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1. INTRODUCTION 

1 .l MEMBRANE FILTRATION 

A membrane (from  Lat in  membrana: s k i n  of  body)  can  be 
d e f i n e d   a s  a s e l e c t i v e   b a r r i e r   t o   t r a n s p o r t   b e t w e e n '  t w o  . 

phases   ( s ee   F igu re  7 ) .  A f l u i d   s o l u t i o n   ( f e e d )   u n d e r   p r e s -  
s u r e  i s  b r o u g h t   i n t o   c o n t a c t   w i t h   t h e  membrane. The (syn-  
t h e t i c )  membrane i s  a t h i n   s o i i d   l a y e r  o f  a s u i t a b l e   p o l y -  
mer. The p r o p e r t i e s  o f  the membrane a r e   . s u c h   t h a t  one or 
more components o f  t he   so lu t ion   can   pas s   t h rough   t he  fnem- . '  

brane   whereas   o the r s   a r e   r e j ec t ed .  An i d e a l  membrane r e -  
j e c t s   c o m p l e t e l y   t h e  component t o  be  removed f r o m  t h e  s o l u -  
t i o n ,  

rmembrane 

FIG.1 . Membrane f i l t r a t i o n ,  

keverSe osmosis I 
I 

0.l 1 10 100 1000 - nominal  pore  diameter  (nm) 

FIG.2 C l a s s i f i c a t i o n  of  membrane accord ing  t o  nominal 
pore  diameter  . 



S e v e r a l  membrane f i l t r a t i o n   p r o c e s s e s   c a n  be d i s -  

t i_nguishedm These   can   be   c lass i f ied  on t h e   b a s i s  of t h e  
s i z e  of t h e   y l p a r t i c l e s l v  t o  be  se ,parated  (Figure 2 )  o r  o f  

t h e   a p p l i e d   p r e s s u r e   ( T a b l e  1 ) , ' ) M i c r o f i l t r a t i o n  is a p p l i e d  
i n   f i l t r a t i o n  o f  s u s p e n s i o n s   a n d   s t e r i l e   f i l t r a t i o n  of b io-  
l o g i c a l   s o l u t i o n s e   R a t h e r   l a r g e   p a r t i c l e s   c a n  be  removed 
f r o m  t h e   s o l u t . i o n o   U l t r a f i l t r a t i o n  i s  a  membrane p rocess  
for f i l t r a t i o n  of  ' h i g h   m o l e c u l a r   w e i g h t   s o l u t i o n s ,   e Q g Q  
p r o t e i n   s o l u t i o n s o  For s e p a r a t i o n   i n   s y s t e m s   w i t h  ]..OW mole- 
cular   weight   components   reverse  osmosis ( o r h y p e r f i l t r a t i o n )  
i s  used ,  

microfiltration > 50 0.2 -s, >l 

ultrafiltration 1 -100 2-7 01 - 0.5 

reverse osmosis 0.2-1 . 7-100 '- 

Table l,: C l a s s i f i c a t i o n  of rnembra.De f i l t r a t i o n   a c c o r d i n g  t o  
a p p l i e d   p r e s s u r e   a n d   s p e c i f i c   f l u x .  

I n   F i g u r e  3 ' ( b y   c o u r t e s y  of  HeHeskamp) t h e   p r i n c i p l e  o f  
r e v e r s e  o s m o s i s  (or h y p e r f i l t r a t i o n )  i s  g iven ,   In  l o w  mole- 
cu la r   we igh t   sys t ems   t he   o smot i c   p re s su re   can  be ve ry   h igh ,  
e e g a  seawater  h a s  an   osmot ic   p ressure  o f  abou t  27 ba r .  

A l a r g e r   p r e s s u r e   t h a n   t h e   o s m o t i c   p r e s s u r e   h a s  t o  be 

exe r t ed  on t h e  s a l t  s o l u t i o n  to o b t a i n  a pure water   p roduct  
f l u x   t h r o u g h   t h e  membrane, 

I n   f a c t   t h e  membranes mentioned i n   F i g u r e  1 form a e o n -  

tinuum i n   p r o p e r t i e s ,   r a n g i n g  from c o a r s e   f i l t e r s   w i t h w e l l -  
def ined  pore  diam.eters  t o  e s sen t i a l ly   non-porous  membranes o 
The l a t t e r   p e r f o r m  a s e p a r a t i o n  on t h e   b a s i s   o f t h e   p h y s i c o -  
chemica.1 p r o p e r t i e s  of the   permeants   and   the  membrane mate- 
r 5 a l   r a t h e r   t h a n  on t h e   s i z e  o f  the  permeants .  



n osmosis reverse osmosis 

cl 

I 
semi-permeable  membrane 

p>*Tc+7 : 

FIG,jr Prin.ciple   of   reverse   osmosis  . 
Membrane f i l t r a t i o n   h a s   b e e n   a p p l i e d  on a n   i n c r e a s i n g -  

l y  wider   ' scale  i n   r e c e n t   y e a r s   t o   p u r i f y   w a t e r   a n d  t o  reco-  
v e r   v a l u a b l e   m a t e r i a l s  f r o m  aqueous   so lu t ions .  

Some typ ica l   eaarnples  o f  i n d u s t r i a l   a p p l i c a t i o n s   i n  

The Ne the r l ands   a r e :  ' 

- product ion  o f  process  water:  f o r  greenhouses f r o m  b rack i sh  
ground  water,  o r  po tab le   wa te r ;  

- concent ra t ion   and   separa . t ion  o f  p roduc t   s t r eams   i n   t ohe  
f o o d   i n d u s t r y :  raw milk,  skimmed milk  and  whey; . 

- recovery  of  jadigo  dye  from  waste  water;  
- c o n c e n t r a t i o n   a n d   f r a c t i o n a t i o n  o f  s t a r c h e s   a n d   p r o t e i n s ;  

- - t r ea tmen t  o f  oil,!water  emulsions. 

Advantages  of membrane f i l t r a t i o n   a r e :  
- i t  i s  a r e l a t i v e l y   s i m p l e   t e c h n i q u e ,   a n d  ,works a t  ambient 

temperature;  
- only a small amount o f  energy i s  required.;  
- cont inuous   upsca l ing  i s  f e a s i b l e .  

I n  t h e   n e a r   f u t u r e  we migh t   expec t   app l i ca t ion  of mem- 
b r a n e   f i l t r a t i o n  on a n   i n d u s t r i a l   s c a l e   i n   t h e   f i e l d  of  gas 
separa t ion ,   separa t ion   in   non-aqueous   sys tems  and   e thanol -  
w a t e r   s e p a r a t i o n .  



The  three  types of membranes  mentioned  above areusual- 
ly produced by a  very  similar  process,' A film of  a concen- 
trated  polymer  solution (the  casting  solution) is cast o n  a 
supporting  surface  and is preeipitatred by a  nonsolvent in a 
contr:olled way,  With  microfiltration  membranes  precipitation 
is achieved by inbition of water f rom a  humid  atmosphere, 
This process is rather slow and a rather open porous  symme- 
tric  structure will result (see Chapter 2, the  membrane for- 
matrPon process  operative is liquid-liquid  phase separation). 

I n  the  Loeb-Sourirajan process2' o which .  is generally 
used in the  preparation of reverse osmosi.s o r  ultrafiltra- 
tion membraneso precipitation  occurs  through  immersion  of 
the  film in a  nonsolvent  bath,  Precipitation 2 s  quite  rapid, 
In a  number of casesb depending on the  choice of the  poly- 
mer/solvent/nonsolvent system;the result is a  membrane  with 
a  so-called  asymmetric  structure:  a  very  thin ( 0 , 2 - 0 . 5  UK) 

and  relatively  dense  toplayer or f r sk inTg,  supported by a 
sponge-like  substructure  (thickness>l O0 pm) (Figure 4) D 

. . .  . .  . .. . . . . . . . . . . . . . . . .. . 
, r  

20 pm 

SKIN 

POROUS 
SUBLAY 'ER 

 FIG.^, Cross-section of an asymmetric  membrane. 

The  toplayer  determines the degree  of  permselectivity, 
defined by the  degree of salt  rejection at a gfven  water 



f l u x  f o r  d e s a l t i n g  membranes., The po rous   sub laye r   does   no t  
c o n t r i b u t e   t o   t h e   s e l e c t i v i t y  o f  t h e  membrane, bu t  i t  isim- 
por t an t   because   o f   t he   mechan ica l   s t r eng th   necessa ry  t o  

w i t h s t a n d   h i g h   p r e s s u r e s ,  

. .  

1.2  ASYMMETRIC  MEMBRANES AND THEIR CHARACTERIZATION 

The asymmetry of t h e  membrane can  be shown b y . e l e c -  

tron-microscope  photographs (as t h e   b u i l t - u p  of  tiro  lay- 
e r s )  as: w e l l  as i n   t h e   t r a n s p o r t   p r o p e r t i e s  o f  themembrane. 
One can show t h e   a s y m m e t r y   i n ’ t h e   t r a n s p o r t   p r o p e r t i e s  by 
p l a c i n g   t h e  membrane ups ide  down i n   r e v e r s e   o s m o s i s   o p e r a -  
t i o n ,   B e c a u s e   o f   t h e   h i g h   i n t e r n a l   c o n c e n t r a t i o n   p o l a r i z a -  
t i o n   ( t h e   a c c u m u l a t i o n   o f ’  s a l t  i n   t h e   p o r o u s   s u b l a y e r ) ,   t h e  
r e j e c t i o n  o f  t h e  .membrane then  becomes very   smal l ,   and  shows 
a maximum a s  a funet l ion  of   the  volume  f lux,  This i s  a proof 
of t h e   e x i s t e n c e  o f  asymmetry*3’ 

N o t  only i s  t h e   d e n s e   t o p l a y e r   r e s p o n s i b l e  f o r  t h e  perm- 
s e l e c t i v i t y  o f   t he  membrane, i t  i s  a l s o   t h e  main. b a r r i e r  
f o r   w a t e r   t r a n s p o r t .  up t o   t h i s  moment i t  i s  s t i l l  very  
d i f f i c u l t   t o   c h a r a c t e r i z e   t h e   s k i n   p r o p e r l y   i n   t e r m s  o f  i t s  
s t r u c t u r e   a n d   t h i c k n e s s   a n d   t h e   r e l a t i o n  o f  t h e s e   p r o p e r t i e s  
w i th   t r anspor t   p rope r t , i e s ,   A l though   t he   ex i s t ence  o f  t h e   a -  
symmetry  can  be shown by e l ec t ron -mic roscopy   no   r e l i ab le   e s -  
timat,e o f  the  skin  th . ickn.ess   can  be  deduced  with  this   tech-  
nique . 

Many au thor s   have   found   t ha t   t he   t op laye r  o f  u l t , r a f i l -  
t r a t i o n  amd reverse   osmosis  membranes c o n s i s t s  o f  a so -ca l -  
led  nodular  morphology,  which i s  a packing o f  more o r  l e s s  
sphe r i ca l .   pa r t i c l e s ,   e ach   o f  a t  l e a s t  20 nm i n   d i a m e t e r .  An 
example i s  t o  be  found i n   C h a p t e r  2 (F igu re  5 ) .  Some a u t h o r s  
c l a i m   t h a t   t h i s   s t r u c t u r e  i s  the   des i red   morphology for e f -  
fective  membranesO4’  Nodules of c e l l u l o s e   a c e t a t e ,  ( C A )  w i t h  
a diameter  o f  20 nm would   incorpora te   about  100 c o i l s  w i t h  - 
M;= 40.000. 

I n t e r p r e t a t i o n  of the  e lectron-microscope  photographs 



can   lead  t o  t he   conc lus ion   t ha t   t he   nodu les   a r e   ha rd   sphe -  
reso  This   might   be a good i n t e r p r e t a t i o n  f o r  u l t r a f i l - t r a -  
t i o n  membranesp g e n e r a l l y   c o n s i s t i n g  of  more hydrophobfcpo-  
l y m e r i c   m a t e r i a l s .  I n  t h i s  way Bargeman e t   a l ,  5'1 could   g ive  
e s t i m a t e s  of  t h e   s k i n   t h i c k n e s s  of po ly (2 ,6 -d ime thy l - l , 4 -  
phenylene  oxide) membranes f r o m  a combined obse rva t ion  of 
t r a n s p o r t   b e h a v i o u r ,  s i z e  o f  t h e   n o d u l e s  f r o m  scann ing   e l ec -  
t ron-microscopy  and  pore  radi i   obtained  f rom  gas   adsorpt ion 
measurements, 

Fo r   r eve r se  o s m o s i s  membranes i n t e r p r e t a t i o n   i n   t e r m s  
of ha rd   sphe res   s eems   l e s s   l i ke ly ;  The p o r e   r a d i i   c a l c u l a -  
t e d  from electron-micyoscopy are  much t o o  h i g h  (2 nm), The 

. n o m b a l   p o r e   r a d i i   c a l c u l a t e d  from transport   measurements  
are   comparable  t o  t h e   s e g m e n t a l   c r o s s   s e c t i o n  o f  thepolymer  
molecule (<  1 nu f o r  C A ) .  

C l e a r l y  one  cannot   apply  Poi .seui lLe 's  l a w  i n   t h i s   r e g i o n  as 
a f i x e d   p o r e  is n o t   v e r y   1 i k e l y s 6 1  

For   r eve r se  osmosis  membranes it, i s  p r o b a b l y   b e t t e r  t o  

. v i s u a l i z e   t h e   n o d u l a r   s t r u c t u r e  as a l a y e r   w i t h  a more or 
l ess  r e g u l a r   d i s t r i b u t i o n  o f  segments   with  regions of l o w  
and  high  order   and  without  a f i x e d   p o r e   s t r u c t u r e ,  A p o i n t  
which  should  be  s t ressed  here  i s  t h a t  no s y s t e m a t i c   s t u d y  
has   appeared i n  t h e   l i t e r a t u r e   i n  which v a r i a t i o n   i n   t h e n o -  
d u l a r   s t r u c t u r e   ( e , g ,   s i z e  o f  the   nodules)   has   been   cor re-  
l a t e d   w i t h   c o n c u r r e n t l y   o b t a i n e d   d i f f e r e n c e s   . i n   t r a n s p o r t  
p r o p e r t i e s  s 

1 , 3  SEPARATION MECHANISM OF REVERSE OSMOSIS MEMBRANES 

Before we  come t o  t h e   s u b j e c t   d e s c r i b e , d   i n   t h i s   t h e s i s  
we would l i k e  t o  devote  a few  words t o  a n o t h e r   v e r y   b a s i c  
problem:  the mechanism of s e l e c t i v i t y  o f  r e v e r s e  osmosis  
[here:  s a l t  r e j e c t i n g )  membranes, 

The problem o f  a  good c h a r a c t e r i z a t i o n  of  t h e   t o p l a y e r  
( s t r u c t u r e ' a n d   t h i ' c k n e s s  o f  t h e   s k i n )  i s  c l o s e l y   r e l a t e d   t o  
u n c e r t a i n t i e s   a b o u t   t h e   p r e c i s e   s e p a r a t i o n  mechanism of re- 



verse  osmosis  membranes. Possible structures in membran'es 
found with electron-mieroscopy  are  illustrated  in Figure 5. 
The  structures  can  be  observed in the  toplayer in the  case 
o f  asymmetric  membranes or in  the  whole  membrane cross-sec- 
tion in the  case of symmetric  membranes. 

F1G,5a Schematic representation of the cross-section ofdif- 
ferent  membrane  structures:  (a)  cylindrical  pore  mem- 
brane; (b) nodular  structure; (c) spongelike struc- 
ture; (d)  nonporous  membrane, 

Concerning  the  separation  mechanism  there  are  several 
schools  of  thought  of which we  give  two  examples: 

a. Pref  erential.  sorption-,c.api:llary f low  (PSCF) model. 
Sourirajan7'  suggested  that  water is preferentially adsor- 

- bed  onto  the  membra.ne  pore  walls. In this  water  layer, with a 
-thickness of several monolayers,  hydrated  salt-ions  are ex- 
cluded. In  -the  toplayer af the  membrane  pores  may  thenexist, 
through which salt-iqns  can  move when the  pore  dia.meter  is 
more  than  twice  the  thickness  of  the  preferentially adsor- 
bed water  layer,  If  only por'es are  present with a  diameter 
smaller than thisevalue,  selective  permeation of water and 
therefore  a  positive  salt rejection will result. 
The  effective  p,ore radius is assumed  to be about 2 nm in 
diameter.  The model has not been  proved  experimentally,  as 
has  been  remarked  quite  correctly  by  Belfort":  "There is' 

. .  



no d i r e c t   e v i d e n c e  t o  suppor t  PSCF f o r  so lu t e   s epa ra t ion ' !  . 
b,   Solut ion-diffusion  model ,  . 
I n   t h i s   ( b l a c k   b o x )   d e s c r i p t i o n   t h e   t r a n s p o r t   p r o p e r t i e s  
are  determined- by l a r g e   d t f f e r e n c e s   i n   p e r m e a b i E t y  of  wa- 
t e r  'and s o l u t e ,  The p e r m e a b i l i t y  i s  determined by t w o  f a c -  
tors, d i f f u s i o n  a.nd s o l u b i l i t y ,   T h e s e  two f a c t o r s   a r e   n o t  
independent ;  a h i g h   s o l u b i l i t y   ( i - e ,   s w e l l i n g )  f o r  water  
f a v o u r s   a l s o   t h e   d i f f u s i o n  o f  d i s so lved   ma te r i a l s .   Lonsda le  
e t   a l O g ) s . t a t e   t h a t   t h e   t r a n s p o r t   p r o p e r t i e s  of t h e   t o p l a y e r  
of a r e v e r s e  osmosis membrane c a n ' b e  compared w i t h   t h o s e  o f  
a homogeneous f i l m , o b t a i n e d  by evapora t ion  of t h e   s o l v e n t ,  
o f  t h e  same  membrane m a t e r i a l ,  The b a s i c   t r a n s p o r t   r e l a t i o n s  
are   given  below,  

