t s   du r ing  
the   per iod   before  the onset   of   l iquid- l iquid  demixing.  This has been shown  by 

Vasarhelyi  [l 41 f o r  the formation  of  Loeb-Sourirajan-type  membranes. 
However, also less dis t inct   inhomogenei t ies   might  be formed Zn the   t op laye r  

of type  I membranes. T h i s  i s  f o r  example the c a s e   f o r  t y p e  I membranes pre- 
pared from  polysulfone  solut ions.   Formation  of  aggregates i n   c o n c e n t r a t e d  
te rnary   po lysu l fone   so lu t ions   cannot   even  be d e t e c t e d  by l i g h t   s c a t t e r i n g  
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experiments [ 5 ] .  Nevertheless the s e l e c t i v i t y   in pervaporat ion  processes   of  
type I membranes, prepared  from polysulfone/DMAc/i-propanol, can  vary  consi-  

derably  as has been shown by  Mulder [ 61. This means that a homogeneous, amor- 

phous  toplayer is  not   a lways   formed,   bu t   tha t   the   s t ruc ture  may vary  on a 

molecular scale. The s e l e c t i v i t y   o f  the polysulfone membranes mentioned  in- 

creases wiFh increas ing   po lysul fone   concent ra t ion   in  the i n i t i a l   c a s t i n g  

solution.  According t o  our  model a higher  polymer  concentration  in the  cast- 

i n g   s o l u t i o n   y i e l d s  a higher  polymer  concentration a t  the i n t e r f a c i a l  bounda- 

r y  upon  immersion  of the c a s t i n g   s o l u t i o n  (see Chapter 6 ) .  Consequently, the  

measurements  performed by Mulder  confirm that t h e  polymer  concentratikm at  

the onset  of  formation  of  inhomogeneities,  has a l a r g e   i n f l u e n c e   o n  t h e  ilxti- 
mate morphology  of the toplayer .  

Another   remarkable   resul t   of  t he  pervaporation  experiments  on  ethanol-water 

mixtures  performed’by  Mulder  [6] is the h ighe r   s e l ec t iv i ty   o f   a symmet r i c  CA 

membranes, prepared by means of  immersion p r e c i p i t a t i o n   o f  a highly  concen- 

trated CA-acetone c a s t i n g   s o l u t i o n ,  compared t o  a ’  homogeneous CA membrane 

prepared by evaporat ion  of   solvent   f rom a CA-acetone s o l u t i o n .  There are two 

poss ib l e   exp lana t ions   fo r  t h i s  phenomenon: 

- on  contac t ing   the   po lymer   so lu t ion   f i lm  wi th  a water ba th ,  the ins tan tane-  

ous  increase  of  the CA concent ra t ion  a t  the i n t e r f a c i a l  boundary  of the f i l m  

is l a rge r   t han   on   con tac t ing  the  f i lm with a i r .  I n  t h i s  way the observa t ions  

of  Mulder  could be explained,   because  the  formation  process   of   aggregates  

r e s u l t s   i n  a d e n s e r   s t r u c t u r e  at  h igher  CA concent ra t ion ;  

- i n  the  presence  of water ( immersion  preeipi ta t . ion)   aggregate   formation a t  

the i n t e r f a c i a l  boundary leads t o  the format.ion  of a more homogeneous s t ruc -  

ture compared t o  the s i t u a t i o n   i n  which no water, is present   (evapora t ion) .  

To ve r i fy   t hese   poss ib l e   exp lana t ions ,  more  experiments  and  calculations 

h a v e   t o  be performed. . 

The formation  of  aggregates may a l s o  have a l a r g e   i n f l u e n c e   o n  the sublayer  

po ros i ty .   In   gene ra l ,  the po ros i ty  of the   sub laye r  of type I membranes is low 
and the pores are badly  interconnected.  This is caused by the fact  t h a t  

du r ing   t he   de l ay  time. f o r   t h e   o n s e t  of l iquid-liquid  demixing  the  polymer 
concen t r a t ion   i nc reases   no t   on ly   i n  the top   r eg ion   o f  the s o l u t i o n  f i lm ,  bu t  

a l s o   i n  the sublayer .  The formation  of   aggregates   in  the  sublayer   of  mem- 

branes  prepared  f rom  cer ta in   ternary  systems  however ,  may promote the i n t e r -  

connec t iv i ty   o f  the pores  considerably.  An example  of the formation  of  relat- 
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i v e l y   l a r g e   a g g r e g a t e s   i n   t h e   s u b l a y e r   c a n  

type  membranes [ 1 4 ] e 
be seen  3 at the Loeb-Sour iraj an- 

Earlier i n  this chapter  we have stated t h a t  the formation  of  the toplayer  
of  type I1 membranes is a h ighly   nonl inear   p rocess  that can  only be descr ibed  

approximately by our l inear   d i f fus ion   equat ions .   Suppor ted  by l i gh t   t r ansmis -  

s i o n   e x p e r i m e n t s . t h e   d i f f u s i o n  model i nd ica t e s  that the toplayer   o f  t h i s  type 

of  membranes must be v e r y   t h i n  compared t o  t h e  toplayer   of   type I membranes. 

I n  this papagraph the toplayer  morphology  of  type I1 membranes w i l l  be dis-  

cussed o 

The d i f f u s i o n  model i nd ica t e s  t h a t ,  upon con tac t ing  the c a s t i n g   s o l u t i o n  

with the coagula t ion  bath, t h e  polymer concent ra t ion  a t  t h e   i n t e r f a c i a l  boun- 

dary-   of   type II c a s t z n g   s o l u t i o n s   g e n e r a l l y   i n c r e a s e s   t o  a higher   value than 
the  polymer concent ra t ion  at the i n t e r f a c e   o f   t y p e  I c a s t i n g   s o l u t i o n s  (see 

the  Figures  4-6 i n  Chapter 6)  e Thus,  according t o  the cons idera t ions  men- 

t i o n e d   i n  the previous  sect ion,   rearrangement  of t h e  polymer d i s t r i b u t i o n  by 

aggrega te   fo rma t ion   i n  the nascent   top layer   o f   type  I1 membranes must y i e l d  a 

d e n s e r   s t r u c t u r e   t h a n   i n  case of   type  I membranes. There are two ind ica t ions  

however, t ha t   mos t ly  the oppos i t e  is t rue :  

- as far as w e  know, type I1 membranes are m o s t l y   s u i t a b l e   f o r   u l t r a f i l t r a -  

t i o n ,  whereas type I membranes are s u i t a b l e   f o r   p e r v a p o r a t i o n ,   h y p e r f i l t r a -  

t i o n   o r   g a s   s e p a r a t i o n  (see Table  1). Only when a type I1 membrane is  pre- 

pared  from a h igh ly   concen t r a t ed   ca s t ing   so lu t ion   ( fo r   i n s t ance  35 w t . %  poly- 
s u l f o n e   i n  DMAc), it is cha rac t e r i zed  by a pervaporat ion  type  of   perfor-  

mance o 

- from e lec t ron   microscopy  s tud ies  on the toplayer  morphology  evidence has 

been  gathered that the toplayer   of   type I1 membranes o f t e n   c o n s i s t s   o f  so 

called noduli ,   which are spher ica l   aggrega tes   f rom 20 t o  200 nm i n  diameter 
[g, 18,201. Type I1 membranes prepared  f rom  polysulfone  solut ions a l so  possess  
this nodular   top layer ’s t ruc ture  [20], whereas temperature  quenching  of  highly 
concent ra ted   po lysu l fone   so lu t ions   does   no t   cause   any   k ind   of   agwegate  
formation at a l l  [ 5 ] .  
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Table 1. Membrane proper t ies   o f   var ious   type  I and I1 membranes. 

c a s t i n g   s o l u t i o n  

~ 

15% PSf i n  DMAc 

35% PSf in' DMAc 

15% PSf i n  DMAc 

10% PP0 i n  78/22 TCE/OcOh 

CA i n  DMSO 

20% CA i n  DMF 

20% CA in   d ioxane  

PI i n  DMAc 

20% PVDF i n  DMF 
PSf i n  DMAc 

1 O$ P P 0  i n  TCE 

PP0 i n  TCE 

CA i n   ace tone  
CA i n  THF 

PAN i n  DMAc 

coagulant 

wat er 

wat er 
e t hanol 

methanol 

wat er 
wat er 

wat er 
wat er 

wat er 

i-propanol 

met hanol 

e thanol  

wat er 

wat er 
i-propanol 

type  of 
nembrane 

I1 
I 
I1 

I1 
I1 

I1 

I1 

I1 

I1 

I 
I 

I 
I 

I 
I 

membrane 
pr  oper t i es 

UF i n t e r n a l   r e p o r t  

Pervap. [ 61 

UF  L61 
UF [ I51  

UF [6,16,17] 

UF [16,17] 
HF/UF [ 16,171 

UF [ l81  

UF [ l91  
Pervap. [ 61 

Gas sep .  [ 151 

Pervap. &[ 61 

Pervap., HF [6,16,17] 

HF i n t e r n a l   r e p o r t  

Pervap. [ 61 

These cons ide ra t ions   i nd ica t e  t h a t  the top laye r   s t ruc tu re   o f   t ype  I1 mem- 

branes  cannot be expla ined  by the phenomenon of   format ion   of   aggrega tes   in  

highly  concentrated  polymer  solutions as d iscussed   in   Chapter  2. 

A better explana t ion   of   the   format ion  of a nodu la r   t op laye r   s t ruc tu re :  of 

type I1 membranes might be the i n s t a b i l i t y  of the th in   nascen t   t op laye r ,  a t  

the very moment of   onse t   o f   l iqu id- l iqu id   demixing   jus t   benea th  t h i s  l a y e r .  