The d r i v i n g   f o r c e  f o r  permeat ion o f  water  i s  t h e   n e t  
p r e s s u r e   d i f f e r e n c e ,  Ap-Ar, where bp i s  t h e   a p p l i e d p r e s s u r e  
d i f f e rence   and  An i s  t h e   o s m o t i c   p r e s s u r e   d i f f e r e n c e ,  
The water f lux   can   be   represented  by": 

DwCwvw(Ap-A?r) 
,T = 

W RT Ak 

t i 'on   d i f fe rence  Acs a c r o s s   t h e  membrane: 

D K Acs 

AX 
- S 

Js - 

where.K i s  t h e  membrane s o l u t i o n   p a r t i t i o n   c o e f f i c i e n t  f o r  

s a l t ,   a n d  Ds i s  t h e   d i f f u s i o n   c o e f f i c i e n t  of salt i n   t h e  
membrane ma t r ix .  The s t a n d a r d   i n d e x  f o r  t h e  membrane s e l e c -  
t i v i t , y  Ss t h e   d e g r e e  of  s a l t - r e j e c t i o n ,  R ,  de f ined  as: 
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where   c f eed   r e fe r s   t o   . t he  s a l t  c o n c e n t r a t i o n   i n   t h e   f e e d ,  
S u b s t i t u t i o n   o f   e q u a t i o n s  ( l )  and ( 2 )  i n t o   e q u a t i o n  ( 3 )  
g i v e s  : 

The s a l t  r e j e c t i G n   i n c r e a s e s   w i t h   i n c r e a s i n g   p r e s s u r e   d i f f e -  
rence .  From equa t ion  ( 4 )  it  f o l l o w s   t h a t   t h e  salt,  r e j e c t i o n  
approaches   un i ty  f o r  Ap+a, However, a t  v e r y   l a r g e   p r e s s u r e  
the   assumpt ion   under ly ing   equat ibn  (2), i . e .  vsAp<<RTA(lncs) 
i s  no l o n g e r   f u l f i l l e d ;  vs i s  t h e   p a r t i a l   m o l a r  volume of 
s a l t  i n   t h e   s o l u t i o n .   F o r  Ap+a one ob ta ines :  

Equat ion ( 5 )  g ives   t he   expec ted  maximum degree  o f  s a l t  r e -  

j e e t i o n  f o r  a g iven  membrane e 

F o r  t h e   d e t e r m i n a t i o n  of the   va . r ious   parameters   the  
model  makes u s e   o f   t h e   s u p p o s i t i o n   t h a t   t h . e   t r a n s p o r t  p r o -  

per t ies   o f   the   top layer   o f   an   asymmetr ic  membra.ne  a.nd %hose 
of a homogeneous dense film of t h e  same polymer m a t e r i a l a r e  
very  simil-ar. The so lu t ion -d i f - fus ion  model g ives  a good  phe- 
nomenologica l   descr ip t ion  o f  t he   r eve r se   o smos i s   p rocess .  
If i n t r i n s i c   t r a n s p o r t   p r o p e r t l i e s   f o r   t h e  polymer a.re known 
( s o l u b i l i t i e s   a n d   d i f f u s i o n   c o e f f i c i e n t s   o f   w a t e r   a n d   d i s -  
so lved  s a l t s )  one c a n   e s t i m a t , e   w a t e r -   a n d   s a l t   f l u x  f r o m  e- 
q u a t i o n s  ( l )  and ( 2 )  for   asymmetr ic   reverse   osmosis  membra- 
nes   w i th  a s k i n  o f  a c e r t a i n   t h i c k n e s s .  

What i s  l a c k i n g  however i s  a bridge  between  the  ther-  
modynamic a n d   k i n e t i c   c o e f f i c i e n t s   u s e d   i n   t h e  model  and  the 
m o l e c u l a r   t r a n s p o r t   p r o c e s s   i n   t h e  membrane, What we would 
l i k e   t o   h a v e  i s  a p r e c i s e   d e s c r i p t i o n  of t h e   t o p l a y e r ,  i t s  

21 



. s t r u c t u r e   c h a r a c t e r i s t i c s   i n   r e l a t i o n  t o  t h e  forrnatleon  pro- 
c e s s  o f  t h e  membrane a n d   t h e   u l t i m a t e   t r a n s p o r t   p r o p e r t i e s ,  
A homogeneous  model  such as t h e   s o l u t i o n - d i f f u s i o n n o d e l   d o e s  
no t   g ive  a s a t i s f a c t o r y   u n d e r s t a n d i n g  of  t h e   e f f e c t   o f c h a n -  
g i n g   t h e   p r o c e s s   v a r i a b l e s   d u r i n g  membrane fo rma t ion ,  For 
i n s t a n c e ,  one  can d r a s t i c a l l y  change t h e   t r a n s p o r t   p r o p e r -  

t i e s ,  even of homogeneous filmsJ by v a r y i n g - t h e   s o l v e n t  of 
t h e   s o l u t i o n  f r o m  which t h e  membrane i s  c a s t g )   ( s e e   a l s o  
Chapter 6 ) .  By u s i n g   a d d i t i v e s  t o  t h e   c a s t i n g   s o l u t i o n  one 
can   ob ta in  a  Icembrane wi th  a w a t e r f l u x  o f  more t h a n  

‘ 0,15  m3/m2.day.bar (a f a c t o r   f i v e   h i g h e r   t h a n   w i t h o u t   t h e  
add i t ive )   t hough   w i th  a s a l t  r e j e c t i o n  of on ly  70%,”’ 
These  values  cannot,  be unde r s tood   w i th   t he   he lp  o f  equa t ions  - 

( l ) - ( 4 )  u n l e s s  D w 9 C w 9 D s  and K a r e  made e m p i r i . c a l q u a n t i t i e s ,  
va ry ing  f o r  membranes prepared  from t h e  same polymer. 

Our view i s  t h a t   t h e   t o p l a y e r  o f  a r e v e r s e  osmosismem- 
brane i s  a modera t e ly   swo l l en f inemaaed   ge l  of randomly  en- 
t ang led   and   c ros s l inked   cha fns .   Loca l ly   t he re   a r e   r eg ions  
w i t h  low and   reg ions   wi th   h igher   po lymer   o rder ,   the   l a t te r  
probably of  a c r y s t a l l i n e   n a t u r e .  The chains   between  cross-  
l i n k   p o i n t s   a r e   f l e x i b l e  enough so  t ha t   cha in   s egmen t s   t ake  
p a r t  as osmotLcal ly   act ive  components   in   the  Brownfan m o t i -  
on i n  the  system.  Such a. membrane has  no f i x e d   p o r e   s t r u c -  
t u r e  and f l o w  t a k e s   p l a c e   9 n   t h e  membrane ma t r ix ,  The f r i c -  
t i o n  for molecular   t ranspor t   depends  on t h e   r i g i d i t y  or 
f l e x i b i l i t y  of the   cha ins   be tween  c ross l inks .  

1 - 4  DESIRED  PROPERTIES OF REVERSE OSMOSIS MEMBRANE‘MATE- 

RIALS 

I n   t h e  past, t h e   s e a r c h  f o r  membrane m a t e r i a l s   w i t h  fa-  

v o u r a b l e   t P a n s p o r t   p r o p e r t i e s   h a s   l a r g e l y   b e e n   b a s e d  on  em- 
p i r i c a l   r e s e a r c h s   T h i s   s i t u a t i o n  i s  s t i l l  con t inu ing .  Un- 
f o r t u n a t e l y   t h e r e  a r e  on ly   vague   co r re l a t ions   ava i l ab le   be -  
tween   phys ico-chemica l   p roper t ies  o f  the  polymer  and  the 
r e v e r s e  osömosis t r a n s p o r t   p r o p e r t i e s ,  
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There i s  o n l y   l i t t l e   p e r t i n e n t   m a t e r i a l   w h i c h  may be 

o f  h e l p   t o  us.,Two groups  of  polymers  which  are  mostly  used 

a r e   c e l l u l o s e   a c e t a t e s  ( C A ;  degree o f .  s u b s t i t u t i o n  2.4-2 .8)  

and  polyamides . 
a . degree o f  hydrophy1:i.ci.t.y: 
Both ma te r i a l s   a r e   modera t e ly   hydrophy l i c .   Ce l lu lose   ace t a -  
t e   s o r b s  10-15$ water  a t  s a tu ra t ed   wa te r   vapour   p re s su re .  
Po lyamides   adso rb   two   t o   t h ree   t imes   a s  much, see   Table  2 .  

b. d i f f , e r e n c e s   i n  sal% ,and, wate.r. d i f f u s i o n   c o . e f f i c i e n t s :  
V a l u e s   a r e   g i v e n   i n   T a b l e  2. The pe rmeab i l i t y  t o  NaCl ( D s K )  
i s  a t  l e a s t   t h r e e   o r d e r s  of magni tude   lower   than   tha t  o f  

water  ( D w C w ) .  The s a l t  d i f f u s i v i t y  o f  the  polyamides i s  l o -  
wer,  which may be  due t o  a s t i f f e r  backbone o f  the   molecule .  ' 

c .   w a t e r c l u s t e r i n g :  
The b e s t  membrane m a t e r i a l s   a d s o r b   w a t e r   w i t h o u t   c l u s t e r i n g .  
Large  aqueous  domains,   which  could  dissolve  sal t ,   must   be  

avoided. 2-1 

The number o f  papers  on t h e   i n t r i n s i c   t r a n s p o r t   p r o p e r t i e s  
of reverSe  o s m o s i s  membrane m a t e r i a l s  i s  v e r y   l i m i t e d .  We 
would l i k e  t o  a r g u e   h e r e   t h a t  a l o g i c a l   s t e p   i n   t h e   d e v e l o p -  
ment  of new reverse  osmosis  membranes i s  t o  determine  befo-  
rehand  whether a polymer   has   su i tab le   permselec t ive   p roper -  
t i e s .  The n e x t   s t e p  i s  t o   p r e p a r e   a n   e f f e c t i v e   a s y m m e t r i c  
membrane o r  t o  use   th i s   po lymer  as a t o p l a y e r  f o r  a compo- 
s i t e  membrane . 

In   Table  2 a l s o   v a l u e s   f o r   t h e   p r o d u c t   f l u x   a n d   t h e  
degree of  r e j e c t i o n   a r e   g i v e n   c a l c u l a t e d  f r o m  equat ions  ( l )  
and ( 4 ) .  We have  assumed a s k i n   t h i c k n e s s  o f  0.1 pme Thede-  
gree  of r e j e c t i o n ' i s  a l i m i t i n g   v a l u e b   u n d e r   t h e   p r e v a i l i n g  
exper imenta l   condi t ions ,  f o r  a t o p l a y e r   f r e e  o f  imperfec-  
t i o n s .   I m p e r f e c t i o n s   c o n s i d e r a b l y   r e d u c e   t h e   r e j e c t i o n   v a -  

. h e ,   b u t   n o t   t h e   w a t e r f l u x .  The wa te r f lux   t h rough   t he   t op -  
l a y e r  i s  assumed t o  have  the same v a l u e   a s   t h a t  of  a dense 
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film of t h e  same  membrane m a t e r i a ï   o b t a i n e d  by evapora t ion .  

Only by r e d u c i n g   t h e   t h i c k n e s s  o f  t h e   t o p l a y e r  a h i g h e r p r o -  
d u c t   f l u x  a t  t h e  same r e j e c t i o n   v a l u e   m i g h t  be  expected. 

Changing t h e   s t r u c t u r e  o f  t h e   t o p l a y e r   i n  some  way migh t   r e -  
s u l t   i n  a h i g h e r   f l u x   b u t   i n e v i t a b l y   h a s  a l s o  a d iminish ing  
e f f e c t  on the   deg ree  of r e j e c t i o n .  . 

1.5 OBJECT OF THIS THESIS 

' A l t h o u g h   s u c c e s s f u l   d e v e l o p m e n t s   i n   t h e   f i e l d  o f  com- 

p o s i t e  membranes t a k e   p l a c e   t h e r e  i s  s t i l l  a need f o r  new, 
p r e f e r a b l y  more r e s i s t a n t ,   a s y m m e t r i c  membranes. Two sepa-  
r a t e  developments   have   been   fo l lowed  in   the   pas t .  On t h e  
one  hand  one t r i e s  t o  prepare  asymmetric membranes wi th  a 
s k i n  as t h i n   a s   p o s s i b l e ,   i , e .   o p t i m i z i n g   t h e   f l u x  a t  a g i -  
ven s a l t   r e j e c t i o n   v a l u e .  The second  approach i s  t o  opt imi-  
ze membrane s u r f a c e , a r e a   p e r   u n i t  o f  volume by p repa r ing  
membranes  which  can be packed   dense ly   in   the   equipmentused .  
T h e ' l a t t e r  membranes a r e   u s u a l l y   i n   t h e  fo rm  o f  hollow f i -  

brest   which  have a r e l a t i v e l y  l o w  w a t e r   f l u x ,  O D l  m3/m2.day 
o r  l e s s ,  compared t o  l m3/m2.day f o r  f l a t  membranes ( s e a  
w a t e r   d e s a l i n a t i o n  a t  60 b a r :   r e j e c t i o n  > 99%). 

T h i s   t h e a i s   t r i e s t o g i v e a   c o n t r i b u t i o n  t o  t he   exp lana -  
t i o n   a n d ,  i f  p o s s i b l e ,   t h e   p r e d i c t i o n  o f  t he   fo rma t ion  o f  
t h e   a s y m m e t r i c   s t r u c t u r e  o f  r e v e r s e   o s m o s i s   ( a n d   u l t r a f i l -  
t r a t i o n )  membranes. We sha.11  invest igate   the  thermodynamics 
a n d   t h e   k i n e t i c s  o f  the  demixing  process  o f  membrane mate- 
r i a l s   i n   s o l u t i o n   a n d   t h e   r e l a t i o n   b e t w e e n   t h e   c o n d i t i o n s  
of t h e   p r e p a r a t i o n   p r o c e s s   a n d   t h e   r e s u l t i n g   s t r u c t u r e  o f  

t h e  membrane. 
I n   o r d e r  t o  make the   thermodynamic   descr ip t ion  of t h e  

membrane forming  system  not  t o o  complex we s t u d y   p r i m a r i l y  
t e rna ry   sys t ems   cons i s t ing  of polymer/solvent/nonsolvent. 
The membranes prepared   have   no   op t imal   f lux   and   re jec t ion  
p r o p e r t i e s .  For e f f e c t i v e  membrane p r e p a r a t i o n   u s u a l l y   e x t r a  
components a re   added  t o  t h e   c a s t i n g   s o l u t i o n   ( e . g .  fo rmami -  
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. de, inorganic  salts or carboxylic acids to solutions of  CA 
in solvents  such as acetone or dioxane), In our researchap- 
proach  this  means  studying the influence of these  additives 

on  the  thermodynamics  and  the  kinetics of the  demixing  pro- 
cesses o 

In this  thesis  the  experimental work has  been  concen- 
trated  on  cellulose  acetate, a widely  used  membrane  materi- 
al, Little is known, however,  about  the  demixing  processes 
and  their  quantative  description, 

Improvement of CA membranes is still possible  and  desira- 
ble, We mention  three  possible  improvements which can bethe 
result of  fund.amenta1 studies,  like  the  present one: 

a, 
Normal CA membranes  have to be stored wet, Air drying  cau- 
ses irreversibledeterioration of the  transport  properties. 
This is probably  due  to  collapse of the  polymer  matrix in 
a a  intermediate  layer  between  skin  and  porous  sublayer  con- 
taining  small,  irregular poreso One  might  achieve  improve- 
ments  by  trying  to  enlarge the pore  diameter in this inter- 
mediate-layer, One way to achieve  this is to controlliquid- 
liquid  phase  separation,  the process responsible for the 
formation of the porous  sublayer, as will be shown in Chap- 
ter 2 ,  

b,  pressure  retarded osmosise 
A possible way of gaining  energy  from  a  gradient in salt 
concentration is the  application  of  membranes in pressure 
retarded osmosis. In'this process  a s a l t  solution is brought 
into  contact with a solution  which  has  a  lower salt concen- 
tration, Osmosis-through the  membrane  results in an osmotic 
pressure  built-üp  which is converted  to  electric  power by a 
turbine, From the  study of Lee et it appears  that CA 
membranes  offer  a  comparatively  good  perspective,  because 
of the  relatively porous  sublayer which keeps the  internal 
concentration  polarisation  within  reasonable limits. To make 
the  process  economically feasible considerable  progress 

26 

l 



s h o u l d   b e   a c h i e v e d   i n   t h e   q u a l i t y  o f  t h e  membranes.  The'de- 
s i r e d   p r o p e r t i e s   a r e :  

- s u f f i c i e n t   h i g h   r e j e c t i o n   f o r  s a l t ,  abou t .90$ ;  

- high   water  f l u x ,  o f  about   one  order   of   magni tude  higher  
t han  membranes  which a r e   a v a i l a b l e   t o d a y :  more than  
50 cm/h (0.17m3/m2.day.atm a t  70  bar  and 3 * 5  w t $  NaCl); 

- a v e r y  p o r o u s  sublayer .   This  i s  i n   p r i n c i p l e   p o s s i b l e  
wi th  mem.branes prepared  f rom  dioxane-based  cast ing s01-u- 
t ions   (cp .   Chapter  3 ,  s e c t i o n  3.5) . 

c.  improvement of r e p r o d u c i b i l i t y   i n  membrane p r e p a r a t i o n ,  
The approach  fol lowed i n  t h i s   t h e s i s   m i g h t   r e s u l t   i n  a 
b e t t e r   u n d e r s t a n d i n g  o f  fac tors   which   in f l -uence   reproduci -  
b i l i t y .  Such f a c t o r s   a r e :  
- presence o f  w a t e r   i n   t h e   c a s t i n g   s o l u t i o n  or i n   t h e   c a s -  

t ing   a tmosphere ;  
- evapora t ion   t ime  before   coagula t ion ;  
- ef  f e e t  o f  changing  coagulat ion  tempera, ture  ; 
- i n f l u e n c e  o f  add . i t ives  t o  t h e   c a s t i n g   s o l u t i o n ;  
- e , x p l a n a t i o n   o f   t h e   p r e s e n c e   o f . f i n g e r - l i k e   c a v i t i e s  

I .  . 

(macro  voids) n which   poss ib ly  may cau.se p inhole  ( =  l e a k )  
format ion  when h i g h   p r e s s u r e s   a r e   a p p l i e d .  

1.6 LITERATURE SURVEY 

An a n a l y s i s  o f  d i f f e r e n t   a p p r o a c h e s   i n   t h e   l i t e r a t u r e  
f o r  t he  format ion  o f  t h e  asymmetry o f  the'membrane  shows 
tha t   phase   s epa ra t ion   p rocesses   and   d i f fus ion   du r ing   coagu-  
l a t i o n   s h o u l d  be s t u d i e d   i n   d e t a i l .  

Three  views on the   fo rma t ion  o f  t h e   t o p l a y e r  of asymme- ' 

t r i c  membrane a r e :  

a ,  The asymmetry i s  a l r e a d y   p r e s e n t   i n   t h e   c a s t  film of t h e  
concen t r a t ed   po lymer   so lu t ion   be fo re   p rec ip i t a t ion   t akes  
p l a c e .   F u r t h e r   s t e p s   i n   t h e   p r e p a r a t i o n   p r o c e s s n   s u c h  as 
coagula t ion   and   hea t   t rea tment ,  w i l l  o n l y   f i x   t h e   a l r e a d y  

27 



e x i s t i n g  asymmetry.   Representat ives  of t h i s   a p p r o a c h   a r e  
Panar4’  (nodular  morphology) a.nd Tanny. ‘’ 
b, The s k i n  i s  formedthroughevapora t i -onf romthe  upper l a y e r  
of t h e   c a s t  film, The d u r a t i o n   a n d   t h e   c o n d i t i o n s  of t h e  
evapora t ion   s t ep   de t e rmine  t o  a g r e a t   e x t e n t   t h e   r e s u l t i n g  
p r o p e r t i e s  of t h e  membrane. This   approach i s  fo l lowed by 
S ~ u r i r a j a n ’ ~ ’  and   Kuns t ’”   ( so lu t ion   s t ruc ture-evapora t ion  
ra te   concept ) ,   Kes t ing’”   and   Andersone2”  

c o  The coagu la t ion   p rocess  i s  r e s p o n s i b l e   f o r   t h e   f o r m a t i o n  
of the  asymmetry.   Skin  formation  and  formation of t h e  po- 
rous   sub laye r  a.re t h e   r e s u l t  o f  a complex i n t e r p l a y  of - 
phase  separa.t ion a.nd d i f f u s i o n a l   p r o c e s s e s .   A u t h o r s  who 
have made i m p o r t a n t   c o n t r i b u t i o n s   a r e  Frommer2” , 
Strathmann2  2’and Koenhen e 

We do  n o t  ag-see t h a t  s o l v e n t   e v a p o r a t i o n   i n   g e n e r a l  i s  a n e -  
c e s s a r y   s t e p  t o  i nduce   t he   fo rma t ion  of  the  asymmetric 
s k r u c t u r e .  The fo l lowing   ob jec t ions   can  be made: 
- One can   prepare   exce l len t   asymmetr ic  membranes from poly-  

mer/solvent /nonsolvent   systems  in   which  evapora. t ion o f  
t h e   s o l v e n t  i s  cegl ig ib le ,   e ,g ,   po lysu l fone /DMF/water   and  
c e l l u l o s e   a c e t a t e / d i o x a n e / w a t e r .  

- A l s o  systems  with a vola t i le   so lsen t   (CA/ace tone- formami-  
de /water )   cas t   and   coagula ted   under   c i rcumstances   tha t  
the  a tmosphere i s  s a . t u r a t e d   w i t h   t h e   s o l v e n t   a c e t o n e   g i v e  
exce l len t   asymmetr ic  membranes (Sar’bolouki2 ) . ’ 

- Asymmetric h o l l o w  f i b r e s   w i t h  a s k i n  a t  t h e   i n t e r i o r   c a n  
be made which  have  had  no  coctact  with a i r   d u r i n g   t h e p r e -  
p a r a t i o n  ( Strathmann2 ’) ) . 

Howeverp i n   o r d e r  t o  p r e p a r e   a n   e f f e c t i v e  membrane i t  
might.  be v e r y   u s e f u l  t o  a l low f o r  e v a p o r a t i o n   i n   s p e c i f i c  
systems,  .Most of the expe r imen t s   i n   t h i s   t hes f s   have   been  
performed  using a. CA system i_n which t h e   s o l v e n t  i s  dioxane,  
which  has a neg l ig ib l e   evapora t ?on ,  
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The degree   o f   s t ruc tu re   fo rma t ion   i n   t he   ca s t ing   s0 l .u -  

t ion   depends  on the  thermodynamics o f  the  system a t  hand: a 
polymer i n  a so lvent /nonsolvent . ’mixture .  It  i s  known t h a t  a 

number of membrane forming pol-ymers  (CA,PSn,PP@) c r y s t a l l i -  
he a t  h igher   po lymer   concent ra t ion   ( see   e .g .   Chapter  2 ) .  We 
migh t   expec t   t ha t  a t  lower   po lymer   concent ra t ions ,   in   the  
c a s t i n g   s o l u t i o n  , a c e r t a i n   d e g r e e  o f  a s s o c i a t i o n  i s  pre-  
s e n t ,   s i n c e  we assume t h a t   t h e   i n t e r a c t i o n   f o r c e s  do n o t  
d i f f e r  f r o m  those  a t  h igh   po lymer   concent ra t ion .  

I n  o u r  o p i n i , o n   t h e   e f f e c t  o f  nozsolvent  of t h i s  ’ s t r u c -  
t u re   fo rma t ïon   canno t  be ignored ,  as has  been  done by Kunst. 
S t r u c t u r i a a t i o n   c a n   s t r o n g l y   b e   i n f l u e n c e d  by adding non- 
s o l v e n t  t o  po lymer   so lu t ions ,  An example i s  t o  be found i n  
t h e  work o f  McKay e t  alOz6’for t h e   s y s t e m   p o l y a c r y l o n i t r i l e /  
DMF/water, a n   u l t r a f i . l t r a t i o n  membrane forming  system. The 
g e l p o i n t   i n   t h i s   s y s t e m  i s  about  58 water  a t  a polymer  con- 
c e n t r a t i o n  of 10$a Addin.g a much sma l l e r  amount t o  a so lu -  
t i o n  o f  PAN i n  DNF g i v e s   a l r e a d y   l a r g e   c h a n g e s   i n   t h e   r h e o -  
l o g i c a l   b e h a v i o u r  on the   so lu t ion ,   p robab ly   caused  by some 

kind o f  n e t w o r k   f o r m a t i o n   i n   t h e   s o l u t i o n .  

A t  t h i s   p o i n t  we c o n c l u d e   t h a t   b a s i c   i n f o r m a t i o n  on 
the   fo rma t ion  o f  t h e   a s y m m e t r i c   s t r u c t u r e   s h o u l d   o r i g i n a t e  
f r o m  s t u d i e s  o f  t he   p rocesses   t ak ing   p l ace   du r ing   t he   coa -  
g u l a t i o n   s t e p  of  t h e  membrane format ion   process .  

In  Chapter 2 we w i l l  d e a l   e x t e n s i v e l y  w i t h  t h e   g e n e r a l  
p i c t u r e  of t he   fo rma t ion  o f  asymmetric  membranes.  Here w e  

only  review  what i s  needed t o  u n d e r s t a n d   t h e   s t r u c t u r e  of 
t h i s   t h e s i s  . 

Following Koenhen e t  a 1 . 2 3 ’ w e   h y p o t h e s i z e   t h a t   t w o d i s -  
t i nc t l l y   d i f f e ren t   demix ing   p rocesses   de t e rmine   t he   fo rma t ion  
o f  t h e  asymmetry o f  t h e  membrane.  These a r e   i l l u s t r a t e d  ir,‘ 
Figure 6. 
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p o rymer 

FIG,6. Formation o f  asymmetric  membraneso 

I ,  A f t e r  imm'ersing t h e   c a s t  .film i n  a n o n s o l v e n t   b a t h a   l a r g e  a-  

mount o f  s o l v e n t   e x c h a n g e s   w i t h a r e l a t i v e l y  small amount o f n o n -  
s o l v e n t   i n   t h e   u p p e r   l a y e r  o f  t h e  film, The l o c a l  composi- 
t i o n   e n t e r s   t h e   r e g i o n   w h e r e   g e l a t i o n   . t a ' k e s   p l a c e 9   p r o b a b l y  
t h r o u g h   . l o c a l   c r y s t a l l i z a t i o n ,   a n d  t h e  s k i n   l a y e r  i s  being 
formed, ' 

11, Fur the r   p rocesses   i n   t he   po lymer  f i l m  below t h e   s k i n  
t ake   p l a8ce  a t  polymer  concentrat ions much l e s s   e n h a n c e d t h a n  
i n   t h e   s k h ,  By d i f f u s i o n  o f  nonsolvent  f r o m  t h e   c o a g u l a t i o n  
b a t h   t h r o u g h   t h e   i n i t i a l l y   f o r m e d   s k i n   i n t o   t h e   s u b l a y e r ,  
the  composi t ion  changes  cont inuously  and  reaches  the c r i t i -  

ca l   va lue   needed  for l iqu id- l iqu id   phase   separa t ion .   Through 
nucleat ion  and  growth o f  t h e   d i l u t e   p h a s e   p o r e s  are  formed 
i n   t h e   s u b l a y e r .  The growth o f  d r o p l e t s  o f  t he .d i_ lu t e   phase  
i s  l i m i t e d  by g e l a t i o n o f t h e   s u r r o u n d h g p o l ' y m e r r i c h   p h a s e .  
P a r t i a l  coa lescence  o f  t h e   d r o p l e t s   g i v e s a   s t r u c t u r e  of  con- 

. nected  open  pores .  

This  thesis  w i l l  g ive   ev idence  of  t h i s   h y p o t h e s i s   b y  
t r y i n g   t o   e s t a b l i s h   t h e   o c c u r r e n c e  o f  t h e s e   s e p a r a t e p r o c e s -  
s e s   a n d   t o  give a thermodynamic  descr ipt ion f o r  them. The 



n e x t   s t e p  i s  t o   g a t h e r   i n f o r m a t i o n   a b o u t   t h e   k i n e t i c  as- 
p e c t s .  The k i n e t i c s  of the  processes   determine  which  of  
them i s  favoured mos t  (cp.   Chapter 2 ) .  We assume t h a t   t h e  
main d r i v i n g   f o r c e  f o r  g e l a t i o n  i s  the  polymer  concentra-  
t i o n   ( s u p e r s a t u r a t i o n )   w h e r e a s   t h e   d r i v i n g   f o r c e   f o r l i q u i d -  
l i q u i d   p h a s e   s e p a r a t i o n  i s  the   nonso lven t   con ten t   o f   t he  
s y s t e m   ( p e n e t r a t i o n   i n   t h e   m i s c i b i l i t y   g a p  a t  c o n s t a n t p o l y -  
mer c o n c e n t r a t i o n ) .  

A t  t h i s  stage w e  might   t ake  a look a t  t h e   p o s s i b i l i t y  
of l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n  by sp inodal   decomposi t ion  
as t h e   l e a d i n g   p r o c e s s  for t h e   s t r u c t u r e   f o r m a t i o n   i n   t h e  
t o p l a y e r   i n s t e a d  of t he   nuc lea t ion   and   g rowth  mechanism or 
o f  c r y s t a l l i z a t i o n   ( g e l a t i o n ) .  Through t h e   v e r y  f a s t  loss  o f  
s o l v e n t   i n   t h e   t o p l a y e r   ' l i q u i d - l i q u i d   p h a s e   s e p a r a t k o n  is 
no t   ve ry   p robab le :  The system  would  enter  the  demixing  gap 
a t  a h i g h   p o l p e r   c o n c e n t r a t i o n ,   P e n e t r a t i o n  o f  l a rge   quan-  
t i t i e s  o f  nonso lven t .   ( i n   o rde r  t o  e n t e r   q u i e k l y   i n t o   t h e  
s p i n o d a l   r e g i o n )  w i l l  n o t  be   p robab le ,   The re 'w i l l  be ve ry  
l i t t l e   t i m e  to e f f e c t   ' l i q u i d - l i q u i d  (1-1) phase   s epa ra t ion  
before  a h ighly   v i scous   ge l   has   been   formed.   Concent ra t ion  
f l u c t u a t i o n s   a r e . l i k e l y  t o  be damped  by s p e c i f i c   i n t e r a c -  
t i o n s   ( l i k e   c r y s t a l l i z a t i o n )   a n d   t h e   s e p a r a t i o n  of  a poly-  
mer-rich  and a nonso lven t   r i ch   phase  i s  hindered.  Weconclu- 
d e   t h a t   g e l a t i o n   ( c r y s t a l l i z a t i o n )  i s  f a r  more l i k e l y ,  The 
r e s u l t i n g   g e l  i s  more o r  l e s s  homogeneous with  domains of 
h igh  and 10,w o rde r ;   bu t  on a very  small geomet r i c   s ca l e ,  

1.8 STRUCTURE OF THIS THESIS 

F o r  ou r   expe r imen ta l   r e sea rch  we have  chosen  the  sys-  
tem CA/solvent/water.  The ma jo r   pa r t  of t h i s   t h e s i s   d e s -  
c r ibes   t he   behav iour  o f  . the   system  with  dioxane as t h e  sol- 
vent .   This  i s  a membrane forming  sys'tem  which  gives  an  asym- 
m e t r i c   r e v e r s e  osmosis membrane. 

Chapter 2 g ives  a g e n e r a l   p i c t u r e  o f  m:embrane forma- 
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t i o n  o f  an  asymmetric membrane cons idered  t o  be a p p l i c a b l e  
t o  fo rma t ion  of u l t r a f i l t r a t i o n   a n d   r e v e r s e  o s m o s i s  membra- 
nes  o f  va r ious   po lymer i c   ma te r i a l se  

give  exper- imental   evidence of the   oc-  
cu r rence  of l i q u i d - l i q u f d   p h a s e   s e p a r a t i o n   a n d   g e l a t f o n   : i n  

the  system  CA/dioxane/water, The t e c h n i q u e s   u s e d a r e   t u r b i d ì -  
me t ry ,   D i f f e ren t i a l   Scann ing   Ca lo r ime t ry   (DSC)andPu l se   In -  
duced C r i t i c a l   S c a t t e r i n g   ( P I C S ) ,  Also  somek ine t i c   i n fo rma-  
t i o n  on these   p rocesses   has   been   ob ta ined .  

Having e s t a b l i s h e d t h e   s e p a r a t e   p r o c e s s e s   e x p e r i m e n t a l -  

l y  one  would l i k e  t o  have a thermodynamic d e s c r i p t i o n o f t h e  
demixing phenoma, S t a r t i n g   f r o m t h e   G i b b s   f r e e   e n e r g y   f u n c -  
t i o n  we c a l c u l a t e  f r o m  t h e   m e l t i n g   p o i n t   c u r v e s   t h e   c r y s t a l -  
l i q u i d   t r a n s i t i o n i n t h e  Appendix o f  Chapter 4 and  the   b ino-  
d a l s  of t h e   l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n   i n   C h a p t e r  5-  I n  
t h e   f r e e   e n e r g y   f u n c t i o n   i n t e r a c t i o n   p a r a m e t e r s   a p p e a r   w h i c h  
a c c o u n t   f o r   t h e   n o n - i d e a l i t y  of  the   sys tem,  It i s  necessa ry  
t o  h a v e   r e l i a b l e   v a l u e s   f o r   t h e s e   p a r a m e t e r s .   U s i n g  osmome- 
t r y   i n  a t e r n a r y   s y s t e m ,   v a l u e s   f o r   t h e   i n t e r a c t i o n   p a r a m e -  
t e r s   a r e   o b t a i n e d   i n   C h a p t e r  6. 

i s  concerned  with some d i f f u s i o n a l   a s p e c t s  
of  membrane formation,   the   exchange of so lven t   and   nonso l -  
ven tp   and   t he   i ndependen t   de t e rmina t ion  of d i f f u s L o n c o e f f i -  
cLen t s   i n  CA systems  with  acetone or dioxane as t h e   s o l v e n t .  
D i f f e r e n c e s   i n  membranes prepared  f r o m  c a s t i n g   s o l u t i o n s  
w i t h   a c e t o n e a n d   d i o x a n e a s t h e   s o l v e n t s a r r e   d i , s c u s s e d i n r e l a -  
t i o n  t o  g e l a t i o n   a n d   l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n   i n   t h e s e  
systems o 

The d e s c r i p t i o n  of  the   format ion   process   and  a good . 

c h a r a c t e r i z a t i o n  o f  t h e   r e s u l t a n t  membrane p re ’ sen t   i n t e r r e -  
la ted   p roblems.  One would ‘ l i k e   t o . h a v e  some me,ans of i n v e s -  
t i g a t i n g   t h e   p o r e   s t r u c t u r e  o f  a d e n s e   g e l l e d   t o p l a y e r  of 
t h e  membrane,, A-gas p e r n e a t i o n  method p u b l i s h e d   i n   t h e   l i t e -  

r a t u r e   t h a t  seemed a t   f i r s t   g l a n c e   a n   e l e g a n t  way t o  d e t e r -  
mine a mean pore   ‘ rad ius  o f  a n   u l t z a f i l t r a t i o n  or even a r e -  
v e r s e  o s m o s i s  membrane, i s  c r i - t T e i z e d   i n t h e   A p p e n d i x a n d i s  
c o n s i d e r e d ’ n o t  t o  b e   a p p l i c a b l e ,   F i n a l l y ,   t h e   w o r k p r e s e n t e d  
i n   t h i s   t h e s i s  i s  r e c a p i t u l a t e d   i n  a  summary. 
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2. ASYMMETRIC  MEMBRANE.STRUCTURES AS A RESULT OF PHASE 
SEPARATION  PHENOMENA") 

L.BROENS,  F.W.ALTENA, C . A .  SMOLDERS . 