A t  t h i s  moment a ve ry   s t eep   concen t r a t ion   g rad ien t  is p r e s e n t   i n  t h e  t h i n  
l a y e r ,  which may g ive  rise t o  the s o  called ." thin film" i n s t a b i l i t i e s   y i e l d -  
i n g   a n   o r d e r e d   s p a t i a l   s t r u c t u r e  [21 ]. However, the v e r i f i c a t i o n   o f  t h i s  

theory  is beyond the scope of t h i s  thesis. 
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The in f luence  o f  various  process  parameters  on the d i f f u s i o n a l  mass t r ans -  

fer i n  the c a s t i n g   s o l u t i o n ,   c a l c u l a t e d  o r  measured i n  Chapter 4 and 6, has 

been  summarized. 

The model p r e s e n t e d   i n  this thesis shows the ex i s t ence   o f  two d i s t i n c t l y  

d i f f e r e n t  mechanisms  of membrane formation by  means of  immersion  precipita- 

t i o n ,  This o f f e r s  the p o s s i b i l i t y   o f  a more s t r u c t u r i z e d   a n a l y s i s   o f  the 

formation  process  of the select ive  toplayer‘   of   the   ul t imate  membrane than  

ever  bef o r e  o 

The type I membrane format ion   process   (charac te r ized  by delayed  onset  of 

l iqu id- l iqu id   demixing)   y ie lds  membranes with r e l a t i v e l y  thick top laye r s ,  The 

th ickness   o f  this toplayer   can be i n f l u e n c e d   i n   d i f f e r e n t  ways, The type  I1 

membrane format ion   process   (charac te r ized  by instantaneous  onset   of   l iquid-  
l i qu id   demix ing)   y i e lds   ve ry   t h in   t op laye r s .  

Model ca l cu la t ions   can   y i e ld  the ac tua l   compos i t ion   g rad ien t   and   t he  rate 

of change  of t h i s  g r a d i e n t   i n  the nascent   top layer  of type  I membranes. The 

morphology  of the ult imate  toplayer  depends  on a possible   rearrangement   of  

the polymer d i s t r i b u t i o n ,   t h r o u g h   c r y s t a l l i z a t i o n   o r   a g g r e g a t e   f o r m a t i o n   i n  

the nascent   top layer .  These processes  however, are no t   ye t   fu l ly   unde r s tood .  

The morphology  of  type I1 toplayers   might  be determined by so  called v r t h i n  

f i l m   i n s t a b i l i t i e s ”  which  cannot be described by the model p r e s e n t e d   i n  this 

thesis o 

A study  on the performance  of  various membranes described i n  literature 

shows that type  I membranes are s u i t a b l e   f o r   h y p e r f i l t r a t i o n ,   p e r v a p o r a t i o n  
or gas sepa ra t ion  whereas type I1 membranes, prepared  from  moderately  concen- 

trated c a s t i n g   s o l u t i o n s  , exhibit u l t r a f   i l t r a t i o n   p r o p e r t i e s  o 
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APPENDIX 

By A . J .  Reuvers  and C.A.  Smolders 

A. 1 . Introduction 

The suppor t ing   subs t ruc ture   o f   asymmetr ic  membranes prepared by means of! 

immersion p r e c i p i t a t i o n  is o f t e n  made up of   large  macrovoids .  These macro- 

voids  can weaken t h e  membrane a n d   r e s u l t   i n   r u p t u r e   o f  the sk in   under   h igh  

opera t ing   pressures .  

Experimentally,  it has been shown that the formation  of  macrovoids i n  mem- 

branes,   prepared fr'om a polymer/solvent/nonsolvent system,  can be suppressed 

or even  e l iminated by: 

- choosing a solvent-nonsolvent  pair  of  components wi th  a low  tendency of 

mixing with each o the r  (Frommer [ 1 ,2 ] )  ; 

- i nc reas ing   t he  polymer   concent ra t ion   in   the   cas t ing   so lu t ion  o r  a l lowing  

t h e  so lven t   t o   evapora t e   f rom t h e  cast solut ion  before   immersion  into the  

nonsolvent bath (Frommer [2 ]  and  Strathmann [ 3 ] ) ;  
- a d d i t i o n   o f   s o l v e n t   t o  the coagula t ion  ba th  (Strathmann [ 3 ]  and Gröbe 

[41)  
It is general ly   concluded  f rom  these  observat ions tha t  macrovoid  formation 

occurs   under   rap id   p rec ip i ta t ion   condi t ions   and  that the  formation  of  these 

voids  can be suppressed by inc reas ing  the v i s c o s i t y   o f  the c a s t i n g   s o l u t i o n  

(Frommer [ 1-21, Strathmann [3], Matz [5] ,  Cabasso [ 6 ]  and Ray [ T ] ) .  

Despi te   extensive research e f f o r t s ,  a genera l ly   accepted   theory  for  the ac- 

t u a l  mechanism of formation  of the macrovoids has not  yet   been  developed.  In 

t h i s  appendix we w i l l  de r ive  some u s e f u l   e m p i r i c a l   r u l e s   f o r  t h e  occurrence 
of macrovoids i n  membranes,  and we w i l l  propose a t h e o r y   f o r  the formation  of 

' macrovo,kds which is i n  accordance with these empi r i ca l   ru l e s .  

. .  
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8.2, Empirical rules Por  the occurrence of maerovoids in membranes ,prepared 
from ternary systems 

Before w e  d i scuss  the  established theor ies   concern ing  the i n i t a t i o n   a n d  

growth  of the macrovoids we w i l l  present  some SEM analyses,  performed t o  

s tudy  the inf luence   o f  the coagu la t ion  bath and   cas t ing   so lu t ion   composi t ions  

on the formation  of  macrovoids. 

Some s o l u t i o n  films which have  been  used  for the l i g h t   t r a n s m i s s i o n   e x p e r i -  

ments i n  Chapter 4 and 6 of this thesis have a l s o  been  examined f o r  the pres- 

ence  of  macrovoids: 

- I n   F i g u r e  '1 the c r o s s   s e c t i o n s  are shown of  CA/acetone/water  solutions 

immersed i n t o  a pure water bath.  The, i n i t i a l l y ,  200 pm t h i c k   s o l u t i o n  films 

cons is ted   o f  10 vol.$ CA, d i s s o l v e d   i n  a water-acetone  mixture of  which the 

nonso lven t / so lven t   r a t io  had been  varied.   In  Chapter 4 it has been shown that 

the  t r a n s i t i o n  from  delayed to   instantaneous  onset   of   l iquid- l iquid  demixing 
In these immersed films is  s i t u a t e d   i n  between a water lacetone volume r a t i o  

of lo l90  and 12.5/87.5 i n  the c a s t i n g   s o l u t i o n .  From F i g u r e   l ( b )   a n d   l ( c )  it 

can be seen that t h i s  t u r b i d i m e t r i c a l l y  detected t r a n s i t i o n  is accompanied by 

a t r a n s i t i o n   f o r  the occurrence  of  macrovoids:  macrovoids are being  formed i n  

s o l u t i o n s  which s t a r t   t o  demix ins tan taneous ly   (denoted  as type I1 mem- 
b ranes ) ,  whereas no macrovoids are being  formed i n   s o l u t i o n s  which start t o  

demix o n l y   a f t e r  a c e r t a i n   d e l a y  time (denoted as type I membranes). 

- By SEM we have a l s o  examined t h e  cross sec t ions   o f  some membranes which 

were being  formed  during the l ighz   t ransmiss ion   exper iments  on 15  vol.$ CA- 

d ioxane   so lu t ions  immersed i n t o  a coagu la t ion  bath with a varying  water/diox- 

ane   r a t io   (Chap te r  6 ) .  Figure 2 shows t h a t  the type 11 membranes (2(a)   and 

2(b)  do  contain  macrovoids whereas the type I membranes ( 2 ( c )  and   2 (d ) )  

con ta in  some very small macrovoids (2(c)) or no macrovoids at a l l  ( 2 ( d ) )  s 

These  observat ions are i n  accordance with the   r e su l t s   o f   S t r a thmann  131, who 

performed a similar s tudy  on Nomex-DMF (DMAc) c a s t i n g   s o l u t i o n s  immersed i n t o  
var ious water-DMF (DMAc) 'coagulat ion  baths .   Strathmann  a lso  observed that 

ins tan taneous   onse t   o f   l iqu id- l iqu id   demixing  is accompanied by formation of 

macrovoids, whereas no macrovoids are formed i f  l iquid- l iquid  demixing starts 
after a c e r t a i n  minimum delay period. 

- I n   F i g u r e  8 .of  Chapter 6 the c r o s s   s e c t i o n s  are shown of membranes pre- 
qared from va r ious  CA-solvent c a s t i n g   . s o l u t i o n s  immersed i n t o   p u r e  water. 



From these micrographs  and the measured periods  of   delay  for  t h e  onse t   o f  

l iquid- l iquid  demixing  (Figure 7 i n  Chapter  6) it can be concluded t h a t  the  

t r a n s i t i o n  from  instantaneous  to  delayed  onset  of  demixing  obtained by  vary- 

i n g  the type  of   solvent ,  i s  a l s o  accompanied by t h e  disappearance of macro- 

voids .   In   Chapter  7 (F igure  1)  the same effect  can be obse rved   fo r   va r i a t ion  

of the type  of  nonsolvent.  