Twente University  of  Technology,  Department  of  Chemical 
Technology,  Enschede, The Nether lands.  
and D.M. KOENHEN%*' 
Waf i l in  Membrane F i l t r a t ion   Sys t ems ,   Hardenbe rg ,  
The Nether lands.  

2.0 ABSTRACT 

I n   t h i s  Ch.apter, we g i v e  a. d e s c r i p t i o n  o f  t h e  membrane 
format ion   mechanism  based   on .   theore t ica l   and   exper imenta l  . 

knowlegde o f  phase   s epa ra t ion  phenomena i n   c o n c e n t r a t e d   p o -  
lymer   so lu t ions . '  We d e m o n s t r a t e   t h a t   d i f f e r e n t   t y p e s  o f  
pha.se s e p a r a t i o n  are r e s p o n s i b l e  for t h e   b u i l t - u p  o f  t h e  
d e n s e   s k i n   l a y e r   a . n d . t h e   p o r o u s   s u p p o r t i n g   l a y e r   i n  asymme- 
t r i c  membranes o f  s e v e r a l   m a t e r i a l s :   c e l l u l o s e   a c e t a t e ,   p o -  
l y s u l f o n e ,   p o l - y a c r y l o n i t r i l e   a n d  p.olydimethylphenyleneoxide.  
The format ion  o f  t he   po rous   sub laye r  w i l l  be  explained i n  
terms o f  l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n ,   c o a l e s c e n c e   a n d  
g e l a t i o n .   S p e c i a l   a t t e n t i o n  w i l l  be   paid t o  t he   fo rma t ion  
mechanism o f  t h e   f i n g e r - l i k e   c a v i t i e s   i n   t h e   s u b l a y e r . -  A 
p o s s i b l e   e x p l a n a t i o n  w i l l  be  given on thermodynamic  and k i -  
n e t i c   g r o u n d s ,  f o r  t h e   f o r m a t i o n   o f   n o d u l a r   s t r u c t u r e s   i n  
t h e   s k i n  of t h e  membranes. 
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2, l INTRODUCTION 

Most o f  t he   commerc ia l ly   aya i l ab le  membranes a r e p r o d u -  
eed by t h e   s o - c a l l e d   p h a s e   i n v e r s i o n   p r o c e s s 1 1 9   s t a r t i n g  
f r o m  a polymer  solut ion  which i s  p r e c i p i t a t e d   i n  a nonsol -  
v e n t   c o a g u l a t i o n   b a t h ,  The r e s u l t a n t  membranes p r e p a r e d   i n  
t h i s  wa,y have   an   asymmetr ic   s t ruc ture , i , e .  a very   th in ,more  
o r  l e s s   d e n s e   s k i n  i s  suppor ted  by a porous  sublayer  of  t h e  
same m a t e r i a l ,  The t echn ique  of producing membranes by t h e  
phase  inver?sion  method  has  reached a h igh   degree  of r ep ro -  
duc ib i l i t y ,   Th i s   deve lopmen t   has   been   sus t a ined  by many sys -  
t e m a t i c   s t u d i e s  of  t h e   e f f e c t  of r e l evan t   pa rame te r s   and  by 
t h e   e f f o r t s  t o  e l u c i d a t e   t h e  mechanism o f  membrane forma- ~ 

t i o n ,  '-l2) 
The phase   i nve r s ion   p rocess  i s  o f  a highly  complexcha-  

r a c t e r ,   i n w h i c h   p h a s e   e q u i l i b r i a ,   t h e k i n e t i c s  o f  phase  separa-  
t i o n   a n d   c h a n g e s   i n   m o r p h o l o g i c a l   s t r u c t u r e s   i n   n o n - d i l u t e  
systems  play a r o l e ,   P h a s e   s e p a r a t i o n  phenomena i n   d i l u t e  
polymer   so lu t ions   have   been   s tud ied   in tens ive ly .   This  i s  n o t  
t h e   c a s e  f o r  concent ra ted   po lymer   so lu t ions ,   due  t o  e x p e r i -  
men-bal d i f f i c u l t i e s  and  the  complexi ty  o f  a- q u a n t i t a t i v e  
t h e o r y ,  We f e e l   t h a t  i t  would  be  of g r e a t   v a l u e   f o r   t h e  i m -  
p rovemen to f the   meabrane   p repa ra t ion   p rocess  i f  ourknowledge 

of phase   s epa ra t ion  phenomena i n  poly.mer s o l u t i o n s   c o u l d  be 
e x t e n d e d   t o   t h e  medium and   h igh   concen t r a t ion   r eg ion ,  

I n   t h i s   C h a p t e r  we p r e s e n t  a d e s c r i p t i o n  of d i f f e r e n t  
t y p e s  o f  phase   s epa ra t ion  phenomena in   concent ra ted   po lymer  
s o l u t i o n s .  Cloud p o i n t   c u r v e s   a n d   c a l o r i m e t r i c  (DSC)measure- 
ments w i l l  g ive   Tnd ica t ions  as t o  which pheQorhena can  occur 
i n  d i f f e ren t   compos i t iona l   r eg imes .  The q u e s t i o n  w511 be 
d iscussed   which   . fac tor$ ,   dur ing   the . format%on o f  t h e   s k i n ,  

. de te rmine   t he  membrane t y p e :   u l t r a f i l t r a t i o n   o r h y p e r f i l t r a -  
t i o n  membrane, Cav i ty   fo rma t ion  Fn the   porous   sublayer  w i l l  
a l s o   r e c e i v e   s p e c i a l   a t t e n t i o n ,  . 



2 . 2 THEORETICAL  CONSIDER.ATIONS ON' PHASE SEPARATION IN 
' CONCENTRATED  POLYMER  SOLUTIONS 

The  following  types of phase  separation  phenomena in 
polymer  solutions  can be  distinguished: 
- liquid-liquid  phase  separation 
- crystallization of the  polymer 
- gelation 

ginal  solution  can  decrease its free  enthalpy  of  mixing  by 
splitting  up into two  liquid  phases of different  composition. 
In Figure l a  schematic  diagram  shows  such  a  free  ent,halpy 
surface  and foll..owing the line A/B/C/D/E  one sees  that all 
compositions  indicated by points  between B1 and D1 of the 
phase  diagram will split, up.in t.wo phases of composition B' 
and D*. This  process is called  liquid-liquid (L-L) phase 
separation.  There ar'e two  kinetic  ways for L-L, separation 
to occur: either by nucleation a,nd growth of the  second 
phase or by spinodal  decomposition. 

Entering  the  miscibility  gap e.g, at the  side of B' 
(this is a  concentrated  polymer  solution with a  certain, 
low,  amount of nonsolvént)  a  nucleus of composition D'(this 
is a  tiny  drop of high  nonsolvent  content with almost nopo- 
lymer in it) will be formed in the  polymer  solution.  This 
nucleus  together with many  other nuclei, will grow in size 
until they  touch  each  other  and  coalesce or until their 
growth  stops  because of gelation of the  surrounding  polymer 
solution, 

The  second  kinetic way to L-L phase  separation  would 
occur if 0n.e could  enter  the  miscibility  gap at point B' so 
quickly  that  one  would  pass  the  dashed  line (the spinodal) 
before  nucleation  could  take  place, . For those  compositions 
in'the spinodal region the  solution is unstable withrespect 
to  infinitesimally small concentration  fluctuations.  The so- 
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l u t i o n   t h e n   s e p a r a t e s   s p ~ n t a a e o u s l y ~ ~ + ~ ” i n t o   i n t e r c o n n e c -  
t e d   r e g i o n s  of  high  and l o w  polymer  .eoncentrat ion  ending 
up  j.n tn te r twined   ne tworks  o f  phases   wi th   composi t ion  B P  
and D’, A s  a m a t t e r  o f  fac t , ’   sp inodal   decomposi t ion  fs a 
highly  improbable  phenomenon i n  polymer   so lu t ions ,  s ince 
nuc lea t ion   and   g rowth   k ine t i c s  a.re t o o  f a s t  f o r  thehomoge- 
neous   so lu t ion  t o  r e a c h   t h e   r e q u i r e d   c o m p o s i t i o n   r e g i o n .  

‘ I  
I t  

~ 

I .s. 
FIG.1’. Sketch o f  AGm s u r f a c e   a n d   m i s c i b i l i t y   g a p  f o r  t h e  

system  polymer ( P ) ,  s o l v e n t  ( S ) ,  nonsolvent  (NS). 

O f  course  i.t i s  easy  now t o  draw the   connec t ionbe tween  
L-L p h a s e   s e p a r a t i o n   a n d   t h e   g e n e s i s  o f  the   porous   sublayer  
i n  membrane fo rma t ion ’ l ’ ( see  also S e c t i o n  I V ) .  The m o s t  i n -  
t e r e s t i n g   q u e s t i o n   h e r e  i s ,  which o f  the  polymer  phases 
w i l l  be n u c l e a t e d  when s t a r t i n g   w i t h  a normal membrane cas-  
t i n g  solution, I n  p r i n c i p l e  t w o  p o s s i b i l i t i e s   e x i s t ,  depen- 
d ing  on the   composi t ion  of t h e   i n i t i a l  po lymer   so lu t ion  



with respect to  the so-called critical point,  point C; in 
FFgure 1. For concentrations  higher in polymer concentration 
than C; (hence lying on the  branch C i B ' )  the nuclei will 
consist of the  dilute  phase.  The reverse is true for ini- 
tial polymer  concentrations  below C; (branch C;D1). Now the , 

critical p0in.t in polymer solutions is generally  located at 
rather low po'lymer  concentrations' ( < l 0  weight percent in 
polymer). Since in general membrane forming solutions con- 
tain  more  than I 0  weight  percent of the  polymer one would 
expect L-L phase.separation, with nucleation and  growth of 
the  dilute  phase  to be the  rule. 

2 .2 .2 Crys~t~all3.  z.a+i*on  ,and, ,ge lat5.,o:n1 'r 

When the  thermodynamic  quality  of a.' polymer solution 
is decreasing, which may  occur  by loss of solvent, by 'lowe- 
ring of the  temperature or by  the introduction of a nonsol- 
vent,  most  polymers  are able to form  ordered  agglomerates. 
In very  dilute solutions the  polymer  molecules  can  form 
single  crystals of the lamellar type,whichare onlyafewhun- 
dred  AngstrÖms  'thick and often  many  microns in the lateral 
direction.  From  solutions  of  medium  concentration  more com- 
plex  morphologies  occur i.e, dendrytes or spherulites.  These 
structures  may  contain appreciable amounts of amorphous po- 
lymeric  material. 

The formation of  ordered  structures is dependent not 
only  on  the  thermodynamic  qual-ity  of  tlhe  solution  but also 
on  the ability of the  macromolecules  to  crystallize in the 
time a,vailable. So if for a certain  polymer  solution at me- 
dium  concentration  (say about I 0  to 2 0 % )  crystallization 
Znd L-L  phase  separation  are  both  possible thermodynamical- 
ly, then  the kinetically slower  crystallization  process 
would be surpassed  by  the  fast  process of L-L phase  separa- 

, tion. The  .sequence of events  might well be changed  on in- 
creasing  the  polymer  concentration.  Then, by increase in 
polymer  supersaturation  the  rate o f  nu.cleùs formation for 
crystallization is increased  substant,ially,  while  that for 
the L-L phase separation stays  essentially  the ,same, being 
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more dependent on nonsolvent   conten t  f o r  i t s  n u c l e a t i o n  
p rocess .  

In F igure  2 w e  g i v e  a s c h e m a t i c   r e p r e s e n t a t i o n  of  t h e  
f r e e   e n t h a l p y   b e h a v i o u r   i n   t h e   r e g i o n  of high  polymer/low 
nonso lven t   con ten t  of  t h r e e  component  systemsp  one  sees 
t h a t  a t  h i g h e r   c o n c e n t r a t i o n s   t h e   f r e e   e n t h a l p y  of mixing 
of  t h e   s o l u t i o n   c a n  be lowered  by  the  formation o f  s o l c d ,  
c r y s t a l l i n e   p o l y m e r   i n   e q u i l i b r i u m   w i t h  a s o l u t i o n  of  a cer- 
t a i n  l o w e r  polymer  content .  A t  a lower (or h i g h e r ) t e m p e r a -  
t u r e   t h e  AGm s u r f a c e  w i l l  change i t s  s h a p e   a n d   t h e   c r y s t a l -  
l i n e  polymer w i l l  be i n   e q u i l i b r i u m   w i t h  a s o l u t i o n  of  l o -  
wer ( o r  h i g h e r )  polymer c o n c e n t r a t i o n ,  The so-cal led  mel-  
t i n g   p o i n t   c u r v e  f o r  a p o l y m e r / s o l v e n t   p a i r  shows t h i s d e - '  

pendence  of  melting  temperature on compos i t ion , l l I  

S 

FIG,2, Free   en tha lpy  
v e n t   c o n t e n t  p 

s i t i a n ,  

N.S. 
separation 

behaviour  a t  high  polymer/ low  nonsol-  
e x p l a i n i n g   t h e   s o l u t i o n - c r y s t a . 1   t r a n -  

For c r y s t a l l i z a t i o n  a.% medium a n d   e s p e c i a l l y  a t  h igh  
c o n c e n t r a t i o n ,   t h e r e  i s  a diminished  chance t o  f i n d   i s o l a -  
t e d   o r d e r e d   r e g i o n s   ( s u c h  as sphe ru l i t e s )   wh ich   have  grown 



and 
the 

t o  m i c r o s c o p i c a l l y   o b s e r v a b l e   s i z e ,  i f  t ime i s  s h o r t .   I n -  
s t e a d p  by t h e   i n c r e a s e d  r a t e  of n u c l e a t i o n   a n d   t h e   l i m i t e d  

g r o w t h   r a t e ,   t h e . s o l u t i o n  w i l l .  contain  numerous  submicros- 
c o p i c a l   o r d e r e d   r e g i o n s . ,   p e r h a p s   n o   l a r g e r   t h a n   t h e n u c l e u s .  
T h e s e   m i c r o c r y s t a l l i n e   r e g i o n s   a c t  as p h y s i c a l .   c r o s s l i n k s  
i n   t h e  polymer  solut ion  and a thermorevers ib le   po lymer   ge l  
i s  formed.   Without   excluding  crossl inks  of  a d i f f e r e n t   k i n d  
t o  be  opera.t ive i n  membrane format ion ,  we t h i n k   t h a t   t h e  
type  of   gela . t ion j u s t l  descr ibed   (nonsolvent  or t empera ture  
induced   nuc lea t ion  a t  h igh   po lymer   concen t r a t ion )   cou ld  be 
t h e   l e a d i n g   p r i n c i p l e  f o r  s t r u c t u r e   f o r m a t i o n   i n   t h . e   s k i n  
of  membranes  and f o r   g e l a t i o n  o f  pore walls i n   t h e   s u b s t r u c -  
t u r e ,   a f t e r  L-L s e p a r a t i o n ,  

It i s  v e r y   d i f f i c u l t  t o  d e m o n s t r a t e , u s i n g   s t a n d a r d d i f -  
f r a c t i o n   t e c h n i q u e s ' " , .   t h a t   t h e s e   g e l s   c o n t a i n   c r y s t a l l i n e  
mater ia l .   Calor imetr ic   measurements ,   however ,   can be used 
f o r  s tudy ing   t hese   t he rmoreve r s ib l e   ge l s .  

2.3' EXPERIMENTAL 

Mat,e,ri,a;ls.  ,The  polymers  used i n  t h i s  work  were  Cellu- 
l o s e   A c e t a t e  ( C A )  9 P o l y a c r y l o n i t r i l e  (PAN) , Polysul f  one (P&)  
and Polydimethy1ph.enyleneoxide (PPO) . Membranes were  prepa- 
r e d  as f l a t  s h e e t s ,   s t a . r t i n g  f r o m  10-25 weight % of polymer 
s o l u t i o n s   i n   s o l v e n t s   w h i c h   a r e   m e n t i o n e d   i n   t h e   t e x t .  The 
s o l u t i o n s   w e r e   c a s t  on a g l a s s - p l a t e   a n d  immers,ed i n   t h e - c o -  
a g u l a t i o n   b a t h .  

Cloud p.05n-b .rn~e.as.ur.e:m.en.ts... Cloud points  were  measured 
u s i n g   t h e  method  described1"  .in  'Chapter 3 .  

Optical  Mierdo=scopy.,  Following  the  method f i r s t  i n t r o -  
duced by E p s t e i n l a l   . t h e   p h a s e   s e p a r a t i o n  of polymer  solu- 
t i o n s  was examined. w i t h  an  Olympus E.M. Microscope. A drop 
of t h e   s o l u t i o n  was placed  between  two  microscope  sl ides 

by  means o f  a syr inge   nonsolvent  was' i n t r o d u c e d   n e a r  
edge . 

Scanning   Elec t ron  Mic&oscop;v (SEM) . A h i g h   r e s o l u t i o n  



IS1 Super I11 A a.nd J e o l  JSM-U3 electron  microscope  were 
used, Membrane samples   were   f rac tured  a t  l i q u i d   n i t r o g e n  
tempera ture   and   sput te red   wi th  gold-  w i th  a Polaron  and a 
B a l z e r   s p u t t e r   u n i t ,  Both  cross-sect ions  and  upper   and l o -  
wer s u r f a c e s  o f  menbranes  were  investigatred,  

2 0 4  XESULTS AND DISCUSSION 

Koenhen e t  al?’) .were t h e  f i r s t  t o  show9 i n   t h e f r   s t u - ’  

dy o f  a Polyurethane/DMF/water membrane forming  systemp 
t h a t   t h e r e  were t w o  d i s t i n c t l y   d i f f e r e n t   t y p e s  o f  phase  se-  
p a r a t i o n   o p e r a t i v e  a t  d i f f e r e n t   c o m p o s i t i o n s :  
- L-L p h a s e   s e p a r a t i o n   a t  l o w  and medium polymer  concentra- 

t ion   and   var i . ab le   nonsolvent   conten t   and  
- g e l a t i o n  a t  hrfgh polymer  .concentrat ion  and l o w  nonsolvent  

con ten t  o 

- Recent  work i n   o u r  group1’’ l e a r n s   t h a t  a l s o  i n   t h e  
sys t em  ce l lu lose   ace t a t e /d ioxane /wa tec   bo th   t ypes  o f  phase 
sepa ra t ion   can  be demonstrated,  Curve I i n   F i g u r e  3 shows 
the   c loud   po in ts   measured  a t  2 O o C  and  curve I1 shows t h e  
so lu t ? .on /ge l   t r ans i t i on   a s   measu red  by D i f f e r e n t i a l s c a n n i n g  
Calor imet ry  ( D S C ) ,  Curve I r e p r e s e n t s  a t r u e  L-L s e p a r a t i o n  
phenomenon:  up t o  po lymer   concent ra t ions  of 20$  t he   c loud  
po.ints a r e   i ndependen t  of t h e   r a t e  o f  temperature  change. 
Cloudiness   d i sappears  upon d i r e c t   r e h e a t i n g   a t   t h e   s a m e t e m -  
p e r a t u r e  a t  wh5ch it, appeared  on coo l ing ,  The phase  separa-  
t e d   s o l u t i o n   c a n   n o t  be s e p a r a t e d  L n t o  t w o  l i q u i d -   l a y e r s :  
t h e   l a y e r   c o n c e n t r a t e d   i n   p o l y m e r  i s  g e l - l i k e .  Wrfth DSc 

., measuremen t s   no .hea t   e f f ec t   cou ld  be observed  during  coo-  

l i n g :  only a f t e r   a g i n g  a t  temperatures   below  the  c loud 
p o i n t s  for some  t fme  an  endothermic  heat   effect   could be 
d e t e c t e d  upon r e h e a t i n g ,   T h i s   l a t t e r   e f f e c t  i s  a s c r i b e d  t o  
gela . t ion of t h e   c o n c e n t r a t e d   p h a . s e   a f t e r  L-L s e p a r a t i o n   h a s  
t aken   p l ace .  Curve I1 is der ived   f rom  the   p re sence   o f  DSC 
mel t ing  peaks on reheat5ng  samples  with  high  polymer  concen- 
t r a t i o n  (40-55$ C A )  and a rather l o w  con ten t   o f   wa te r ,These  

* .  



melting  peaks  only  occur  after  longer  aging  times  at  ambient 
temperature. 

cellulose 
acetate ("/J 

polysulfone (O/") 

/ 

/U  

\ 
I 

DMF 10 
I 3b 

. FIG.3. Ternary  diagram  CA/dio-  FIG.4. 
xane/H20 . Curve I : c loud  
point  curve at 20Oc; Cur- 
ve 11: solutiqn-gel 
transition. 

Ternary  diagram  of 
PSn/DMF/H20 . Cloud 

point  curves  at 
2 O 0 C  ( 0 )  and 4ooc (x). 

Cooling to lower  temperatures (e.g. -1 O°C) or increasing  the 
water  content  makes  the  endothermic  peaks  show  up on imme- 
diate  reheating. 

Figure 4 gives  some fur the . r  evidence of the  phase sepa- 
ration  types  found in membrane  forming system. In thisfigu- 
re  the  cloud  point  curves for Polysulfone/DMF/water  are gi- 
ven- a t  2OoC. and 40°C. One sees that only s f e w  percent of 
water  in  the  solution is sufficient to induce L-L sepa- 
r'ation  here. We have  no  direct  measurements  on gelationyet, 
but we observe  that a PSn  solution  in DMF, as  used for mem- 
brane preparation, w,hen stored  at room temperature  for  some 
hours  under  exclusion of water,  gives a precipitate of PSn, 
Therefore  the  usuálly  employed  PSn  solutions a r e  on thever- 
ge of crystallization (or gelation),  From  other workzo~,it 
is a l s o  known tha-b PSn  may  crystallize  in  certain  solvents. 
The  same  observation of precipitate  formation  on  storage  is 
found for solutions of pol-y.(2,6-dimethyl-l,4-phenylene o x i -  
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de) (PPO) i n   m i x t u r e s  of t r ich loroe thylene   and   oc tano1, f rom 
which UF membranes can be p repa red ,  1 2 ’ - .  For t h i s   sys t em we 
have  done some DSC measurements   whichclear ly  show h e a t   e f -  
f e c t s   ( c r y s t a l l i z a t i o n   a n d   m e l t i n g   p e a k s )  on cool ing   and   re -  
heat ing  samples9  even f o r  % h e   h i g h e s t   s c a n n i n g   r a t e s ,  The 
r e s u l t s  compare w e l l , t o   t h o s e   r e p o r t e d   f o r   P P O / t o l u e n e . 3 5 1  

2e,4e-Í Phase  separa+ion  and~:asymmet~rie membranes 
We w i l l  i n v e s t i g a h  what  can be s a i d   a b o u t   t h e   p r o c e s -  

s e s   d u r i n g  membrane formation  which  lead t o  asymmetric mem- 
b r a n e   s t r u c t u r e s .   I n   t h i s   d i s c u s s i o n  w e  w i l l  t r e a t   t h e  f o r -  

mation o f  t h e   s k i n  arid of  t h e   p o r o u s   s u b l a y e r   s e p a r a t e l y .  

2 4 d 2 Skin  f ormat2.o.n. 
The u l t i m a t e l y   d e t e r m i n i n g   f a c t o r  f o r  t h e   s k i n  forma- 

t i o n   i s ’ t h e   l o e a l  p o l y m e r   c p n c e n t r a t i o n   i n   t h e   t o p l a y e r  s o -  

l u t i o n   f i l m ,   T h i s  i a  b e s t .   i l l u s t r a t e d  by two . c o m p l e t e l y d i f -  
f e r e n t   t e c h n i q u e s  of  p r e c i p i t a t i o n  of  membranes from c a s t  
f i l m s s   c o i n e d  by Strathmanng’ as 

l ,  p r e c i p i t à t i o n  from the  vapour   phase 
2,.immersion p r e c i p i t a t i o n  

In  t h e  f i r s t  method,  develo.ped l o n g   a g o  by  Zsigrnondy and 
Bachmann2l1 B t h e   p r e c i p i t a t i o n  i s  ac,complished a t  a n   e f f e c -  
t ive’ ly   unchanged  po lymer   concent ra t ion   in   the   top layer   s ince  
the  vapour  phase i s  s a t u r a t e d   w i t h   t h e   s o l v e n t .  Then, by 
d i f f u s i o n  o f  non . so lven t   i n to   t he  f i lm,  t h e   o n l y t y p e   o f p h a s e  
sepa ra t ion   wh ich   can   t ake   p l ace  i s  L-L sepa ra t ion ,   g iv ing   an  
asymmetrie membrane wi thou t  a s k i n   ( s e e   F i g u r e   I d   i n   R e f e -  
r ence  9>. 

In   t he   immers ion   t echn ique   t he   so lven t   dep le t ion  f rom 
t h e   t o p l a y e r  of t h e  s o l u t i o n  film i s  e x t r e m e l y   f a s t  (diffu- 
s i o n   a i d e d  by s t i r r i n g   i n   t h e   b a t h ) ,  An i n c r e a s e   i n  polymer 
c o n c e n t r a t i o n   i n   t h e   t o p l a y e r  i s  t h e   r e s u l t .   T h i s   i n c r e a s e  
improves   the   condi t ions  f o y  the   second  type  o f  p h a s e s e p a r a -  
t i o n  t.0 occur: gelation, G e l a t i o n  w i l l  be favoured  by t h e  
p e n e t r a t i o n  of  nonso lven t ,  The h igher   the   po lymer   concent ra -  
t i o n   h a s  become b e f o r e   n u e l e a t i o n   i n   t h e   s k i n  sets i n ,   t h e  
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more  numerous  and t h e   s m a l l e r  w i l l  be t h e   s t r u c t u r a l   u n i t s ,  
v i z .   t h e   n u c l e i ,   b e c a u s e  ’of h i g h e r   s u p e r s a t u r a t i o n .  

It w i l l  be c l ea ’ r  now which   fac tors   favour   the   format . ion  
of a  more f i n e l y   s t r u c t u r e d ,   d e n s e   s k i n   a n d   t h e r e f o r e  of a 
h y p e r f i l t r a t i o n  membrane: 

- a h i g h e r  i n i t i a l  polymer  concentrat ion of  t h e   s o l u -  
t i o n  w i l l  f a v o u r   t h e   c o n d i t i o n s  f o r  a l a r g e r   s u p e r s a t u r a t i o n  
i n   t h e   t o p l a y e r   b e f o r e   n u c l e a t i o n   s e t s   i n .  

- a lower  tendency o f  t he   nonso lven t  t o  p e n e t r a t e   t h e  
t o p l a y e r  w i l l  d e l a y   n u c l e a t i o n   u n t i l 1   s u f f i c i e n t   s o l v e n t  de.- 
p l e t i o n  t o  high  polymer  concentrat ion  has   been  obtained.  A 
p roper   choice  of  n o n s o l v e n t   t y p e   ‘ a n d   a l s o   c e r t a i n   a d d i t i v e s  
t o  t h e   c o a g u l a t i o n   b a t h   ( s a l t ,   g l y c e r i n ,   e t c . )  w i l l  s e r v e  
th i s   pu rpose .  

- l ower ing   t he   t empera tu re  of t h e   c o a g u l a t i o n   b a t h w i l l  
i n c r e a s e   t h e   s u p e r s a t u r a t i o n ,   w h i l e   a t   t h e  same time itwill 
dec rease   t he   g rowth   k ine t i c s  of formed  nuc le i ;  a dense r   sk in  
w i l l  r e s u l t  . 

A c o n t r a r y   e f f e c t ,   f a v o u r i n g   t h e   f o r m a t i o n  o f  UF  mem- 
branes,   can  be  found, * a p a r t  f r o m  choosing a lower  polymer 
c o n c e n t r a t i o n   e t c . ,   i n   t h e   a d d i t i o n  of nonsolvent  t o  the  po-  
l ymer   ca s t ing   so lu t ion .   Th i s   e f f ec t   can  be e x p l a i n e d   a s f o l -  
l o w s :  one f r e q u e n t l y   o b s e r v e s   t h a t   t h e   p r e c i p i t a t i o n  con- 
c e n t r a t i o n  f o r  L-L s e p a r a t i o n   i n  a HF membrane forming  sys-  
tem i s  r e l a t i v e l y   h i g h ,   a b o u t  30% o f  n o n s o l v e n t   a t   l o w p o l y -  
mer c o n c e n t r a t i o n   b e i n g   a l l o w e d   b e f o r e   p r e c i p i t a t i o n   s e t s  
i n ,   w h e r e a s   t h e   p r e c i p i t a t i o n   c o n c e n t r a t i o n  f o r  UF membrane 

forming  systems i s  o f t e n   v e r y  low, .  s ay  5 %  of  nonsoLventcon-  
t e n t  or lower;  compare f o r  ins tance   CA/dioxane/water   in   F i -  
gure 3 wi th  PSn/DMF/water i n ‘ F i g u r e  4 a n d   s e e   a l s o   r e f e r e n -  
ce 3 and 10. One c a n   t h e n   c a l c u l a t e ,   u s i n g   w e l l   e s t a b l i s -  
h e d   s o l u t i o n s   f o r  th i s  d i f f u s i o n   p r o b l e m 2 ” t h a t  f o r  t h e   i n -  
c r e a s e   i n   c o n c ’ e n t r a t i o n  t o  r e a c h   t h e   p r e c i p i t a t i o n  value a t  
a c e r t a i n   d i s t a n c e   ( s a y  lp) below t h e   s o l u t i o n   s u r f a c e  a 
d i f f e r e n c e   i n   t i m e  of a ‘ f a c t o r  5-10 . i s  obtained- € o r  t h e  two 
s i t u a t i o n s ,   w i t h   t h e  HF sys t em  t ak ing   t he   l onge r   t ime .   Th i s ,  
g i v e s   t h e  HF system more t ime t o  l o s e   s o l v e n t  from t h e   t o p -  
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l a y e r ,   A d d i t i o n  o f  nonsolvent  t o  t h e   c a s t i n g   s o l u t i o n  w i l l  
r d i m i n i s h   t h i s   e f f e c t ,   i n c r e a s i n g   t h e   p r e c i p i t a t i o n   T a t e ,  

and   f avour ing   t he   fo rma t ion  of  a UF t y p e   s k i n .  

2,4.3 Nodula r   s t ruc tu re  of  t h e   s k i n  
There i s  a n   i n c r e a s i n g  amount  of exper imenta l   ev idence  

t h a t   t h e   s k i n  of  asymmetric membranes c o n s i s t s  o f  s p h e r i c a l  
a g g r e g a t e s ,   c a l l e d   n o d u l e s ,   w h i c h   i n  a d-ensely  packed or 
perhaps   pa r t i a l ly   de fo rmed   a r r angemen t   fo rm  the   s e l ec t ive  

' s k i n  o f  UF and 'HF membranes. Most a f   the   da ta   s tem  f rom 
t r ansmiss ion   e l ec t ron   mic roscopy  o r  f rom s c a n n i n g   e l e c t r o n  
m i ~ r o s c o p y " ~ ~ ~ - ~ ~ ~ b u t  a l s o  f T l t r a t i o n   ( w a t e r  flux) and  gas 
a d s o r p t i o n   d a t a   a r e   u s e d .  2 8 9 2 9 \  The s i z e  of t h e   s t r u c t u r a l  
u n i t s   r e p o r t e d  are f r o m  20  t o  200 na i n   d i a m e t e r .   F i g u r e  .5 - 
ob ta ined   w i th  SEM shows for t h e   s u r f a c e  o f  a PP0 membrane 
(UF)*a t y p i c a l  example f rom our own work. I n   p r i n c i p l e   s u c h  
a n o d u l a r   s t r u c t u r e   c o u l d   b e   i n   l i n e   w i t h   t h e   p i c t u r e , g f v e n  
above f o r  t h e   b u i l t - u p  o f  o r d e r e d   s t r u c t u r a l   u n i t s   ( n u c l e f )  
i n   t h e   s k t n   l a y e r .  

2 s 4.4 The P.orous Sublayer  
Th.e fo rma t ion  o f  t h e   s k i n  w i l l  i n c r e a s e   t h e   b a r r i e r  f o r  

t h e   d i f f u s i o n  .of s o l v e n t   o u t  of  and   nonso lven t   i n to   t he   sub -  
l a y e r  of the   po lymer   so lu t fon ,   This  means t h a t   i n   t h e  f i lm 

below t h e   s k i n ,   p h a s e   s e p a r a t i o n  w i l l  t a k e   p l a c e  a t  a much 
l o w e r  polymer  concentrat ion as compared t o  t h a t   i n   t h e   s k i n .  
Fo r   concen t r a t ions  o f  t h e   o r i g i n a l   c a s t i n g   c o m p o s i t i o n  (or 
a l i t t l e   h i g h e r  by s o l v e n t  l o s s )  t h i s   p h a s e   s e p a r a t i o n  w i l l  
be o f  t h e  L-L s e p a r a t i o n   t y p e  as d e s c r i b e d   a b o v e   i n   S e c t i o n  ' 

. 2.2.1 and as can  be  followed by opt ica l   microscopy  dur ing  
' coagu la t ion .  

Two t y p e s  o-f s t r u c t u r e s  f o r  t h e   s u b l a y e r   w i t h   c l e a r l y  
. -  d i f f e r e n t  morph-ologies  can  be  distinguished: 

I , sponge   s t ruc tured   sublayer  
2 o c o n i c a l   v o i d s  or " f i n g e . r l i k e   c a v i t i e s "   i n   t h e   s u b -  
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2 . 4 . 5 Sponge s4mwture. ; ,  

It will be clear from Section 2.2.1 that  the  pores in 
the  sponge  structure are the  grown-out  nuclei of the  dilute 
phase in the  matrix of the  polymer  solution, which has so- 
lidified  after L-L separation by  g’elation at a  certain  stage. 
If the  concentration of the  polymer at the  locus  where  L-L 
phase  separation  sets in does not increase  too  much overthe 
depth  of  the  solution  layer,  the  nucleation  density willnot 
vary  very  much  over  the film thickness  and a uniform  pore 
structure will be the result, In order  to  obtain an Itopen 

. porett sponge  structure, a certain  amount of coalescence of 
the  drops  should  occur  before  the  walls of concentrated pö- 
lymer  solution  between  the  pores  solidify by  gelation. This 
can be monitored by choosing  the  proper initial polymer c’on- 
centration  (not too high), A good  example  of  coalescence of 
small  pores with large  voids is shown in Figure 6 for a Po- 
lysulfone membrane. 

2.4.6 Conical voids ~(finge~r~li.ke. cavities:) 
A very important’feature in immersion-coagulated mem- 

branes  (in UF membranes as  well  as in HF) is the  presence 
of the  large void,s with  a length of several  microns  to some- 
times  the total thickness of the membrane. These  cavities 
were  first  observed in wet-spun fibres.30-34’The absence of 
the  voids in dry-spun fibres33’ and in dry-Ro 
indicates  that  their  formation  only  occurs in the  case of 
immersion  precipitation. 

At first it was assumed  that  the  formation  was associ- 
ated with volume  changes in the  precipitated  polymer 
phase.3’’Later Graig30’proposed  the  mechanism of penetration 
of nonsolvent  through  defects  (cracks) on the  surface of the 
spinning  filament,  The  same  mechanism in the  case of 
immersion-coagulated  membranes  was  proposed byStrathmannOa1 - 
In a  systematic  study of the  kinetics of  void formation in 
PAN fibre  spinning, GrÖbe321came to .the conclusion khat dif- 
fusion of both  solvent  and  nonsolvent to certain  areas was, 
the  basis for void  formation. In o u r  opinion  the  available. 

I .  
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FIG,S. SEM-photograph  of.  the  nodular  surface o f  a PPO/UF 
membrane  (slight  tilt of  the,surface under  microscope) 

FIG,6. Cross section of a PSn membrane,  showing vo ids  with 
open walls.. 



e x p e r i m e n t a l   d a t a   a r e   c o n s i s t e n t   w i t h   t h i s  mechanism. Some 

t y p i c a l   f a c t s   r e m a i n   i n t e r e s t i n g  f o r  a f u r t h e r   c o n s i d e r a -  

t i o n :  
- th rough  op t ica l   microscopy one o b s e r v e s   t h a t   t h e  

vo ids  move i n w a r d   f a s t e r   t h a n   t h e ,   d i f f u s i o n   c o n t r o l l e d ,   c o -  
a g u l a t i o n   f r o n t .  