Fig. 1.  Micrographs of' the c r o s s   s e c t i o n s  of membranes prepared  from 200 pm 
thick,  1 O vol.% CA s o l u t i o n  films, immersed i n t o  a pure water bath; the vol- 
ume r a t i o   w a t e r / a c e t o n e   i n  the cas t ing   so lu t ions   has   been   var ied :  a. O/lOO; 
b. 10/90; c. 12.5/87.5; d. 15/85; e. 21/79; f .  27/73; The en largement   fac tor  
is equal   for  a l l  these micrographs. 
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PSg,2. Micrographs  of the c r o s s   s e c t i o n s   o f  membranes prepared  from 200 ym 
thick, 15 vol.  % CA-dioxane s o l u t i o n  f ilrns, immersed i n t o  a coagula t ion   ba th  
with a vary ing   d ioxane   concent ra t ion ;   weight   f rac t ion   of   d ioxane   in  the bath: 
a,  0.0;  b, 0 , l  c; 0.2;  d. 0.3; The en largement   fac tor  is e q u a l   f o r  a l l  these 
micrographs ,, 

Thus,  various  examples show that the presence  of  macrovoids i n  the u l t i m a t e  

membrane is related with the de lay  time f o r  the onse t  of l i qu id - l iqu id  demix- 
i n g  upon  immersion  of the cast so lu t ion .  

It is a l s o   p o s s i b l e  t o  avoid the formation of macrovoids  however,  by  chang- 

ing  parameters which (probably)  do n o t   e f f e c t  the de lay  time f o r  the onse t  of 
l iquid-liquid  demixing: 

d 

- Frommer [ 21 demonstrated that an   i nc rease   o f  the i n i t i a l  polymer  concen- 
t r a t i o n   i n  a CA-tr ie thyl   phosphate   cast ing  solut ion  f rom 7 w t  .B onto  20 w t  e %  

p r o h i b i t s  the formation  of  macrovoids upon  immersion of the c a s t i n g   s o l u t i o n  
in to  an ice-water bath. T h i s  au thor  showed that macrovoid  formation  can  also 
be elirni'nated i n  immersed CA-Dm0 c a s t i n g   s o l u t i o n s ,   b y   a n   i n c r e a s e  of the CA 
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concentration  from 20 w t . %  on to  30 wt.%: , .~ 

Strathmang.; [3] observed  macrovoid  formation t o  be a b s e n t   i n  immersed Nomex- 
DMAc c a s t i n g   s o l u t i o n s ,  upon i n c r e a s i n g   t h e  Nomex c o n c e n t r a t i o n   i n   t h e  cast- 

i n g   s o l u t i o n  from 20 w t  .$ onto  23 w t  .%. 
I n  Chapter 6 it has been shown tha t  t h e  m i s c i b i l i t y   o f  the solvent-nonsol- 

vent   combina t ion ,   used   for   the   p repara t ion  of. t h e  membrane, has  a dec i s ive  

' inf luence on' t he   t ype   o f  membrane which will be formed. The solvent-water 

combinations, with t r i e thy l   phospha te ,  DMSO or DMAc as so lven t ,  are very good 

miscible systems.  Therefore,  it is  v e r y   l i k e l y   t h a t  Frommer and  Strathmann 

prepared  type I1 membranes and  provided  us wi th  three examples  of the absence 

of  macrovoids i n  t h i s  type  of  membranes. 

- Sometimes, it is  a l s o   p o s s i b l e   t o   a v o i d  the formation  of  macrovoids i n  

type  I1 membranes by add i t ion   o f  a l a r g e  amount of  nonsolvent t o  the  c a s t i n g  

so lu t ion .  This can be concluded  from the micrographs   in   F igure  3, showing the 

c r o s s . s e c t i o n s  of CA membranes prepared  from homogeneous CA/dioxane/water 

c a s t i n g   s o l u t i o n s ,  immersed i n t o  a pure  water bath. 

Fig.3. Micrographs of t h e  cross s e c t i o n s  of membranes prepared  from 200 pm 
thick, 15 vol.$ CA-dioxane s o l u t i o n  films, immersed i n t o  a pure water bath; 
the  volume ra t io   wa te r /d ioxane   i n  the c a s t i n g   s o l u t i o n  has been  varied: a. 
10/90; b. 25/75; the en largement   fac tor  i s  equal  f o r  both  micrographs. 

Although  more  experimental.  evidence is necessary ,  we would l i k e  . to   ,propose 
the fo l lowing   empi r i ca l   ru l e s   fo r  the occurrence  of  macrovoids  in membranes 
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prepared  from  ternary  systems.:  

- I n   t y p e  I membranes no macrovoids are formed,  except when the   onse t   o f  
demixing i n  the c a s t   s o l u t i o n   o c c u r s   w i t h i n  a ve ry   sho r t   pe r iod  after immer- 

s i o n  of the s o l u t i o n  film. 

- I n   t y p e  I1 membranes macrovoids are always  formed,  except when the poly- 

mer concent ra t ion   andlor  the nonso lven t   concen t r a t ion   i n   t he   ca s t ing   so lu t ion  

exceed a c e r t a i n  minimum value.  

A.3 .  Discussion of established theories on the formation OP macrovoids 

The formation  process  of  macrovoids  can b e  s p l i t  up i n  two pa r t s :  

- i n i t i a t ion   o f   mac rovo ids ;  

- growth  of  the  macrovoids. 

Initiation of the macrovoids 
Because the onset   of   the   formation  of   macrovoids   of ten  occurs  a t  t h e   i n t e r -  

facial boundary  between the immersed s o l u t i o n  f i l m  and the coagula t ion  bath, 

many authors  propose that i n t e r f a c i a l  phenomena cause the  i n i t i a t i o n   o f   t h e  

voids  : 

- Matz [ 5 ] ,  Frommer [ 2 ]  and  Stevens [8] propose   tha t   sur face   t ens ion   gra-  
d i e n t s  are the d r i v i n g   f o r c e s  which  account  for the i n i t i a t i o n  of convective 

c e l l s  at the i n t e r f a c i a l  boundary  of the f i lm.  These a u t h o r s   r e f e r  t o  Ster- 

l i n g  [g] ,  who showed that pe r iod ic   convec t ion   ce l l s   can  be generated by in- 

t e r f a c i a l   t e n s i o n   v a r i a t i o n s   d u r i n g  the t r a n s f e r   o f  a s o l u t e   a c r o s s  a l i q u i d -  

l i q u i d   i n t e r f   a c e .  

- Ray 171 proposed that excess   i n t e rmolecu la r   po ten t i a l   g rad ien t s ,  due t o  

the s t e e p   l o c a l   c o n c e n t r a t i o n   g r a d i e n t  at the film s i d e   o f   t h e   i n t e r f a c i a l  

boundary, are r e s p o n s i b l e   f o r  the  i n i t i a t i o n   o f   p e r i o d i c   c o n v e c t i o n  cells. 

- Strathmann [3] en  Graig [l O ]  suggested that mechanical stresses cause 
r u p t u r e  of t h e   t h i n   t o p l a y e r  which is formed  immediately after immersion  of 
the  s o l u t i o n  film. These r u p t u r e   p o i n t s   s h o u l d   f o r m   t h e   i n i t i a t i o n   p o i n t s   f o r  
the macrovoids. 

- Broens [l 1 ] mentioned  thinner   par ts   or   local ly   loose  arrangement   of  nod- 
d u l e s   i n  the t h i n   t o p l a y e r  as the i n i t i a t i o n   p o i n t s   f o r  the macrovoids. 

We bel ieve  that it is not  r ight t o  a t t r i b u t e  the i n i t i a t i o n  of macrovoids 
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t o   i n t e r f a c i a l  phenomena, because it can be observed  f rom  cross   sect ions  of  

membranes that macrovoid  formation  sometimes starts a t  a la rge   d i s tance   f rom 
thk  interface  between the coagula t ion  bath and the  s o l u t i o n   f i l m .  

We do agree   wi th  Gröbe [12], who proposed tha t  the   nuc lea t ion   o f   d rop le t s  

of the polymer lean  phase is repons ib l e   fo r  t h e  i n i t i a t i o n   o f  macrovoids:  In 

the nex t   s ec t ion  we w i l l  show that l iquid- l iquid  demixing by means of  nuclea- 

t i o n   o f  the polymer lean  phase  can  init iate  macrovoid  formation  under  circum- 

s tances  which correspond t o  the e m p i r i c a l   r u l e s   f o r  the formation of macro- 

vo ids ,   desc r ibed   i n  the previous   sec t ion .  

Growth of the macrovoids 
Some d i f f e r e n t   d r i v i n g   f o r c e s   f o r  t h e  growth  of t h e  voids are mentioned i n  

l i t e r a t u r e :  

- Frommer [2 ]   sugges t s   t ha t   su r f ace   t ens ion   g rad ien t s   ac t  as the d r iv ing  

f o r c e   f o r  the growth  of  convective  cells .  

- Strathmann [3] proposes  shrinkage  of the matrix  in  between  the  growfng 

macrovoids as the   d r iv ing   fo rce   fo r   t he   g rowth  of the  macrovoids. I 

- Smolders  [I31  suggests that the growth of the voids  is caused by so lven t ,  

expe l led  by the polymer so lu t ion ,   because  the polymer  molecules  change t o  a 

less expanded  conformation  during the inc rease  of t h e  nonsolvent  concentra- 

t i o n   i n  the immersed polymer so lu t ion .  

- Gröbe [ 121  and  Broens [ 1 1  ] propose that a d i f fus iona l   f low  of   so lvent  

from  the  polymer  solution  surrounding the in i t ia ted   macrovoid ,  i s  r e spons ib l e  

f o r  the growth  of  the  void. 

The growing  macrovoid  can be regarded as a flow  of a' polymer lean  phase 
r e l a t i v e   , t o  a polymer r i ch   phase .  From the  enumeration  given  above it can be 

concluded t h a t  some authors   suggest  that the growing  macrovoid  represents a 
convect ive  f low,   while   other   authors   suggest  that the  growth is a r e s u l t   o f  
d i f fus iona l   f lows   of  the var ious  components. 