- the   boundary ,of t h e   v o i d s   d o e s   n o t   s o l i d i f y  by g e l a -  
t i o n   d u r i n g  i t s  growth,   s ince  coalescence  with  small   pores  

remains   poss ib le   (F igure  6 ) .  
' - of t en   t he   ' g rowth  o f  t h e   v o i d s  s l o w s  down and  "the CO- '  

a g u l a t i o n   f r o n t  for L-L s e p a r a t i o n   p a s s e s  beyond the   lower  
end o f  t h e   c a v i t y .  

The main d r i v i n g   f o r c e  f o r  the  growth o f  t h e   v o i d  i s  
t h e   d e c r e a s e   i n   f r e e   e n t h a l p y  ( A G m )  upon m i x i n g t h e   s o l v e n t .  
a n d   n o n s o l v e n t   i n   t h e   v o i d .   T h i s  AGm decrease   should   Ibe  s o  ,. 

l a r g e  t h . a t  i t  ca.n compensate f o r  a p o s s i b l e '   i n c r e a s e   i n  AGlll 
when s o l v e n t  i s  d e p l e t e d  f r o m  the   po lymer   so lu t ion   sur roun-  
d ing   t he   vo id .  The s i t u a t i o n  i.s b e s t   i l l u s t r a t e d  by f o l l o -  
wing t h e   a r r o w s   i n   F i g u r e  l a t  p o i n t  X ( l a r g e   . d e c r e a s e   i n  
AG 'if nonsolvent  mixe's w i t h   s o l v e n t )   a n d   a t   p o i n t  Y ( i n -  
c r e a s e   i n  AGm when a polymer   so lu t ions  becomes  more concen- 
t r a t e d ) .  The gene,ral   mechanism  can  be  described  as  foll-ows: 

- when t h e   s k i n  i s  fo rmed ,   nonso lven t   pene t r a t e s   i n to  

m 

t h e   u n d e r l y i n g   p o l y m e r   s o l u t i o n   f a s t e r   a t   c e r t a i n   s p o t s   i n  
t he   sk in   ( e .g .  a t h i n n e r   p a r t  o f  t h e   s k i n .  o r  a l o c a l   l o o s e  
arrangement o f  t h e   s t r u c t u r a l   u n i t s ,   g i v i n g  a  more f avour -  
a b l e  pathway f o r   d i f f u s i o n ) ;   t h i s   h e t e r o g e n e o u s   t y p e  o f  nu- 
c l e u s  i s  f o r m e d   o n l y   i n   s y s t e m s   w i t h   a ' l a r g e   d r i v i n g   f o r c e  

for   so lvent /nonsolvent   mix ing .  
- so lvent   d i f fuses   f rom  the   sur rounding   po lymer  s o l u -  

t i o n  t o .  t h e s e  s t a t i s t i c a 7 _ l y s p r e a d i l o c i a n d  a g r a d i e n t   i n   c o n -  
c e n t r a t i o n   r a n g i n g  f r o m  p r a c t i c a l l y   p u r e   s o l v e n t   ( n e a r   t h e  
i n t e r f a c e  of  t h - i s - a r e a   w i t h   t h e   p o l y m e r   s o l u t i o n )   t o n o n s o l -  
vent   (near   the   sk in   sv . r f ,ace)  i s  s e t   u p ;   t h e r e  i s  f l u i d  .in- 
terface between the polymer  solut ion.   and  the  void,  

- because   mass   t ransfer   in   the   vo id  i s  f a s t e r   t h a n  
through  the   po lymer   so lu t ion   phase ,   the   vo id  ma.y g r o w f a s t e r  



i n i t i a l l y   t h a n   t h e  moving coagu la t ion   f ron t   p roceeds ;  a t  a 
c e r t a i n   p o i n t   h o w e v e r ,   t h e   d r i v i n g   f o r c e  'for s o l v e n t t r a n s -  
p o r t  may vanish  because of a dec rease  in t h e   g r a d i e n t ,  

It i:: emphasized. t h a t   t h e   c o n t e n t S . o f   t h e   v o i d   d u r i n g g r o w t h  
i s  n o t   i n   e q u i l i b r i u m   w i t h   t h e   s u r r o u n d i n g   p o l y m e r   s o l u t i o n ,  
i n   t h e   s e n s e  of L-L s epa ra t ed   b inoda l   phases ,  It i s  c l e a r  

t h a t   a f t e r   t h e   v o i d   s t o p s   g r o w i n g ,   n o r m a l  L-L type   phase   se -  
p a r a t i o n   t a k e s   p l a c e  in the   po lymer   so lu t ion   sur rounding  
t h e   v o i d   a n d   i n   f r o n t  of i t ,  A p r o o f '   t h a t   t h e   v o L d / s o l u t i o n  
i n t e r f a c e   s t a y s   f l u i d   d u r i n g   c a v i t y   g r o w t h  i s  given  by a l l  
those  systems  where we f i n d   i n   t h e  membranes c a v i t i e s   w i t h  
open walls ( s e e   F i g ~ r e  6 )  , 

Our o b s e r v a t i o n s   a r e   i n   c o n c e p t u a l   a g r e e m e n t   w i t h   t h e  - 
e a r l i e r  mechanism  proposed by Grzbe32 '   and   w i th   r e su l t s  on 
t h e   e f f e c t ,  of  impor t an t   mon i to r ing   va r i ab le s  t o  p reven t  
vo id   fo rma t ion   ( s ee   F r~mrne r .~  B 41 a n d   S t r a t h ~ n a n n ~ " ~ '   s u c h  as: 

- l ower ing   t he   t endency  o f  nonsolvent  t o  p e n e t r a t e   i n -  
t o  t h e   c a s t i n g   s o l u t i o ' n  ( T ,  s a l t   a d d i t i o n  t o  nonso lven t ,  
s o l v e n t / n o n s o l v e n t   p a i r   w i t h   s m a l l e r   a f f i n i t y ) ,  

- i n c r e a s i n g   t h e   s k i n   t h i c k n e s s  o r  t h e   d e n s i t y  o f  t h e  
sk in   ( s ee   above  in t h i s   d i s c u s s i o n ) .  

I n   t h e  Appendix (2,6) the   above   g iven   format ion  mechanism  of 
a c o n i c a l o r  macro  void i s  i l l u s t r a t e d   u s i n g   a v a i l a b l e   d a t a  
o f  the  system  CA/dioxane/water, 
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2,6 APPENDIX 

In this  Chapter  we  have  stated -that.a large  driving 
. force for solveñt/nonsolvent  mixing is favourable  for  the' 

growth of finger-like cavit%es.'In this  Appendix we modify 
this  statement to the  extent  that  also a solvent/nonsolvent 
combination  with a rather l o w  tendency of mixing,  as  ex- 
pressed by' the  height of the  minimum in 'the  AGm-curve, f or 
instance  dioxane/water,  gives  macro  voids  in  the  resultant 



membranes ( f o r  a photographs  see  Chapter  3 ,  Figure  7 ) .  . 

I n   F i g u r e  l we g ive  AGm-curves f o r  the   d ioxane   (2) /wa-  
t e r  ( l )  combination  and f o r  the  mixing of  CA,  ( 3 )  and  dioxa-  
ne  (2 ) .  These   cu rves   a r e   ca l cu la t ed   w i th   t he   he lp  of  Chap- 

t e r s  4 and 5. 
water (1 ) dioxane (2) 

I 
I 

I 
I 

A t  a c e r t a i n   s p o t   u n d e r   t h e   s k i n   a n   i n c r e a s e d  amount 
‘of nonsolvent  i s  p r e s e n t  a t  t i y e  t=tl. .Let us assume a vo lu -  
me f r a c t i o n  o f  water  of 0.4* The chemical: p o t e n t i a l  of  t h e  
dioxane i n   t h i s  polymer f r ee   so lven t /nonso lven t   mix tu re  i s  
Ay2’ (t=tl) o The c h e m i c a l   p o t e n t i a l  o f  d i o x a n e   i n   t h e  sur- 
rounding  polymer  solut ion i s  A W ~ ~ (  t=t,l) .%’ . Dioxane i n   t h e  

polymer so lu t ion   can   reduce  i t s  c h e m i c a l   p o t e n t i a l  t o  a l a r -  
ge   ex ten t  by d i f f u s i n g   i n t o   t h e   r e g i o n   w i t h   t h e   n o n s o l v e n t  
( d i r e c t i o n  of arrow l i n   F i g u r e  l ) e The f l o w  of  dioxane 

. causes   t he , compos i t ion  o f  t h e   v o i d  t o  i n c r e a s e   i n   s o l v e n t  
‘ c o n t e n t ;   t h e   c h e m i c a l   p o t e n t i a l  o f  d i o x a n e   i n c r e a s e s ( d i r e c -  

$ 5 )  .We assume t h a t   t h e   n o n s o l v e n t   h a s   n o t   y e t   d i f f u s e d   i n t o  
t h e   s o l u t i o n   s u r r o u n d i n g   t h e   n a s c e n t   v o i d s .  
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t i o n  of arrow 2 i n   F i g u r e  l ) .  A t  some t ime,   say  %=tev t h e  
p rocess   s tops .  The-   chemiea l   po ten t ia l  ò f  d i o x a n e   i n   t h e  s o l -  
ven t /nonso lven t   mix tu re   i n   t he   vo id   and   i n   t he   su r round ing  
polymer so lu t ion   (w i th   e .g .  +3=0E6) a r e   e q u a l  ( A ~ 2 ~ ' ~ ( t = t ~ ) ) .  

From t h e   f i g u r e  i t  appea r s   t ha t   t he   compos i t iqn  o f  t h e  L i -  
q u i d   i n   t h e   v o i d  i s  p r a c t i c a l l y   p u r e   s o l v e n t .  

The d ioxane /wa te r   sys t em.   i s . cha rac t e r i zed  by  a r a t h e r  
small AG minimum: comparedwi thother   so lvent /water   sys tems 
such as DMSOlwater and DMF/water. In   systems w i t h  a l a r g e r  
minimum v a l u e   t h e   d r i v i n g   f o r c e  for so lven t   t r anspor t   f rom 
t h e  p o l y m e r   s o l u t i o n   i n t o   t h e   v o i d  i s  expected t o  be   l a rge r .  

m 

Note : 
Smolde r s   sugges t ed   r ecen t lyL1   . t ha t   ano the r   d r iv ing  f o r -  

ce fo r   t he   g rowth  o f  a  macro Tlroid i s  t h e   d e c r e a s e   i n  AGm o f  
the  system when the  polymer,-molecules  change t o  a l e s s  ex- 
panded  conformat2on  upon inc reas ing . the   nonso lven t   con ten t .  
I n  a k ind  o f  s y n e r e s i s ' p r o c e s s   s o l v e n t  i s  e x p e l l e d  by t h e  
polymer  solution,  Measurements of t h e   i u t r i n s i c   v i s c o s i t y 2 ' $  
however ,   i nd ica t e   t ha t  f o r  the  system  CA/dioxane/water   the 
expans ion   f ac to r  f i rs t  i n c r e a s e s   w i t h   i n c r e a s e  o f  nonsol-  
ven t   con ten t .   A tawa te r   pe rcen tage   nea r   t he   pe rcen tage   r e -  
qu i r ed  f o r  phase   s epa ra t ion   t he   expans ion   f ac to r  f o r  CA has  
t he  va lue  of t h e   p u r e   s o l v e n t ,  The proposed  conformational 
change  needs t o  b e   e x p e r i m e n t a l l y   v e r i f i e d   . i n   c o n c e n t r a t e d  
s o l u t i o n   w h e r e   - i n t e r p e n e t r a t i o n  o f  po lymer   co i l s   t akes  
p l a c e  t o  a l a r g e   e x t e n t .  
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3. PHASE SEPARATION PHENOMENA IN  SOLUilONS OF  CELLULOSE 
ACETATE. I ,  DIFFERENTIAL SCANNING CALORIMETRY OF CEL- 
LULOSE  ACETATE IN MIXTURES OF DIOXANE  AND WATER.") ' 

F.W.ALTENA  and  C,A.SMOLDERS 
Department of Chemical Technology,  Twente  University of 
Technology,  Enschede,  The Netherlands, 

3.0 SYNOPSIS 

The nature and kinetics of phase  separation of solu- 
tions of cellulose  acetate  (degree of substitution, 2.5) in 
mFxtures.of dioxane ,and water  are  studied by differential 
scanning  calorimetry,  The thermograms.on heating,  show  small 
endothermic  effects,  'detectable  only  after  prolonged  aging 
below  the  phase separation temperature. 

Experiments  in  two regions of the  ternary  diagram are 
of interest for the  description of the formation mechanism 
of asymmetric membranes, viz.: l ) '  at  high  polymer concen- 
trations  and low concentrations of nonsolvent  (gelation); 
2) at  lower  polym,er  concentrations  and  high  concentrations 
of nonsolvent (liquid-liquid  phase'  separation followed by 
gelation) .. 

Endothermic  effects after prolonged  aging  are found at 
high polymer  concentrations (>40%). These  results demonstra- 
te  that  gelation is very s l o w  in these  ,systems. At lower 
polymer  concentrations and high nonsolvent  concentrations 
(up  to 4 0 % )  'a more  rapid  type of  phase  separation  can be 
visually  observed  on  cooling.  The  temperature  where  t.urbi- 

$$"Published in  Journal of Polymer Science:  Polymer Sympo- 
sium, a,1 (1981) 
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d i t y   s e t s   i n   ( c l o u d   p o i n t )  i s  i rdependen t  of t h e   r a t e  o f  
c o o l i n g .   I n  DSC exper iments   no   exother in ic   e f fec t  i s  p r e s e n t .  
The endothermie  peak,  which f s  s i tua t ed   be low  the   c loud  
p o i n t ,  i s  probably  a r e s u l t  of me l t ing  of t he   ge l l ed   con-  
c e n t r a t e d   p h a s e ,  

3 o l INTRODUCTION 

S e v e r a l   a u t h o r s   h a v e   t r f e d  t o  e x p l a i n   t h e   f o r m a t i o n  o f  
an  asymmetric membrane, Most of  t h e  mechanisms a re   based  on 
thermodynamic  considerat ions of  a polymer i n  a mixed s o l -  
vent .   Detai led-   data ,   however ,   are   missing on thermody- - 
n a m i c s a n d k f n e t i c s  of  p h a s e   s e p a r a t i o n   i n   c o n c e n t r a t e d p o l y -  

mers   so lu t ions  o f  e . g .   c e l l u l o s e   a c e t a t e  ( C A )  f rom which mem- 
b r a n e s   a r e   p r e p a r e d .  
I n   t h i s   C h a p t e r  we s tudy  a number o f  a s p e c t s  o f  phase  sepa- 
r a t i o n   i n   s o l u t f o n p  of  CA t o  which  nonsolvent  has  been  ad- 
ded, We w i l l  keep   c i rcumstances   dur ing  pha-se s e p a r a t i o n  
cons tan t ;   hence ,   exchange   processes’wi th  a coagu la t ion   ba th ,  
a s   i n   a c t u a l  membrane f o r m a t i o n ,   a r e  n o t  cons ide red .   D i f f e -  

. I  r e n t i a l   s c a n n i n g   c a l o r i m e t r y  ( D S C ) ,  as a t e c h n i q u e ,   o f f e r s  
e x c e l l e n t   p o s s i b i l i t i e s  f o r  t h e .   s t u d y  o f  phase   s epa ra t ion  
phenomena.8sg1  With  this   technique we t r y  t o  g a i n   i n s i g h t  
i n to   t he   demix ing   p rocess  o f  CA (deg ree  o f  s u b s t i t u t i o n ,  
2 .5 )  i n   m i x t u r e s  of  dioxane  and  water.  The choice  of t h i s  
system i s  based on t h e   f r e q u e n t   u s e  of dioxane as a s o l v e n t  
i n   c a s t i n g   s o l u t i o n s , ” - 1 4 ’  

. .  

. 3 . 2 EXPERIMENTAL. 

3 ,Z ,l Mate.r ia ls  
The CA i s  from Eastman,  ca5alogue number 464.4.9 w i t h  

ace ty l   con . t en t  of 39,8%.,Using g e l  permeationehromatography 
( G P C )  i t s  ‘molecular   weight   has   been  characterfzed as: Rn = 

24-  000 ,  BW 55.000, fiz = 11 8,000. Dioxane is I , ,/+-dioxane 
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of  Baker  Analyzed  Reagent  grade.  The water used is distil- 
led  twice . 

- 3.2.2 Cloud Point Measurements 
Cloud  points  were  determlned  in well-homogenized solu- 

tions,  These  mixtures were prepared in accordance with the 
method.of Van Emmerik and Smolders.'' The  desired amounts 
were  weighed. in small Pyrex glass  tubes.  These were degassed 
and  sealed  under  vacuum a% liquid nitrogen temperature, The 
tube,s  were  heated' at 90°G for at least 2 days  to  obtain  ho- 
mogeneous  solutions. 

Phase separation (cloud)  points  were  determined byhea- 
ting or cooling  the  thermostat  bath at  a rate of l ° C / h ,  at' 
l 0 C / 1 O  min o r  at I OC/3 min. 

3.2.3 Differential'scannihg Calorimetry 
The  solutions  were  made by weighing  the  appropria.te.-a- 

mounts in sample pans,  of  aluminium or stainless  steel.  These 
pans  were  hermetically  sealed.  Only  sample  pans  that  showed 
no weight loss after. 2 '  days at 1 OO°C were  used.  The  use  of 
stainless  steel  pans is favourable because  of  the larger 
quantities  that  this  type of pan  can  contain.  The DSCapparatus 
used  was Perkin-Elmer model DSC 2 ,  equipped with provisions 
for working  below  room  temperature  and with an automatic 
baseline  corrector. 