We w i l l  b r i e f l y  comment on t h e  p o s s i b i l i t y  that the  growing  macrovoids  rep- 

r esent   convect ive f lows : 

- Convective  flows  induced by i n t e r f a c i a l   t e n s i o n   v a r i a t i o n s  121. 
Because  macrovoid  formation  can start a t  a l a rge   d i s t ance   f rom  the   i n t e r f ace  

between the coagula t ion  bath and the s o l u t i o n   f i l m ,   i n   o u r   o p i n i o n   n o t   o n l y  



t h e   i n i t i a t i o n ,   b u t   a l s o  t h e  propagation  of  macrovoid  formation  occurs  inde- 

penden t ly   on   poss ib l e   i n t e r f ac i a l   t ens ion   va r i a t ions .  

Even, i f  i n t e r f a c i a l   t e n s i o n   v a r i a t i o n s   s h o u l d   i n d u c e  so  c a l l e d  Marangoni 

convec t ive   ce l l s  the e f f e c t s   o f  these c e l l s  normal t o  the i n t e r f a c e  are nul- 

l i f i e d  by t h e   h i g h   v i s c o s i t y  of the s o l u t i o n  f i l m  according t o  S t e r l i n g  [g]. 

Berg [ l41 showed t h a t  even i n  the low v iscos i ty   so lu t ion   benzene   ch loro-  

benzene-water-acetic acid, s t a b i l i z i n g   d e n s i t y   g r a d i e n t s   c o n f i n e  Marangoni 

c e l l s  t o  a narrow  zone  adjacent t o  the i n t e r f a c e .   I n  membrane forming  systems 

the   p resence   o f   these   s tab i l iz ing   dens i ty   g rad ien ts   depends   on  the way t h e  
s o l u t i o n  f i lm is immersed i n  the  nonsolvent bath ( i ,e . ,  the s o l u t i o n  f i lm 

l y i n g   e i t h e r  on  top  or  hanging below the immersed g l a s s  plate).  However, 

macrovoids are formed i n   t y p e  I1 membranes i r r e s p e c t i v e   o f   t h e   p o s i t i o n   o f  

the s o l u t i o n  f i lm on t h e   g l a s s   p l a t e .  T h i s  f a c t  does   no t   on ly   ru l e   ou t   i n t e r -  

f a c i a l   t e n s i o n   v a r i a t i o n s  as the dr iving  force  for   macrovoid  formation,   but  

a l so   de - s t ab i l i z ing   dens i ty   g rad ien t s   caused  by t h e   d i f f e r e n t   s p e c i f i c   v o l -  

umes of t he  components o r  by the h e a t  of  mixing i n   t h e   s o l u t i o n   f i l m .  

- Convective  flows  induced  by  shrinkage [ 3 ]  or c o l l a p s e  phenomena [13]. 

In   our   op in ion   shr inkage   or   co l lapse  phenomena cannot be ruled  out   beforehand 

as poss ib le   d r iv ing   forces   for   macrovoid   format ion .  

However, i t  is not   evident  how the e m p i r i c a l   r u l e s   f o r  the occurrence  of  

macrovoids i n  membranes can  be  explained when sh r inkage   o r   co l l apse  phenomena 
are the driving  forces   for   macrovoid  formation.  

Matz [ 5 ]  observed by microscope  'considerable  convective  motion'   within a 

growing  macrovoid. In   our   l abora tory  w e  have  observed  convective  motion  of 

d r o p l e t s  polymer rich phase   i n  a growing  macrovoid. 

From these types of observat ions i t  is sometimes  concluded [ 2 , 5 ]  t h a t   t h e  

growing  macrovoid i t s e l f   r e p r e s e n t s  a convective flow., In   our   opinion this 

conclusion may not be  drawn  from these observat ions.  

It is also  premature t o  assume that   the   observed  convect ive  motion  within 
the growing  macrovoid is also  present  under  'normal '   circumstances,   because 

t h i s  motion may e a s i l y  be  induced by the l o c a l   s t r o n g   h e a t i n g   o f  the examined ~ 

sample. 

I n  the nex t   s ec t ion  we w i l l  demonstrate that the empirical r u l e s   f o r  the  

occurrence  of  macrovoids  in membranes can  be  explained i f  the growing  macro- 
void is consider.ed t o  be a r e s u l t  of d i f f u s i o n a l   f l o w s ,  as proposed by Gröbe 
[ l 2  1. 
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A.4. Macr?.o%o'id formation as a result of' liquid-liquid  demixing  and  diffu- 

sional flows 

A s  has been  mentioned i n  the previous   sec t ion  we assume that  t h e  nuc lea t ion  

of   d rople t s   o f  the polymer l e a n   p h a s e   i n  the immersed polymer s o l u t i o n  is 

re spons ib l e   fo r   t he   i n i t i a t ion   o f   mac rovo ids .  
According eo t h i s  assumption  macrovoids are formed when some o r  a l l  nucle- 

ated drople t s   expand  to   very   l a rge   d imens ions  whereas a sponge-structured 

sublayer  is formed when the   g rowth   o f   t he   d rop le t s  is rap id ly   s topped .  
The fol lowing  quest ion has t o  

determine whether a nuclea ted  

no t ?  

T h i s  quest ion  can be answered 

tween 

be answered: which are t h e  circumstances that 

drople t   o f  the d i lu t ed   phase  w i l l  expand o r  

more e a s i l y  when we recognize the analogy be- 

- on the  one  hand the  a c t u a l   s i t u a t i o n :  a f r e s h l y  formed  nucleus  of the d i -  

luted  phase,   separated  from the polymer s o l u t i o n   i n   f r o n t   o f  it by a n   i n t e r -  

facial  boundary; 

- on t h e   o t h e r  hand t h e  still  und i s tu rbed   s i t ua t ion :  the coagula t ion  ba th  

separa ted   f rom  the   f resh ly  immersed s o l u t i o n   f i l m  by a n   i n t e r f a c i a l  bounda- 

r y  
The coagula t ion   ba th  w i l l  expand  (and  the film w i l l  sh r ink )  as long  as the 

diffusion  process   induces a 'composi t ion  path '   in  the' f i lm,  c o n s i s t i n g   o f  

only stable compositions  ( type I d i f fus ion   p rocess ) .  The bath will not  expand 

however, when the  diffusion  process   induces  instantaneous  onset   of   demixing 

ju s t   benea th  t h e  s u r f a c e   o f  the film ( type  I1 d i f fus ion   p rocess ) .  We conclude 

t h i s  from the d i f f e r e n t   t h i c k n e s s e s   o f   t y p e  I and I1 membranes (see Figures  1 

and 2).  

According to   t he   p roposed   ana logy ,  a nuc lea ted   d rople t   o f  the d i lu t ed   phase  

w i l l  expand as long  as the t e rna ry   d i f fus ion   p rocess   i nduces  a stable compo- 

s i t j o n   i n   f r o n t   o f  the f r e s h l y  formed  nucleus, whereas the d rop le t  w i l l  no t  

expand  (or  the  expansion w i l l  s t o p )  when a new nucleus  of   di luted  phase is 

formed i n   f r o n t   o f   t h e   c o n s i d e r e d   n u c l e a t e d   d r o p l e t .  

I n  the rest of t h i s  s e c t i o n  we shall examine the s t a b i l i t y  of the s o l u t i o n  
i n   f r o n t   o f   t h e  first formed  nuclei   for   type I1 membrane formation  processes 

because at that p o s i t i o n ,   r e s p e c t i v e l y   i n  t h a t  type  of  membranes,  macrovoid 
formation  mainly  occurs.  We w i l l  examine ' the '   inf luence  of  the type   o f   so lvent  



and  of the cas t ing   so lu t ion   composi t ton   on  the s o l u t i o n   s t a b i l i t y   i n   f r o n t   o f  

t h e   f i r s t  formed  nuclei. 

'We assume tha t  from the  moment of  onset  of  demixing, the composition 

changes in   ' f ron t   o f  the f r e s h l y  formed  droplets  can be descr ibed by our   d i f -  

f u s i o n  model applied  on two  homogenenous  phases  brought i n   c o n t a c t  with each 
o ther  a f r a c t i o n  of time ago. 

We w i l l  compare t h e   d i f f u s i o n   b e h a v i o r   i n  the region  near  the first formed 

n u c l e i  with the d i f f u s i o n   b e h a v i o r   i n  the film i n  the h y p o t h e t i c a l   s i t u a t i o n  

i n  which no nuc lea t ion   of   d i lu ted   phase  would  have  taken  place.  In the hypo- 

t h e t i c a l   s i t u a t i o n  the i n t e r f a c i a l  boundary a t  t > O is s t i l l  s i t u a t e d  be- 

tween the coagula t ion  bath and the s o l u t i o n   f i l m .   I n  the  real s i t u a t i o n  the 

a c t u a l   i n t e r f a c i a l  boundary  between the two  phases  under  consideration is the 

d rop le t - so lu t ion   i n t e r f ace  (see Figure 4 ) .  

solvent-nonsolvent pure nonsolvent  (t=O l 
film -bath .-- mixture (t=O I ,f ïlm - b ath 
interface (t=O l e F' interface  (t20 I 

,=l O-OLUIOGLOOO01 A _  

,, (t=ll-' -droplet- solution 
interface (t=ll 

interface (t=2') 
Fig.4, Schemat ic   representa t ion  of the analogy  between  the  growth  of ma- 
c rovo ids   i n   t ype  I1 membranes and the movement of the i n t e r f a c e  between  the 
s o l u t i o n  f i lm and the coagula t ion  bath at the presence  of a h igh   so lven t  
c o n c e n t r a t i o n   i n  the coagula t ion  bath. 

We w i l l  now compare t h e   i n t e r f a c i a l   c o m p o s i t i o n s  as a func t ion   o f  time at 
the d rop le t - so lu t ion   i n t e r f ace  with the in t e r f ac i a l   compos i t ion  i? the hypo- 
thetical s i t u a t i o n .  

I n   t h e  polymer s o l u t i o n   i n   f r o n t   o f  the d r o p l e t s  the r e s i s t a n c e   f o r   d i f f u -  

s ional   exchange  of   solvent   and  nonsolvent  is  st i l l  the same i n  the hypotheti- .  
c a l   s i t u a t i o n .  However,  on the bath side of the d rop le t - so lu t ion   i n t e r f ace  
(see Figure 4) the   res i s tance   for   d i f fus iona l   exchange   of   so lvent   and   nonsol -  
vent is cons iderably   h igher   than   in  the h y p o t h e t i c a l   s i t u a t i o n  where one 
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f inds   on ly  the coagula t ion   ba th .  The e x t r a   r e s i s t a n c e  is caused by the fact 

t h a t  the  f r e s h l y  formed t o p l a y e r   a l s o   c o n t r i b u t e s   t o  t h e  d i f f u s i o n a l  resist- 
ance   above   the   d rople t - so lu t ion   in te r face .  

The r e s u l t  of t h i s  h ighe r   d i f fus iona l   r e s i s t ance  is  a lower  nonsolvent  con- 

c e n t r a t i o n  a t  the d rop le t  s ide of  t he  droplet-solut ion  interface.   Because the 

i n t e r f a c i a l  boundary  compositions are binodal  compositions,  connected by a 

t i e  l i n e ,  t h e  polymer  concentration a t  the solut ion  boundary  contact ing t h e  

d rop le t  w i l l  be lower  than the  polymer  concentration at t he '  film boundary i n  

t h e - h y p o t h e t i c a l   s i t u a t i o n .  

\ 

In   Chapter  4 and 6 we have  calculated t h e  d i f f u s i o n   b e h a v i o r   i n  a f r e s h l y  

immersed homogeneous so lu t ion   for   var ious   in te r fac ia l   boundary   composi t ions .  

With the a id  of the i n t e r f a c i a l  boundary  conditions it has been  calculated 

that the  polymer  concentration at the  s o l u t i o n  boundary decreases, i f   s o l v e n t  

is added t o  the  i n i t i a l   c o a g u l a t i o n   b a t h .  Thus, t h e  effect of the f r e s h l y  

forme& skin   l ayer   on  the d i f f u s i o n   p r o c e s s   i n   f r o n t   o f   t h e   n u c l e i ,  is equal 

t o  the effect  of  adding a c e r t a i n  amount o f   s o l v e n t   t o  the' i n i t i a l   c o a g u l a -  
t i o n  ba th  on the d i f fus ion   p rocess   i n  the immersed s o l u t i o n  film. This  has 

been   represented   schemat ica l ly   in   F igure  4, and  put  on a more q u a n t i t a t i v e  

basis i n   F i g u r e  5 .  

CA 1 
4 

volume fraction  solvent 
in the coagulation bath : 

dioxane .8 .3 

Fig.5. C a l c u l a t e d   i n i t i a l   c o m p o s i t i o n   p a t h s   f o r  15 vol.% CA-dioxane 'solu- 
t i o n s ,  immersed i n t o  a coagula t ion   ba th  with a v a r y i n g   i n i . t i a l  CfOmpOSi~iOn- 



In   F igure  5 the ca l cu la t ed   compos i t ion   pa ths   a r e  shown f o r  15 vol.;$ CA-diox- 

a n e   s o l u t i o n s  immersed in to   coagu la t ion  baths with a varying  solvent  concen- 
t r a t i o n .  It can be concluded that immersion  of  the  solution f i l m  i n t o  a pure 

water bath r e su l t s   i n   i n s t an taneous   nuc lea t ion   o f  the d i l u t e d  phase under the 

sur face   o f  the  .film. According t o  the previous  mentioned  analogy, the compo- 

s i t i o n s   i n   f r o n t   o f  the first formed  nuclei  are descr ibed by curve b or   curve  

c, o r  a cu rve   be long ing   t o   ano the r   i n i t i a l   so lven t   concen ta t ion   i n  the coagu- 

l a t o n  bath, I f   curve  b desc r ibes   t he   compos i t ions   i n   f ron t   o f  the f i r s t  form- 
ed n u c l e i  it can be concluded tha t  new n u c l e i  w i l l  be formed i n   f r o n t  of the 

f i r s t  formed  droplets   of   di luted  phase.  However, i f  curve c descr ibes  the 

composi t ions   in   f ront  of t h e   f i r s t  formed  nuclei  it can be concluded that t h e  

s o l u t i o n   i n   f r o n t   o f  the n u c l e i  w i l l  remain stable, at least as long as free 

d i f fus ion   occu r s .  The n u c l e i  w i l l  expand  because  the  diffusional   f low  of  

nonsolvent  from the n u c l e i   i n t o   t h e  polymer s o l u t i o n  is smaller than   t he  

d i f   f u s i o n a l  f low of  solvent  from the polymer s o l u t i o n   i n t o  the n u c l e i  e Thus o 

macrovoids  are  being  formed i n  thss case. 

Although w e  do not  know t h e   e x a c t   d i f f u s i o n a l   r e s i s t a n c e  of the toplayer  
from the moment of   onse t   o f   nuc lea t ion   in  the f i lm ,  f t  seems reasonable  t o  
assume that this r e s i s t a n c e   i n c r e a s e s   w i t h   a n   i n c r e a s i n g  polymer  concentra- 
t i o n  a t  the f i l m  boundary. This means that the chance that macrovoid  forma- 

t i o n   o c c u r s   i n   t y p e  I1 membranes, increases  with an  increasing  polymer con- 

c e n t r a t i o n  a t  the f i l m  boundary. 

A.5. Influence of various parameters on the oecwrence of macrovoids 

A t  t h i s  poin t  w e  are able t o  d i scuss   t he   i n f luence   o f   an   i nc reas ing  non- 

so lvent   o r  polymer c o n c e n t r a t i o n   i n  the cas t ing   so lu t ion   and  the type  of 

so lvent ,   on   the   occur rence   o f   macrovoids   in   type  I1 membranes. 

- Addition  of  nonsolvent t o  the c a s t i n g   s o l u t i o n .  

From Figs .  1 (d)  and  2(a) it can be seen that  i n  a 1 O vol,%  CA/water/acetone 
so lu t ion   (wa te r / ace tone   r a t io : .   15 /85 ) ,   r e spec t ive ly  a 15 vol.$ CA-dioxane 

s o l u t i o n ,  a l l  the nuclei   formed  beneath the skin  layer   expanded t o  macrovoids 
by  means of  growth  combined with coalescence.   Apparently,  the r e s i s t a n c e .   o f  
the  .freshly formed s k i n  layers was s u f f i c i e n t l y  high t o  induce delayed onse t  
o f   l i qu id - l iqu id   demix ing   i n   f ron t   o f  a l l  first formed  nuclei. 
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From Figure  1 ( e )  it can be s e e n   t h a t   a d d i t i o n   o f   a n   e x t r a  amount of water 

t o  the CA/acetone/water c a s t i n g   s o l u t i o n ,   r e s u l t e d   i n  a nascent   sk in   l ayer   o f  
which t h e   r e s i s t a n c e  was i n s u f f i c i e n t l y   h i g h  a t  c e r t a i n   s p o t s ,   t o   i n d u c e  ma- 

crovoid  formation. The number of s p o t s  where macrovoid  formation  occurs de- 

creases f u r t h e r  with inc reas ing  water c o n c e n t r a t i o n   i n  the  i n i t i a l   c a s t i n g  

s o l u t i o n  (see Figure  1 ( f  1). The same e f f e c t   o f  the add i t ion   o f   nonso lven t   - t o  

t h e   c a s t i n g   s o l u t i o n   c a n  be observed f o r  t h e  membranes prepared  from CA/di- 

oxanelwater   solut ions (see Figures  3( a )  and  3(b) ). Thus, t h e r e  is a concen- 

t r a t i o n   r a n g e ,   w i t h i n  which i r r e g u l a r i t i e s   i n  the  nascent   sk in   l ayer   cause   an  

irregular  formation  of  macrovoids.  . 

How can we exp la in  that t h e   r e s i s t a n c e   o f   t h e   s k i n   l a y e r  becomes i n s u f f i -  

c ien t ly   h igh   to   induce   macrovoid   format ion ,  i f  a c e r t a i n  amount of  nonsolvent 

is added t o  the cas t ing   so lu t ion?  

In  Chapter  4 (F igure  6 )  it has  been  calculated tha t  t h e  polymer  concentra- 

t i o n  at t h e  immersed film s u r f a c e   s l i g h t l y   i n c r e a s e s ,   w i t h   i n c r e a s i n g   n o n s o l -  

ven t   concen t r a t ion   i n  the c a s t i n g   s o l u t i o n .  Thus, t h e  r e s i s t a n c e   o f  t he  

f r e s h l y  formed s k i n   l a y e r  w i l l  a lso  increase.   Also  f rom  Figure 6 i n  Chapter 4 

it  can e a s i l y  be deduced t h a t  a h ighe r   so lven t   concen t r a t ion  is  n e c e s s a r y   i n  

the coagula t ion  ba th ,  t o   ob ta in   de l ayed   onse t   o f   l i qu id - l iqu id   demix ing   i n   an  

immersed f i lm of which the nonsolvent   concentrat ion has been  increased. Ac- 

c o r d i n g   t o   t h e  earlier der ived   connec t ion   be tween  the   top   l ayer   res i s tance  

and   t he   so lven t   concen t r a t ion   i n   t he   coagu la t ion   ba th ,  t h i s  means t h a t   t h e  

minimum toplayer   res i s tance   necessary   to   induce   macrovoid   format ion ,   increas-  

es with increas ing   nonsolvent   concent ra t ion   in  the cas t ing   so lu t ion .  