3.3 RESULTS 

3 , 3 . l Cloud. Points, 
A ser'ies  of homogeneous CA solutions  (weight fractions 

O-25%) was  chosen, with constant  but  different ratios*.of 
solvent  (dioxane)  'and nonsolvent (water). When,this solution 
is cooled, a visual perceptible  cloudiness  appears  at a cer- 
tain  temperature.  The  cloud  point  curves  'obtained in this 
mariner are  give'n in Figure l .  
The  appearance  of  the  cloudiness is  not dependent  on  the ra- 
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te of cooling within the  accuracy of the  observations  (about 
one  degree C > ,  When we heat  the  phaae'separated  solutions 
f rom a  temperature not  far below  the  cloid  point,  say 5 O G  

below it, the  cloudiness  disappears at the  temperature  where 
it appeared  during  the  cooling  stage, When a demixed solu- 
tion is centrifuged we obtain  a  clear  dilute  phase  on  top 
of a  cloudy  gel-like  concentrated  phase, We note that this 
is also  the  result o f  aging of a  solution at a  temperature 
far below  the  cloud  point  temperature (syneresis). 

6 C  

T(" C) 

40 

2c 

O 

70 30 

I I l I 
O05 om 0-1 5 0.20 

CA weyhtfractbn 

FIG-l, Cloud point  curves in the  system  CA/dioxane/water 

In Figure 2 cloud  points have been  plotted in a  terna- 
ry diagram  f or three  temperatures? viz. F 20,30 and 6OOC. We 
observe  a  dramakic  influence of the  watercontent  on  the 
cloud  point  temperature. The results  above  given  indicate .a 
process of liquid-liquid  phase  separation for the  region of 
l o w  polymer  concentrations (up tp 25%) and  fairly  high non- 
solvent  copcentrations (up to 40% in the  solvent mixture). 

In the  Appendix  additional  information  on cloud pofnts 
and spinodal points  is given. 



,cellulose acetate 

doxane 

FIG.2. Ternary  diagram f o r  CA/dioxane/water a t  2 0 , 3 0  and 
60°C. I n   r e g i o n s  I and I1 s p e c i a l  DSC experiments  
have   been   car r ied   ou t .  

3.3.2 Different ia l   Sc,anning  C.alor imetary  for .solut i*ons  with-  

i n   t h e  two-phase regi*on 
The a r e a  t o  t h e   r i g h t  of t h e   c u r v e s   i n   F i g u r e  2 i n d i c a -  

t e d  by t h e   r e g i o n  I, i s  t h e   a r e a   w i t h   v i s u a l   p h a s e   s e p a r a -  
t i o n ,   i . e . ,  we observe a c loud iness  upon  cooling  sol-utions 
hav ing   compos i t ions   i n   t h i s   r eg ion  o f  the  diagram. We have 
done a few DSC experiments  for so lu t ions   conta in ing   9-15% 
polymer i n  a mixture  of 60% dioxane  and 40% water .  

Upon c o o l i n g   t h e s e   s a l u t i o n s   n o   e x o t h e r m i e   h e a t   e f f e c t  
could  be  observed. The tempera>ture , range  i s  f r o m  100 t o  
l 'O°C.  The c o o l i n g   r a t e  was varied  between  0.3  and hO°C/min. 

Endothermic  effects  upon  reheating  have  been  found  on- 
. l y  a f t e r   p ro longed   ag ing  a t  temperatures   below  the  phase 

sepa ra t ion   t empera tu re .  Some r e s u l t s   a r e   g i v e n   i n   F i g u r e  3. 
% The samples  were  aged a t  25OC and i n i t i a l l y   c o o l e d  t o  l O°C. 

Th'en the  samples   were  heated a t  a r a t e  of 10°C/min  and t h e  
h e a t   e f f e c t  was recorded.  
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FIG,3.   Endothermic  heat   effect  f o r  a, 10% CA s o l u t i o n   i n  a 

mixture  of  60% dioxane  and 4 g %  w a t e r ,   H e a t i n g   a f t e r  
a g i n g   a t  2 5 O C .  The c l o u d   p o i n t  f o r  t h i s   s y s t e m  i s  
61 ' C  ( see   F igu re  l ) 

3*3.3 D i f f e r e n t i a l   S c a n n i n g   C a l o r 5 m e t r g   f o r   s o l u t i o n s   . - o u t -  
side t h e  t w o  phase   a rea .  

A number of  exper iments   have   been   per formed  in   thearea  
o f  high  polymer  concentrat ions  and l o w  w a t e r   c o n t e n t ;   t h i s  
i s  r e g i o n  I1 i n   F j g u r e  2 ,  V i s u a l l y   t h e s e   s o l u t i o n s , w h i c h a r e  
40-505 i n  po lymer   concen t r a t ion . a re   c l ea r   a t   h ighe r  tempera.- 
t u r e s  p say  above 9 O o C ,  a t  water c o n c e n t r a t i o n s  of  up t o  2 0 % ,  

90 'Yo dioxane 10 % water 
I 
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FIG-4, DSG'traces f o r  40% CA fn mixtures  of d i f f e r e n t r a t i o s  

d ioxane/water ,  Aging for t w o  days a t  room tempera ture ,  
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Below 30% polymer   ' concent ra t ion  we c o u l d   n o t   d e t e c t  
e n d o t h e r m i c   e f f e c t s   i n  DSC h e a t i n g   c u r v e s   i n   t h e   r a n g e  f r o m  
-1 O t o  1 OO°C, a f t e r  2 days  of  aging  time a t  .25OC. A t  40% 

I polymer  concentrat ion a.n endothermic   e f fec t  upon h e a t i n g  

could be determined f o r  mixtures  contairning 15% and 20% wa- 
t e r ,   r e s p e c t i v e l y ,   i n   t h e   s o l v e n t   m i x t u r e .  No endothermic 
e f f e c t s   a p p e a r s   i n   t h e  thermogram a t   t h e   r a t i o  of  90% d io -  
xane / lO%  wa te r   a f t e r  2 days of a g i n g   a t  25OC (F ig .&)  . The 
h e a t i n g   r a t e  i s  1 O°C/min f r o m  1 O t o  100°C. I n   t h e s e   e x p e r i -  
ments  an'   exotherm,ic  effect   could  not be  found  during'cooling 
w i t h   v a r i a b l e   c o o l i n g   r a t e s  ( O .  31 -40°C/min). 

The e f f e c t  o f  ag ing   a t   t hese .h igh   po lymer   concen t r a -  
t i o n s  i s  demons t r a t ed   i n   F igu re  5. The sample w i t h ' a  s o l -  
v e n t   r a t i o  o f  80% dioxane  and 20% water  i s  cooled a t  a r a t e  
o f  40°C/min f rom 100 t o  10°C. Afte r   ag ing  f o r  d - i f f e r e n t  
p e r i o d s  of t ime   an   endo the rmic   e f f ec t  i s  observed  upon  hea- 
t i n g   ( h e a t i n g   r a t e  10°C/min) . The appearance of t h i s  endo- 
t h e r m i c   e f f e c t   c a n  be s t r o n g l y   i n f l u e n c e d  by the   l owes t  
cool ing   tempera ture .  . Cooling t o  - l O ° C  and  immediately  re-  
hea t ing   g ives   an   endokhermic   hea t   e f f ec t ,   comparab le   w i th  

1 h ag ing  a t  t1 O°C. 

A t  s t i l l  h ighe r   po lymer   concen t r a t ions ' (55%)   endo the r -  
mie e f f e c t s  on hea t ing   have  a l s o  been  found a t  10% water  
c o n t e n t .   S t i l l ' n o   e x o t h e r m i c   e f f e c t   a p p e a r s  upon  cooling. As 
i n   t h e   c a s e  o f  F igu re  5 the  endo. thermie  effect imoves  gradu-  
a l l y  t o  h ighe r   t empera tu res  as a f u n c t i o n  of  t he   ag ing   t ime .  
No endo the rmic   e f f ec t  i s  found on immedia t e   r ehea t ing   a f t e r  
cool ing  f rom 1 O0 t o  1 O°C. I n c r e a s i n g   t h e   w a t e r   c o n t e n t   i n  
t h e   s o l v e n t   m i x t u r e  t o  15% gives   an   endothermic   e f fec t  on 
immediate  reheating.  There i s  a l so  an   exo the rmic   e f f ec t  on 
cool ing, ,   as   opposed t o  a l l  o ther   exper iments   (F ig .6) .  Maybe 
some h i g h e r   m e l t i n g   n u c l e i   a r e  s t i l l  p r e s e n t  a t  t h e   h i g h e s t  

' , temperature   used f o r  o b t a i n i n g  a homogeneous s o l u t i o n ,  100°C. 
I n   g e n e r a l  we c a n   s t a t e   t h a t   t h e   p r e s e n c e  o f  exo%h.er- 

mie  and  endothermic  heat   effects   s t r ,ongly  depends on t h e  
wa te r   con ten t   and   t he   po lpmer . concen t r a t ion  o f  the  sample.  
Fur thermore ' ,   the   ra te  o f  t .emperature  change  and  the  tenpera- 
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di red  reheatina 

FIG-5, Endo the rmie   e f f ec t s   fo r  40% CA i n   m i x t u r e  80% dioxa-  
ne/20$  water   af t .er   aging a t  ? O°C f o r  d i f f   e r e n t   t i m e  
p e r i o d s  D 

t u r e  t o  which the  sample i s  cooled  determine t o  a grea t   ex-  
t e n t   t h e   k h e t i c s  of the   p rocess   under   s tudy .   These   k ine t ic  
e f f e c t s   a p p e a r  i_n a s h i f t   i n   t h e   p o s i t i o n  of the   peaks   and  
i n  a change i n   t h e   a r e a   u n d e r   t h e   p e a k s   i n   t h e  DSC thermo- 
gramsB More expe r imen t s   a r e   necessa ry  t o  r e v e a l   t h e s e   k i n e -  
t i c   a s p e c t s   i n   f u l l .   d e t a i l .  

FIG.6. Endothermie  and  exothermie  effects  f o r  55% CA i n  a 
mixture  85% dioxane/?5%  water .  
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3.4 DISCUSSION 

I n   d i s c u s s i n g   t h e   r e s u l t s   r e p o r t e d   h e r e ' w e  must d i s t i n -  
guish  between two t y p e s  of  systems f o r  which  thermograms 
have  been  obtained: 
( I )  P o l y m e r   s o l u t i o n s   i n   r e g i o n  I (Fig.2.) show a f a s t  type  
o f  phase   separa t ion   upon  cool ing ,   which   takes   p lace   wi thout  
c a l o r i c   e f f e c t ;   a f t e r   p r o l o n g e d   a g i n g ,   h o w e v e r ,   t h e s e   s y s -  
tems show m e a s u r a b l e   h e a t '   e f f e c t s   i n  DSC measurements  upon 
hea t ing .  
(11) P o l y m e r   s o l u t i o n s   i n   r e g i o n  11' (Fig.2)  which do n o t  
show v i s i b l e   s i g n s  of phase   s epa ra t ion  upon  cooling,  but 
which show peaks i n   t h e  DSC thermograms a f t e r   a g i n g . ' W e  w i l l  
d i s c u s s   t h e s e   s y s t e m s   s e p a r a t e l y .  

I 

Polymer  soluti.ons f r o m  re,gion , I  . 

F o r   s o l u t i o n s  of  up t o  20% polymer  concentrat ion  and 
w i t h   t h e   a p p r o p r i a t e   , a m o u n t  of n o n s o l v e n t   i n   t h e   m i x t u r e ,  
c loud  poîcts   can  be  measured  upon  cool ing.   Turbidi tyappears  
on cool ing  a.nd d i sappea r s  a t  t h e  same t e m p e r a t u r e   o n h e a t i n g ,  
The cloud  poin.ts  are independent  o f  t h e   r a t e  o f  cool ing .  
These   obse rva t ïons   i nd ica t e  a l i qu id - l iqu id   t ype   o f   phase  
separat ion.   With DSC e x p e r i m e n t s   t h e r e   a r e   n o   d e t e c t a b l e  
h e a t   e f f e c t s   d u r i n . g   t h i s   p h a s e   s e p a r a t i o n .  

Upon a g . i n g   t h e   t u r b i d   s o l u t i o n s  a t  room temperature  f o r  
s e v e r a l   h o u r s ,  a c l e a r   d i l u t e  polymer  phase  appears on t o p  
of a c loudy,   concent ra ted   ge l - l ike   phase .   This   concent ra ted  
phase  "melts"  on h e a t i n g .   I n   t h e  DSC e x p e r i m e n t s   t h i s  shows 
up as   an  endothermic  peak.  It fo l lows  f rom the  thermograms 
t h a t   t h e   m e l t i n g   p e a k  f a l l s  e n t i r e l y  below the  cloud  p.0in.t  
temperat,ure. 

From t h e   p e a k   a r e a  i n .  t h e  thermogram i t  can  be  calCula.- 

t e d  t h a t  t h e   e n d o t h e r m i c   e f f e c t  f o r  a 10% CA s o l u t i o n   i n  a. 

d i o x a n e ~ 6 0 % ) / w a t e r ( 4 0 % )   m i x t u r e ,   a f t e r   a g i n g  for 2 , d a x s  a t  
room tempera ture ,   amounts   to  9.6 J'/g of s o l u t i o n ,  or 
5 kJ /mob o f  monomer u n i t s  of the   po lymer .   This   va lue   agrees  
q u i t e  w e l l  w i t h   p u b l i s h e d   v a 1 u e ~ ' ~ ' f o u n d   i n   g e l l i n g   s y s t e m s ,  



where   c rys t a . l l i za t ion   p l ays  a r o l e .  
I n   c o n c l u s i o n  i t  can  be s t a t e d   t h a t  f o r  s o l u t i o n s   i n  

r e g i o n  I upon c o o l i n g ,   l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n   s e t s  
i n ,  which i s  a k i n e t i c a l l y  fas t  p rocess .  In the   system 

' u n d e r   s t u d y   t h i s  i s  fo l lowed by a s l o w  g e l a t i o n   p r o c e s s  
t ak ing   p l ace   i n   t he   concen t r a t ed   po lymer   phase .  .These g e l l e d  
s t r u c t u r e s   m a l t  on r e h e a t i n g ;   t h i s   p r o c e s s  can be   de t ec t ed  
by DSC experiments .  

Polymer  solutions.  f r o m  .r.e*,gion .XI 
A t  polymer  concentrat ions of 40-55% and f a i r l y  l o w  

.nonsolvent   conten t   (10-20%  water   in   the   so lvent   mix ture)  we 
do n o t   f i n d   a n y   v i s i b l e   s i g n  o f  phase   s epa ra t ion  upon  coo- 
E n g ,   b u t   a g a i n  we f ind   endothermic  DSC peaks  upon  aging 
t h e   s o l u t i o n s  a t  ambient   temperature ,  The appearance  and 
t h e   a r e a  o f  the   peaks   in   the   thermograms  can  be i n f l u e n c e d  
s t r o n g l y  by vary ing   the   po lymer   concent ra t ion  o r  t h e n o n s o l -  
ven t   con ten t ,  Even e x o t h e r m i c   e f f e c t s  may a.ppear  (Fi.g.6) . 
These e f f e c t s   d e m o n s t r a t e   t h a t  g e l a t i ~ n / c r y s t a l l i e a t i o n  
o c c u r s   i n   t h e s e   s y s t e m s .  For most  of  t h e   s o l u t i o n s  stuc7,ied 
t h e   p r o c e s s e s   l e a d i n g   t o ' e n d o t h e r m i c   h e a t   e f f e c t s   a r e   r a t h e r  

s l o w .  This i s  similar t o   t h e   e f f e c t s   f o r   t h e  two-phase re- 
g ion  I,  

The peak   a reas  f o r  r e g i o n  I1 a r e   s m a l l e r   t h a n   t h o s e  
found i n   r e g f o n  I. The peaks  found i n   F i g u r e  4 correspond 
t o  v a l u e s  f o r  t h e   h e a t   e f f e c t  of 1.2  kJ/mole  oflnonomerunits 
of CA f o r  t h e   s o l u t i o n   i n  a mixture   o f   d ioxane(80%)/water  
(20%) and  only 250 J/mole for t h e   s o l u t i o n  of  CA i n  a mixture  
o f  dioxadne(85%)/water(15%) e For  a CA s o l u t i o n   i n   d i o x a n e  
( g O % > / w a t e r ( ? 9 % )   t h e r e  i s  no  endothermic peak f o r  t h e n o r m a l  
a g i n g   p e r i o d   a n d ' t e m p e r a t u r e .   P r o b a b l y   d i f f e r e n c e s   i n n u c l e -  
a t i o n  of  t h e   m i e r o c r y s t a l l i n e   p h a s e  a t  d i f f e r e n t   w a t e r  con- 
t e n t s   c o u l d   e x p l a i n   t h e s e   r e s u l t s ,   b u t   f u r t h e r   e x p e r i m e n t a -  ~ 

t i o n  i s  necessa ry .  

Relevance t o  membrane .f o~maei.on. 
A membrane forming  system  which shows l i q u i d - l i q u i d  



phase  separation  for  certain  compositions  and  gelation' at 
differentphigher,  polymer  content,,  has  been  reported  ear- 
lier by Koenhen  et  al.5'A.lthough  the polyurethane/DMF/water 

. system  which  was  studied  in  Ref.5, is  not a very  practical 
membrane  forming  system,  the  same  two  types of  phase separa- 
tion  were  found  to be important  for  the formation' af the 
layered  structure in membranes, viz. .gelation being respon- 
sible for skin  formation  and  liquid-liquid  phase  separation 
(followed by gelation of.the concentrated  phase)  generating 
the open,  porous  'sublayer of the  membrane. 

Cellulose  acetate is  a  well known  membrane  material, 
but it  appears  that  there  are no thermodynamic or kinetic 
data ta'be found in the  literature  about  its  phase  separa- 
tion.  The experimental  results  reported  here  show  that  both 
liquid.-liquid  phase  separation  and  gelation (or crystalliza- 
tion)  are  possible for the  system  CA/dioxane/water.  Analo- 
gous  results  have  been  found  in our laboratory €or other 
membrane  forming  systems e '? . 