According t o  our   theory  the  e l iminat ion  of   macrovoids  shown i n  the  F igures  

? ( e ) ,  l ( f )  and  3(b)   can be expla ined  by a n   i n s u f f i c i e n t   i n c r e a s e  of t h e   s k i n  

l a y e r   r e s i s t a n c e ,  upon add i t ion   o f  a c e r t a i n  minimum amount of nonsolvent Go 

t he   c . a s t ing   so lu t ion .  

- Varia t ion   of  the polymer   concent ra t ion   in   the   cas t ing   so lu t ion   and  the 

type  of   solvent   used.  

Now we want. t o  know i n  which way the process of macrovoid  formation is af- 

fected by an   i nc reas ing  polymer  concentration i n   t h e   c a s t i n g   s o l u t i o n ,   a c c o r -  

d ing   t o   ou r   t heo ry .  L e t  us  cons ider  CA-dioxane c a s t i n g   s o l u t i o n s  immersed in-  

t o  a pure water bath.  From Figure  3(a) it can be seen  t h a t  i n  the immersed 15 

vol.% CA solution  macrovoid  formation  occurs.  
In   Chapter  6 (F igure  3) i t  has been  calculated t h a t , .  wi th  inc reas ing  CA 



c o n c e n t r a t i o n   i n   t h e   c a s t i n g .   s o l u t i o n ,   t h e  polymer  concentration at t h e  i m -  
mersed f i lm   su r face   s t rong ly   i nc reases ,   p romot ing  the formation  of  mácrovoids 
accord ing   to   our   theory  . 

From Table  3 (Chapter 6 )  however f it  can be  s e e n   t h a t  a h ighe r   so lven t  con- 

n c e n t r a t i o n  is necessa ry   i n   t he   coagu la t ion   ba th ,  t o  obta in   de layed   onse t  of 
demixing i n  a f i lm with an   i nc reas ing  polymer  concentration,  According t o  our 

theory ,  this means t h a t  the minimum top laye r   r e s i s t ance   necessa ry   t o   i nduce  

macrovoid  formation,  increases with increas ing  polymer c o n c e n t r a t i o n   i n  the 

c a s t i n g   s o l u t i o n ,  

It is impossible  t o  predict  whether  macrovoid  formation w i l l  s t o p  a t  a cer-  

t a i n  polymer c o n c e n t r a t i o n   i n   t h e  CA-dioxane c a s t i n g   s o l u t i o n :  

The increase  of the polymer  concentration a t  t h e  immersed s u r f a c e  w i l l  slow 

down when the surface  composi t ion  approaches the equi l ibr ium  composi t ion   for  

water swollen CA; however,  from the experimental  values  from T a b l e  3 (Chapter 

6 )  i t  cannot be  der ived whether the so lven t   concen t r a t ion   i n   t he   coagu la t ion  

ba th ,  necessary t o  obta in   de layed   onse t  of demixing ,   increases   suf f ic ien t ly  

t o   p r o h i b i t  macrovoid  formation at a c e r t a i n  CA c o n c e n t r a t i o n   i n  the c a s t i n g  
s o l u t i o n ,  

I f   d ioxane  is exchanged by a so lvent  f which  mixes b e t t e r  with water ,  the 

swface   composi t ion   o f  the immersed film  approaches  the  composition  of water 

swollen CA a l ready  at  a r e l a t i v e  low  polymer c o n c e n t r a t i o n   i n  the c a s t i n g  so- 

l u t i o n ,  This means that  the r e s i s t a n c e   o f   t h e   f r e s h l y  formed s k i n   l a y e r   c a n  

hard ly   increase   any   fur ther  upon r a i s i n g   t h e  p'olymer c o n c e n t r a t i o n   i n  the 

c a s t i n g   s o l u t i o n .  Thus the absence  of  macrovoids i n  immersed CA-DMSO o r  CA- 

t r i e t h y l  ,phosphate   cast ing  solut ions S upon increas ing  the polymer  concentra- 

t i o n   i n  the cas t ing   so lu t ion   (obse rved  by Frommer 121) can be e x p l a i n e d   i n  

our theory  by the f a c t  that  the minimum amount  of s o l v e n t   i n  the coagula t ion  

bath,  necessa ry   t o   ob ta in   de l ayed   onse t  of demixing,  increases with increas-  

i ng   po lymer   concen t r a t ion   i n   t he   ca s t ing   so lu t ion .  

Evident ly ,  more experiments  have t o  be performed t o  test our   theory:  
- It has t o  be examined at which  polymer  concentration i n  the cas t ing   so lu -  

t i o n  macrovoid   format ion   s tops   to   occur   in   type  I1 membranes. T h i s  must be 

examined f o r  good  and bad miscibi l i ty   of   solvent-nonsolvent   combinat ions.  
- For the same solvent-nonsolvent  combinations,  light t ransmiss ion  measwe- 

ments  have to be performed in   o rde r   t o   ob ta in   expe r imen ta l   va lues   fo r  the 
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minimum amount o f   s o l v e n t   i n   t h e   c o a g u l a t i o n   b a t h ,   n e c e s s a r y   t o   o b t a i n  de- 

layed  onset  of demixing i n   c a s t i n g   s o l u t i o n s   w i t h  a varying  polymer  concen- 
tr at ion. 

- The i n i t i a l  rate of  growth  of  marovoids  must be compared w i t h  t h e  ra te  of 

movement of   the  interface  between  the immersed polymer ' solut ion  and  the  coag-  

u l a t i o n   b a t h ,   f o r  a so lvent   concent ra t ion   in   the   coagula t ion  bath which is 

high  enough t o  prevent   instantaneous  onset   of   l iquid- l iquid  demixing.  

A.6. Conclusions 

The occurrence  of  macrovoids  in membranes prepared  from  ternary  systems  can 

be p red ic t ed   w i th   t he   fo l lowing   empi r i ca l   ru l e s :  

- I n   t y p e  I membranes  no macrovoids will be formed,  except i f  the onse t  of 
demixing  in the c a s t   s o l u t i o n   o c c u r s   w i t h i n  a very   shor t   per iod  after immers- 

ion  of the s o l u t i o n   f i l m .  

- I n   t y p e  I1 membranes macrovoids will always be formed,  except i f  the  pol-  
ymer concentrat ion  and/or  the nonsolvent   concent ra t ion   in  t h e  cas t ing   so lu -  

t ion  exceeds a c e r t a i n  minimum value. 

According t o  the theory  proposed  in  t h i s  appendix: 
- macrovoids are formed  from f r e s h l y  formed  nuclei  of the d i lu t ed   phase  i f  

the composition i n   f r o n t   o f  the nuclei   remains stable f o r  a r e l a t i v e l y   l o n g  

per iod;  

- macrovoids  expand as a r e s u l t  o f   d i f fus iona l   f lows;  

- macrovoids are formed jus t   benea th  the sk in   l aye r   o f  a type I1 membrane, 

i f   t h e   d i f f u s i o n a l   r e s i s t a n c e   o f   t h e   f r e s h l y  formed sk in   l ayer   exceeds  a cer-  

t a i n  minimum value.   This  conclusion is completely  contrary  to   the  widely  pro-  

posed  hypothese  according t o  which macrovoids are formed a t  c e r t a i n  weak 

s p o t s   i n  the nascen t   sk in  layer; 

- macrovoid  formation i n ,   t y p e  I1 membranes is not  opposed by an   increase   o f  
the v i scos i ty   o f  the cast s o l u t i o n  (as is gene ra l ly  assumed), but  by an  in-  

crease of the minimum s o l v e n t   c o n c e n t r a t i o n   i n  the coagula t ion  ba th ,  neces- 

sa ry   to   ob ta in   de layed   onse t   o f   l iqu id- l iqu id   demixing   in   the  immersed cas t -  
i ng   so lu t ion .  
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I n  this thesis the mechanism of  membrane formation by means of  immersion 

p r e c i p i t a t i o n  is s tudied .  

Immersion  of a concentrated  polymer  solut ion film i n t o  a nonsolvent bath 

induces  an  exchange  of  solvent  and  nonsolvent  in the f i lm by  means o f   d i f f u -  

s ion .  This p r o c e s s   r e s u l t s   i n   a n  asymmetric polymer d i s t r i b u t i o n   a n d  leads t o  

metastable composi t ions   in  the immersed polymer s o l u t i o n  film, Demixing  pro- 

ces ses   occu r ,   y i e ld ing  polymer r i c h  and  polymer l e a n   e n t i t i e s   i n  the f i l m e  

When the exchange  of  solvent  and  nonsolvent is completed, a s o l i d i f i e d  f i lm 

with a dense  toplayer  and a porous  sublayer is obtained,  The t h i n   t o p l a y e r  

determines the permselect ivi ty   and the  permeability of  the membrane. The 

porous  sublayer is re spons ib l e   fo r  the mechanica l   s t rength   o f  the membrane. 

The ob jec t ive   o f  this study is t o   ' g a i n   i n s i g h t   i n t o   d i f f u s i o n a l  mass t r a n s -  

port  and  demixing phenomena occurr ing   dur ing  the immersion  precipi ta t ion 

process ,  

In  Chapter 2 the demixing   behavior   in   ce l lu lose   ace ta te   (CA)/so lvent /water  

systems is s t u d i e d   f o r  CA concent ra t ions  up t o  .40 wt.$ i n   s e v e r a l   s o l v e n t s ,  

Two d i f fe ren t   types   o f   demixing   processes  are found to   occu r  upon cool ing:  

l iquid-liquid  demixing  and  aggregate  formation. The r ap id   p rocess   o f   l i qu id -  
l iquid  demixing is c l ea r ly   d i s t i ngu i shed   f rom the slow  process  of  aggregate 

f o r h a t i o n  by exaqining  the  dependence  of the  c loud   po in t   pos i t i on   on  the 

coo l ing   r a t e   and  by s t r u c t u r e   a n a l y s i s   o f  quenched s o l u t i o n s .  The appearance 

of  aggregate  formation  strongly  depends  on the type   o f   so lven t ,   I n  the appen- 
d i x  of Chapter 2 it is shown that the two types  of   demixing  processes   a lso 

o c c w   i n   t e r n a r y  poly(2,6-dimethyl-l,4-phenyleneoxide) s o l u t i o n s ,  

In--Chapter 3 equat ions  and  boundary  condi t ions  are   der ived  for   the  isother-  

mal d i f fus ion   p rocesses  that occur   i n  the coagula t ion  bath and  in  the polymer 

s o l u t i o n  after immersion  of a c a s t   ( t e r n a r y )  polymer s o l u t i o n   i n t o  a (b inary)  

coagula t ion  bath, This mass t r a n s f e r  is expressed  in  terms  of  thermodynamic 
d r i v i n g   f o r c e s   a n d   f r i c t i o n a l   c o e f f i c i e n t s .  The f r i c t i o n a l   c o e f f i c i e n t s   i n  

the t e rna ry   sys t em  a re  assumed t o  be i n t e r r e l a t e d   t h r o u g h  tpe Onsager r e c i -  
p r o c a l   y e l a t i o n s   a n d   t o  be related t o  the m e a s u r a b l e   f r i c t i o n a l   c o e f f i c i e n t s  
d e f i n e d   i n  the three l imi t ing   b inary   composi t ion   ranges .  

The d i f f u s i o n  model der ived   in   Chapter  3 can  be  used t o  c a l c u l a t e  concen- 
t r a t i o n   p r o f i l e s   a n d   t h e  moment of onset   of   l iquid- l iquid  demixing  in  the 
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immersed polymer  solut ion  f i lm.  The model  can  be  applied t o  a t e rna ry  mem- 
brane  forming  system,  characterized with r e s p e c t   t o  i t s  binary thermodynamic 

non-ideali ty  parameters  and its ' d i f f u s i o n  (or  sedimentat ion)   behavior   in  the 

three binary  composition  ranges.  

In  Chapter 4 the d i f f u s i o n  model is a p p l i e d   t o  the ternary  system CA/ace- 

tone/water.\Calculations show that immersion  of the polymer s o l u t i o n   i n t o  the 

coagula t ion  ba th  r e s u l t s   i n   a n   i n s t a n t a n e o u s   i n c r e a s e   o f  the polymer  concen- 

t r a t i o n  a t  t h e   s u r f a c e   o f  the so lu t ion .  The th i ckness   o f  t h i s  concent ra ted  

layer increases   un t i l   l iqu id- l iqu id   demixing  starts by means of   nuc lea t ion  

and  growth  of the-  polyTer  lean  phase,  that f i x e s  the asymmetric  polymer d i s -  

t r i b u t i o n   i n  the fi lm. The time l a g  in  between the moment of immersion  and 

the moment of   onset   of   the   demixing  process  is p r o p o r t i o n a l   t o  the  square  of  

the i n i t i a l  film thickness .   Addi t ion  of  a c e r t a i n  minimum amount of  water t o  

the c a s t i n g   s o l u t i o n   r e s u l t s   i n  a d r a s t i c  change  of the membrane formation 

process:   l iquid- l iquid  demixing starts ins tan taneous ly  upon  immersion, y i e l -  

ding a membrane with a ve ry   t h in   t op laye r .  The model ca lc .u la t ions  are conf i r -  

med by l ight  transmission  measurements  performed  on immersed cas t ing   so lu -  

t ions. 

Chapter 5 deals with the liquid-liquid  demixing  behavior  of  quasi   ternary 

CA/solvent/water systems. CA polyd ' i spers i ty   causes   exper imenta l ly   ob ta ined  
composi tons  of   coexis t ing  phases   to   deviate  from the cloud  point   curve,  a t  
low polymer concentrat ions.   Calculated  composi tons  of   coexis t ing  phases   and 

binodal   curves  are compared with experimentally  obtained  compositions  of 

coexis t ing   phases   and   c loud   po in ts ,   in   o rder   to   ver i fy  the expres s ion   fo r  the 

Gibbs free energy  of a ternary  system  given  in  Chapter 3. Although  in the 

c a l c u l a t i o n s  CA is assumed t o  be monodisperse, the calculated  and  experimen- 

t a l l y  found  compositions  of  coexisting  phases  do  agree f a i r l y  well. 

In  Chapter 6 t h e   d i f f u s i o n  model is app l i ed   t o   t e rna ry   sys t ems  with d i f f e r -  

en t   va lues   o f  the thermodynamic non-ideal i ty   parameters ,   us ing  experimental  

f r i c t i o n a l   c o e f f i c i e n t s   o f  the sys tem CA/dioxane/water. It is. shown that the  

moment of   onset   of   l iquid- l iquid  demixing  in  the immersed polymer  solut ion 
f i lm is p r imar i ly   a f f ec t ed  by the m i s c i b i l i t y  of the so lven t  wi th  the nonsol- 

vent :  a decreasing  tendency .of  mixing  promotes a delayed onse t   o f   l iqu id-  
l iquid  demixing.  This conclusion is confirmed by l i gh t  transmission  measure- 

ments  performed  on  several  CA-solvent c a s t i n g   s o l u t i o n s  immersed i n t o  a coa- 
g u l a t i o n  bath with a vary ing   so lvent /water   ra t io .  With SEM a n a l y s i s   o f  mem- 

b rane   c ros s   s ec t ions ,  the dominant  influence  of the delay time f o r  the onse t  



of   l iquid- l iquid  demixing  on the u l t i m a t e  membrane morphology is c l e a r l y  
demonstrated. 

In  Chapter 9 t h e   r e l a t i o n  between the cas t ing   so lu t ion   composi t ion ,  the 

coagula t ion  bath composition  and the components  used  on the one hand,  and  the 

morphology  of  the  ult imate membrane on the   o ther   hand ,  is d iscussed   us ing  

ca lcu la ted   and   exper imenta l  data from this thesis and  from l i t e r a t u r e .  The 

main r e s u l t   o f  the work p resen ted   i n  this thesis is the e luc ida t ion   o f  two- 

d i s t i n c t l y   d i f f e r e n t  mechanisms  of membrane formation by  means of  immersion 

p r e c i p i t a t i o n .  These d i f f e r e n t  mechanisms a r e   c h a r a c t e r i z e d  by t h e  moment of  

onse t   o f   l iqu id- l iqu id   demixing   in  the  immersed film. 

Delayed onse t   o f   l iqu id- l iqu id   demixing   resu l t s   in  membranes with a relati- 

ve ly  th ick  toplayer  and a r e l a t ive ly   dense   sub laye r ,  These membranes are 

mos t ly   cha rac t e r i zed  by a h y p e r f i l t r a t i o n ,   g a s   s e p a r a t i o n  or pervaporat ion 

type  of  performance o The occurrence o f aggregate  format  ion  during  immersion 

p r e c i p i t a t i o n  may improve the   i n t e rconnec t iv i ty   o f   t he   po res   i n  the sublayer  

considerably.  The inf luence  of   aggregate   formation  on the toplayer  morphology 
is not  yet  fu l ly   unders tood .  

Ins tan taneous   onse t   o f   l iqu id- l iqu id   demixing   resu l t s   in  membranes with a 

very   th in   top layer   and ,  on prepara t ion .   o f  the membrane from a moderately 

c o n c e n t r a t e d   c a s t i n g   s o l u t i o n ,  with a n   u l t r a f i l r a t i o n  t y p e  of  performance  and 

a very  porous  sublayer.  
I n   t h e  Appendix  of this thesis it is shown tha t  the occurrence  of  macro- 

vo ids   i n  membranes is a l s o   r e l a t e d   t o   t h e  moment of   onse t   o f   l iqu id- l iqu id  

demixing  in the immersed c a s t i n g   s o l u t i o n  film: macrovoids may be formed, 

on ly  if l iquid- l iquid  demixing starts wi th in  a very   shor t   per iod  after immer- 

s i o n   o f  the s o l u t i o n  film, A theory  is proposed  which  explains why an   in -  

creasing  polymer o r  nonsolvent   concent ra t ion   in   the   cas t ing   so lu t ion   opposes  
macr’ovoid format ion ,   in  the case of instantaneous  onset  of  demixing, Accor- 

ding t o  this theory,  macrovoids are formed ju8t   benea th  the toplayer   o f  a 

membrane, i f  the d i f f u s i o n a l   r e s i s t a n c e   o f  the f r e s h l y  formed  toplayer  ex- 

ceeds a c e r t a i n  minimum va lue .  (at c e r t a i n   s p o t s ) .  This conclusion is i n  es- 
s e n t i a l   c o n t r a d i c t i o n  with c u r r e n t   t h e o r i e s   a c c o r d i n g   t o  which macrovoids  are 
tformed a t  c e r t a i n  weak s p o t s   i n  the nascent   top layer .  
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SMNVATTING 

Wanneer een film geconcentreerde  polymeeroplossing  in  contact  wordt gebracht 

met een  niet-oplosmiddelbad,  vindt er een   u i tw i s se l ing   p l aa t s   van  de twee 

laagmoleculajre  componenten d.m.v. d i f f u s i e .  D i t  leidt  tot   een  asymmetr ische 

polymeerverdeling  in de fi lm. Bovendien  induceert   het   d i f fusieproces  metasta- 

biele samens te l l ingen   in  de film d ie  z e e r   s n e l   l e i d e n   t o t  ontmenging  van de 

fi lm i n  polymeerarme druppel t jes ,   gedispergeerd   in   een   po lymeerr i jke   mat r ix .  

Na vol tooi ing  van het d i f fus i ep roces  resteert een   vas te ,   poreuze  f i l m  met een  

dichte top laag   aan  het  grensvlak met he t   coagula t iebad .  

I n  d i t  poefschrif t   wordt  het hierboven  beschreven  fase- inversieproces   nader  

bestudeerd met a ls  doels te l l ing   deze   t echniek   te   op t imal i seren   voor  de ver-  

vaardiging  van  asymmetrische membranen. De dunne  toplaag  dient  de  permselec- 
t i v i t e i t   e n  de permeabi l i te i t   van  het membraan ' te bepalen; de poreuze  onder- 

l aag  moet zorgen  voor de mechanische  sterkte  van het  membraan. 

In  Hoofdstuk 2 wordt het ontmenggedrag in   ce l lu lose   . ace taa t   (CA)/oplosmid-  
del/water systemen  bestudeerd. Twee verschillende  typen  ontmengprocessen 

b l i j ken   op  t e  kunnen t r eden  wanneer de t e rna i r e   op los s ingen  worden afgekoeld:  

vloeistof-vloeistof  ontmenging  en  aggregaatvorming. Het z e e r '   s n e l l e   p r o c e s  

van vloeis tof-vloeis tof   ontmenging kan  onderscheiden  worden  van  de  minder 
s n e l l e  vorming  van  aggregaten d.mv. troebelpuntsmetingen b i j  ve r sch i l l ende  

afkoelsnelheden of d.m.v. structuuranalyse  van  afgeschrokken  oplossingen. De 

vorming  van  aggregaten b l i j k t  sterk a f h a n k e l i j k   t e   z i j n  van de keuze  van het 

oplosmiddel.  In de Appendix  van  Hoofdstuk 2 wordt  aangetoond dat de twee 

typen  ontmengprocessen ook plaats kunnen  vinden in   ternaire   polyphenyleenoxi-  

de (PPO) oplossingen. 

In  Hoofdstuk 3 worden vergel i jkingen  en  randvoorwaarden  afgeleid waarmee 
het isotherme  diffusieproces kan  worden  beschreven d a t  plaats v indt   . in   een  

polymeeroplossing die  in   con tac t  is gebracht met een  coagulat iebad.  Het ter- 
naire  diffusieproces  wordt  beschreven  in  termen  van  thermodynamische  drijven- 

de krachten   en   wr i jv ingscoëf f ic iën ten .  E r  wordt  verondersteld dat de wrij- 
vingscoëff . ic iënten samenhangen  volgens de Onsager  reciproke relaties , en  op 

eenvoudige  wijze  gerelateerd kunnen  worden aan  de meetbare wr i jv ingscoëf f i -  
c i ën ten ,   gede f in i ee rd   i n  de drie binaire   composi t iegebieden.  

0 

Het diffusiemodel ,   afgeleid  in   Hoofdstuk 3, kan  gebruikt worden om concen- 
t r a t i e p r o f i e l e n  t e  berekenen  en om het begin  van  vloeis tof-vloeis tof  ontmeng- 
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ing  in  de ondergedompelde film t e  voorspellen. Het model kan  toegepást worden 
op membraanvormende ternaire  systemen, waarvan de  thermodynamische i n t e r -  

actieparameters . en de dif-fusie- ('of sedimentatie-)coeff  iciEnten  in de - drie 

b ina i r e  compo,sitiegebieden  bekend z i j n ,  

In  Hoofdstuk 4 wordt het diffusiemodel  toegepast  op het  systeem CA/aceton/- 

water. U i t  berekeningen b l i j k t  da t  de polymeerconcentratie  aan het grensvlak 

van de film en het bad onmiddelli jk  zeer sterk toeneemt,  na  onderdompeling 

van  de  polymeeroplossing i n  het coagulatiebad. Het  dunne l aag je  geconcen- 

t reerde  oplossing  verbreedt   z ich,   to tdat   v loeis tof-vloeis tof  ontmenging 

demev. kiemvorming en  groei   inzet .  D i t  p roces   f ixeer t  de op dat moment aanwe- 
z ige  asymmetrische polymeerverdeling i n  de fi lm. 

De t i jdsduur   tussen  het moment van  onderdompelen  van  een CA-aceton film en 

het .begin  van  vloeistofLvloeistof ontmenging, I is evenredig met het'  kwadraat 

van de in i t i . $ l e  f i lmdikte.  Wanneer meer dan  een  bepaalde minimum hoeveelheid 

water '&an 'de polymeeroplossing  wordt  toegevoegd,  verandert het  membraanvor- 

mingsproces  ingrijpend:  onmiddellijk  na oniderdompeling  van de film treedt 

v loe is tof -v loe is tof  ontmenging  op,  hetgeen r e su l t ee r t   i n   een   zee r  dunne  top- 
laag. De. uitkomsten  van de modelberekeningen worden bevestigd  door  l icht-  

transmissie  metingen  aan  ondergedompelde  CA/aceton/(water) films. 

I n  Hoofdstuk 5 worden metingen  en  berekeningen  van  evenwichtssamenstel- 
l ingen  van  ontmengde  quas i - t e rna i r e  CA/oplosmiddel/water  systemen  gepresen- 

teerd. De gemeten evenwichtssamenstellingen komen redelijk overeen met even- 

wichtssamenstellingen,  berekend m. b-v. de uitdrukking  voor de Gibbs v r i j e  
energie van  een  ternair  systeem, gepresenteerd  In Hoofdstuk 3.  D i t  kan als 

een  aanwijzing worden  beschouwd voor  de  betrouwbaarheid  van  deze  uitdruk- 
king o 

I n  Hoofdstuk 6 wordt m.b.v. het diffusiemodel de invloed  van de b ina i r e  
thermodynamische interact ieparameters   op het membraanvoymingsproces  berekend. 
Volgens de berekeningen heeft vooral de thermodynamische in te rac t ie   tussen  
oplosmiddel  en  niet-oplosmiddel  een sterke invloed  op het  membraanvormings- 

proces:  een toenemende  mengbaarheid  van  deze  twee  componenten leidt t o t   e e n  
overgang  van u i tges te lde   naar   ins tan tane  ontmenging i n  de ondergedompelde 
film, Deze conclusie  wordt  bevestigd  door  lichttransmissie  metingen  aan on- 
dergedompelde  CA-oplosmiddel  systemen. M. b. v. SEM' analyses  van  filmdoorsne- 
de wordt  gedemonstreerd dat er een  duideli jk  verband bestaat tussen  de 

u i t s t e l t i j d  voor   vloeis tof-vloeis tof  ontmenging en  de  s t ructuur  van de gepre- 



De opheldering  van twee d u i d e l i j k   v e r s c h i l l e n d e  mechanismen  van  membraanvor- 
ming (gekarakteriseerd door de u i t s t e l t i j d  voor  ontmenging)  en de wi jze  waar- 

op het type mechanisme dat opt reedt   ges tuurd  kan  worden, vormen de e s s e n t i e  

van d i t  proefschrif t .   In   Hoofdstuk 7 wordt  nader  ingegaan  op het verljand dat 

bestaat tu s sen  het type  membraanvormingsmechanisme en  de r e s u l t e r e n d e   s t r u c -  

tuur  van het. membraan. 

Uitgestelde vloeis tof-vloeis tof   ontmenging l e id t  t o t   e e n  relatief d i k k e  

toplaag  op het asymmetrische membraan.  Deze t o p l a a g   b e z i t  meestal permselec- 

t ieve  eigenschappen die het membraan geschik t  maken v o o r   h y p e r f i l t r a t i e ,  

gasscheiding  of   pervaporat ie .  Het optreden  van  aggregaatvorming  t i jdens het 

p r e c i p i t a t i e p r o c e s  kan de n ie t   gewens te   ' ge s lo t en   po r i e   s t ruc tuu r ' ,  d i e  i n  de 

'onderlaag  van d i t  type membranen vaak  voorkomt,  verhinderen. 
Het opt reden   van   ins tan tane   v loe is tof -v loe is tof   on tmenging   resu l teer t   in  

membranen  met een  zeer   dunne  toplaag met u l t r a f i l t r a t i e   e igenschappen ,   en   een  

zeer  poreuze  onderlaag. Een u i tzonder ing  moet gemaakt  worden  voor membranen 

d ie  bereid worden u i t   z e e r  hoog geconcentreerde  polymeeroplossingen  en  gas- 

scheidingseigenschappen  bezit ten.  

I n  de Appendix  van d i t  proefschrif t   wordt   aangetoond dat ook het optreden 

van  macrovoidvorming t i j d e n s  membraanvorming  samenhangt met d e   u i t s t e l t i j d  

voor  vloeistof-vloeistof  ontmenging:  macrovoids  worden  alleen gevormd wanneer 

vloeis tof-vloeis tof   ontmenging  zeer   snel   na   onderdompeling  van de polymeerop- 

lo s s ing   i nze t .  E r  wordt   een  theorie   voorgesteld,  die v e r k l a a r t  waarom een 

verhoging  van de polymeer-  en/of  niet-oplosmiddelconcentratie  in de polymeer- 

oplossing  macrovoidvorming  tegenwerkt,  in  geval  van  instantane  ontmenging. 

Volgens  deze  theorie worden er vlak  onder de toplaag  a l leen  dan  macrovoids  

gevormd,  wanneer de weerstand  voor   diffusie ,   u i tgeoefend door de top laag   i n  

vorming,  een  bepaalde  minimale waarde ove r sch r i jd t .  Deze conclus ie  is vo l l e -  

d ig   in   t egenspraak  met heersende  opvat t ingen m.b.t. macrovoidvorming. 
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