As an illustration of  the membrane  structures  obtain- 
able we  give  two  scann'ing  electron  microscope  photographs  of 
the  cross-section of  membranes. formed by casting a 10wt% 
solution of CA  in. dioxane as a 0.2-mm-thick'film on a  glass' 
plate,  and  immersing  the  film in  a nonsolvent  (water)  bath 
held at two  different  temperatures, 52OC (Fig.?(a)) and 3 O C  

(fig.7(b)), respectively.  We  see  the  porous  structure typi- 
cal  for  liquid-liquid  phase  separation, in' which  the  pores 
are  the  regions of  the  dilute  polymer phase,  which  have nu- 
cleated  and  grown in the  second,poIymer-rich phase. 

3.5 CONCLUSION 

From cloud  póint measurements. and DSC thermograms  we 
conclude  that in the  system  CA/dioxane/water  both  liquid- 
liquid  phase  separation  and  crystallization  are  possible. 
This is relevant  to  the  description of  the formation of the. 
dense  skin  and  the  porous  sublayer of a membrane. 



FIG.7. SEM, photographs of porous  substructure in membranes. 
Th& left  parts  give a IOx enlargement of the  porous 
substructure,  Coagulation at (a) 52OC and (b) 3 O C .  
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3 @ ?  APPENDIX 

SPINODAL AND CLOUD POIHTS DETERMINED BY PICS 

P u l s e   I n d u c e d   C r i t i c a l   S c a t t e r i n g   ( P I C S )  i s  a t e c h n i q u e  
f o r  determining  thermodynamic  and  kinet ic   parameters  of po- 
l ymer   so lu t ions .  It i s  e s p e c i a l l y   s u i t a b l e  f o r  t h e   d e t e r m i -  
n a t i o n  o f  c l o u d   p o i n t s   a n d   s p i n o d a l   p o i n t s  o f  l i q u i d - l i q u i d  
p h a s e   s e p a r a t i o n   i n  a polymer  solut ion.  The i n t e n s i t i e s  
of s c a t t e r e d  laser l i g h t   a r e  measured a f t e r  a f a s t   t e m p e r a -  
t u r e   s t e p  of  t h e   s a m p l e   i n t o   t h e   m e t a s t a b l e   r e g i o n ,  For 
t h e o r e t i c a l   c o n s i d e r a t i o n s   r e g a r d ' i n g   t h e   r e l a t i o n   b e t w e e n  
t h e   i n t e n s i t y  o f  t he   s ca t t e r ed   l i gh t   and   t he   t he rmodynamics  
of t he   sys t em  the   r eade r  i s  r e f e r r e d  t o  t h e   o r i g i n a l   l i t e -  
r a t u r e ,  

With t h i s   i n s t r q m e n t  one can also o b e a h   v e r y   u s e f u l  
i n fo rma t ion  on c rys ta l l iza t ion   process-es   in .   po lymer   so lu-  
t i o n s .  Koenhen4' s t u d i e d  crystallization of PP0 i n   t o l u e n e  
w i t h   t h e  PIGS a p p a r a t u s ,  

In t h i s  Appendix w e  r e p o r t   r e s u l t s  o f  spfnodal   and  

c loud   po in t   de te rmina t ions   in   the   sys tem  CA/dioxane/water .  
This i s  a te rnary   sys tem;  we assume t h e  same t h e o r e t i c a l  
c o n s i d e r a t i o n s  t o  be a p p l i c a b l e ,  

Measurements on ge la t ion   behaviour   have   recent ly   been  
unde r t aken ,   K ine t i c   i n fo rma t ion  on l i q u i d - l i q u i d   p h a s e   s e -  
pa ra t ion   and   c rys t a l l i za t lon   p rocesse ' s   can   con t r lbu te  much 
t o  t h e   d e s c r i p t i o n  of  t h e   f o r m a t i o n  o f  asymmetric  membranes, 

Exper imenta l  
Me h a v e   b u i l t   t h e . P I C S   i n s t r u m e n t   f o l l o w i n g   t h e   d e s i g n  

given by Derham e t  al , ' '  A t h i n   w a l l e d   c a p i l l a r y   c e l l   w i t h  
a d iameter  o f  l mm c o n t a i n i n g  a f e w  m i c r o l f t r e s  of  s o l u t i o n  
i s  cooled   s tepwise  from a tempera ture   wel l   above   ( say  20°C) 
the   c loud   po in t   t empera tu re  t o  a tempera ture   be low  thec loud  
p o i n t ,  The l i g h t   s o u r c e  i s  a helium-neon l a s e r   a n d   l i g h t  
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s c a t t e r e d   l i g h t .  
s t a t e   d e t e c t o r s .  

tor. 

guides  a t  two a n g l e s  o f  30" ( 1 3 0 )  and 90' ( T S O )  c o l l e c t   t h e  
The l i g h t   g u i d e s , p a s s   t h e   l i g h t  t o  s o l i d -  

The tempera ture  i s  measured   wi th   a thermis-  

&i 

'30s 

FIG.1. Pulse cool ing   run   (a )   and   c loud   po in t   de te rmina t ion  
( b )  of  a 2.6 w t %  CA s o l u t i o n   i n  a 65/35 mixture  o f  
d i o x a n e   a n d   w a t e r .   I n t e n s i t i e s   a t  two a n g l e s  o f  30' 

and 90'. Arrows i n d i c a t e   c l o u d   p o i n t  ( T c ) .  



I n  a sp inoda l   po in t   de t e rmina t ion   expe r imen t   t he   t he r -  
mos ta t e   ba th  i s  cooled   wi th  a c o n t r o l l e d   r a t e  of about  
O m l  oG/min. The t e m p e r a t u r e   s t e p  i s  produced by r o t a t i n g   t h e  
sample f r o m  a p l a c e  o f  h igh   t empera tu re   (hea ted  a i r  s t ream)  
t o  t h e   t h e r m o s t a t   b a t h .   T h e . l i g h t ’ s c a t t e r i n g  i s  f o l l o w e d f o r  
10-30 s .  An example i s  g i v e n   i n   F i g u r e ,   l a .   A f t e r .   t h i s   s t e p  
the  sample i s  brought   aga in  t o  h igh   tempera ture .  The i n t e n -  
s i t y  o f  t h e   s c a t t e r e d   I l g h t  i s  r e g i s t e r e d   d u r i n g   e v e r y p u l s e  
and   ‘ i n   t he   cou r se .o f   t ime  as a f u n c t i o n  of  t empera ture .  The 
, r e c i p r o c a l   i n t e n s i t y   d i f f e r e n c e  I = I f - Io , ,  where If i s  t h e  
i n t e n s i t y   a t   t h e  end of t h e   p u l s e   a n d  I. i s  measured j u s t  
above   t he   c loud   po in t ;  i s  p l o t t e d   a g a i n s t   t h e   t e m p e r a t u r e ,  
and the s p i n o d a l   p o i n t  i s  o b t a i n e d ’ f r o r n . t h i s   c u r v e - e x t r a p o -  
l a t i o n  t o  1-’+-0 ( F i g u r e  2 ) .  

FIG.2. Rec tp roca l  of i n t e n s i t y  as a f u n c t i o n  of tempera ture .  
The sample  has   the same compos i t ion   a s   i n   F igu re  1 .  
The a r r o w   i n d i c a t e s   t h e   s p i n o d a l   p o i n t  (Ts). 

A cloud point,  can be determined by approaching   the   e -  
quilibrium’from t h e  t w o - p h a s e - s i d e ,   i . e ,  by h e a t i n g   t h e p h a -  
s e   s e p a r a t e d   e m u l s i o n , ”  The emulsion i s  seeded by a s.ctdden 
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s t e p  f r o m  above t o  below the   c loud   po in t .  A sudden   increase  

i n  1 3 0  i s  t aken   a s   ev idence  o f  emulsion  formation.  Then t h e  

l i n e a r   h e a t i n g  o f  t h e   t h e r m o s t a t   b a t h  a t  a r a t e  o f  
0.2'/min i s  swi tched   on .   This   l eads  t o  a r a p i d   d e c l i n e  of 
130. The c loud   po in t  i s  the   po in t   where  1 3 0  ( o r  Ig0) r e t u r n s  
t o  t h e   b a s e l i n e   ( F i g u r e   ? b )  o 

In   Chapter  3 we have  mentioned  t.he  occurrence o f  syne- 
r e s i s   a f t e r   e n t e r i n g   t h e   d e m i x i n g   r e g i o n ,   A f t e r   w a i t i n g  f o r  
some time a t  a tempera ture  o f  on ly  a few  degrees  below  the 

c l o u d   p o i n t   t e m p e r a t u r e ,  a c l e a r   d i l u t e   p h a s e   a p p e a r s  on t o p  
of it c loudy  ge l - l ike   phase .   This   ge l - l ike   phase   d i sappears  
o n l y   a f t e r   h e a t i n g  t o  much h ighe r   t empera tu re   t han   t he  
c l o u d   p o i r , t ,   T h i s   r a t h e r   f a s t   p r o c e s s  o f  s y r , e r e s i s   i r ? t e r f e -  
r e s   w i t h   a n   a c c u r a t e   d e t e r m i n a t i o n  o f  c l o u d   p o i n t s   a n d ' s p i -  
n o d a l   p o i n t s .  A r e a s o n a b l e   r e p r o d u c i b i l i t y   i n   r e p e a t e d   r u n s  
was ob ta ined  when c e n t r i f u g i n g   % h e   s o l u t i o n   a t   h i g h   t e m p e -  
r a tu re s   be fo re   eve ry   , run  k o  o b t a i n  a h igh   degree  o f  homoge- 
n i e t y .   S t i l l   t h e   r e p r o d u c i b i l i t y  i s  n o t   b e t t e r   t h a n  0.4°C. 

Resu l t s   and   d i scuss ion  
SpFnodal  and.  cloud  points  were  determined (FigLzre 3 )  

f a r   s a m p l e s   w i t h  two d i f f e r e n t   s o l v e n t / n o n s o l v e n t   r a t i o s   a s  
a f u n c t i o n  o f  po lymer   weight   f rac t ion .  The v a l u e s   g i v e n   a r e  
mean v a l u e s  of a t  l e a s t   t h r e e   s p i n o d a l / c l o u d   p o i r , t s   r u n s .  
Also g ive r ,   a r e   c loud   po in t s   ob ta ined   f rom  v i sua lobse rva t ion  
( s e c t i o n  3.3.1)..  There i s  a l a r g e   d i s c r e p a n c y   i n   t h e   l o c a -  
t i o n  on the   t empera tu re   ax i s .   Apparen t ly  a PICS determina-  
t i o n  of t h e   c l o u d   p o i n t  i s  more s e n s i t i v e   s i n c e  we c o u l d n o t  
s ee   any   s ign  of  t u r b i d i t y   w i t h   t h e   n a k e d   e y e   a t   t h e  (PICS) 
c loud   po in t   t empera tu re .  

The f a c t   , t h a t  we can  determine a s p i n o d a l   p o i n t  i s  an- 
,other   proof  o f  l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n   i n   t h i s   s y s -  
tem. ( s e e   s e c t i o n  3 . 4 ) .  

For a composi t ion of 65/35 d i o x a n e / w a t e r   i n   t h e   s o l v e n t  
mixture  we s e e   t h a t   a t  CA c o n c e n t r a t i o n s  o f  10-15% t h e  mean 
s p i n o d a l   p o i n t   a p p e a r s  t o  be s i t u a t e d   a t   t h e  same o r a t h i g h -  

71 



er temperature  than  the  cloud point. The  points  lie  within 
their  respective  range of reproducibility ( o r  accuracy). At 
lower  polymer  concentration  the  difference  between  the  spi- 
nodal and cloud  point is much larger; this  is  also  the  case 
at higher  polymer  concentration c The  reason for the fact 
that cloud points and  spinodal  points  appear to coincide 
may  be that the  critical  point is situated in this  region, 

50 

T ("Cl 

T 40 

30 

20 

FIC-e3e. Spinodal  and cloud points at two  dioxane/water  ratios 
as a function .of CA percentage.: upper  three  curves 
for a  dioxane/water  mixture 65/35 (m) cloud  point, 
(O) spinodal  and (-) visual  observation;  lower cur- 
ves for  a.mixture ? 0 / 3 0  (V) cloud  point, (O) spino- 

- dal point  and (-) f rom visual  observation, 

and at about this'  dioxane  to  water ratio.  At this  point 
the  metastable region vanishes  and  one  may  expect  a  much 
steeper  increase in the  intensity of the scattered  light 
as a function'of the  temperature.  Analyzing  the  pulsed  runs 
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it appears  that  the  rate of increase of I3 O (and 1 9 0 )  is 
mwch larger a+ about 15% .,.CA. than at lower or higher  polymer 
concentratir'ons. 

We have not performed a detailed analysis of  the kine- 
tic aspects of the liquid-liquid demixing  process.  Only at 
the lowest polymer  concentration  considered. (2.6% CA,  see 
Figure-..I ) -.-we.-saw-..--a  -decrease. sf-19 O during.  en increase of, 
1 3  O .  Following Derham4'this can be interpreted  as  having rea- 
ched  the  situation  where  the  scattering  particles  have a 
size  ccmparable  to  the wavelength of the  light (f 606 nm) . 
This  occurs at about 36.1 'C in the  case  given  by  Figure ?a, 
whi ch.-. Fs ...abaurt.....4...,d.egrees below  the  cloud  point  and  perhaps 
1 degree,:,below 'the spinodal point of .the homogeneous solu- 
tion y At higher  polymer concentrations, coalescence and 
subsequently  ayceresis  are likely to  influence  the intensi- 
ty of  the  scattered  light.  Only  maxima in 1 3 0  are  observed 
and not  in 19  O . 
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4. PHASE SEPARATION PHENOMENA IN SOLUTIONS OF CELLULOSE 
ACETATE. UI. MELTING  POINTS OF THERMOWEVERSIBLE  GELS 
OF CELLULOSE ACETATE IN MIXTURES OF DlOXANE AND WATER 

F.W.ALTENA, J,S,SCHRÖDER, Revan de HULST and C,A.SMOLDERS 
Department  of  Chemical  Technology,  Twente  University of 
Technology,  Enschede,  The  Netherlands, 

4=0 SYNOPSIS 

Thermoreversible  gels of cellulose  acetate  can be ob- 
tained by cooling a concentrated  solution of the  polymer 
(40-60%) in a  mixture of  a solvent  (dioxane) and a  nonsol- 
vent  (waAer), This is a polymer/sol~ept/nonsolvent system 
which is frequently  used .in the  preparation of reverse os- 
mosis  membranes of CA, 

Upon heating  these  gels  endothermic  effects  can be 
measured  by differential  scanning  calorimetry.  These  heat 
effects are ascrtbed  to the melting of a  crystalline  phase 
consisting of cellulose  triacetate  units, 

The  concentration  dependence  of  the  melting  points is 
reasonably well described  by  the  Flory  expression  for  the 
melting  point depressionc.In our case'we assume  equilibrium 
between a pure  crystalline  phase  and a liquid  phase of a 
polymer in a mixed  solvent,  The  heat  of fusion per  mole  of 
crystalline  units  increases  from 6 to 22 kJ when theconcen- 

- tration of water in &he mixture  increases from O to 20%. 

With  these  values  a maximum degree  of  crystallinity of 5% 
has been  ca.lculat,ed. 

Kinetic, effects of ,increasing water content are dis- 
cussed c 



4. I INTRODUCTION 

Recently Koenhen et al.’Isuggested that.two distinctly 
different  demixing  processes  are  responsible for the forma- 
tion of an asymmetric  membrane,  viz.  (i)  gelation for the 
toplayer and (ii) liquid-liquid phase separation for,the 
lower  layer.  Liquid-liquld  phase  separation  takes  place at 
low and medium  polymer  concentration  and variablenonsolvent 
content,  whereas  gelation is operative at high polymer  con- 
centration  and law nonsolvent  content. We have  shown2’  that 
these  two  types of  phase  separation  can  also  be  found inthe 
system  CA/dioxane/water. 

Only few authors have  studied  systems in which  both 
liquid-liquid phase separation and  crystallization  take 
place. ’ ‘1 

In  the  present  Chapter  we  try to explain gelation of 
CA as a result of a crystallization  process,  though  other 
types of  cross links,are  not excluded.  Evidence  for  this 
explanation  is  based  on  thermodynamic  grounds,# viz. melting 
points  and  heats of  melting as a function of  composition. 
No structural information is’available at  present. 

4 2  THERMODYNAMIC CONSIDERATIONS 

Following Flory51 we assume equilibrium  between  the 
crystalline  phase and the  liquid  phase.  The  temperature at 
which this  equilibrium  exists is the  melting  point T When 
we  take  the  pure liquid (the  melt)  as  the reference state, 
the  equilibrium is expressed in the  relation: 

m’ 

C 0 -  O vu - 1-1, - vu - UU 
where u, is the chemical p.otentia1  per  mole of repeating 
units  in  the  standard  state, 1 . 1 ~  is  the chemical potential 
per mole of  crystalline  units and 1.1 is the chemical poten- 
tial per  mole of units  in  the  solution. 

O 

C 

U 



We assume that  t h e   l e f t - h a n d   p a r t  o f  equa t ion  ( l )  may 
be w r i t t e n  as fo l lows :  

c O 
v, - uu = -AHU(I  -T~/T:) 

where AHu i s ' t h e   h e a t  o f  f u s i o n   p e r  mole o f  r e p e a t i n g   u n i t s  
and T: i s  the   me l t ing   t empera tu re  o f  t h e   p u r e   c r y s t a l .  

An expres s ion  f o r  t h e   r i g h t - h a n d   p a r t  o f  equa t ion  ( 1 )  
i s  d e r i v e d  f r o m  t h e   f r e e   e n t h a l p y  o f  miximig, u s u a l l y e x p r e s -  
s e d   i n   t h e  f o r m  o f  the  Flory-Huggins  equat ion.  5' 6'1 I n   t h i s  
Chapter we w i l l  u s e   t h i s   e q u a t i o n   e x p r e s s e d   i n  volume f r a c -  
t i o n s   a n d   w i t h  a f r e e   e n t h a l p y   c o r r e c t i o n   p a r a m e t . e r   g a c c o r -  
dirxg t o  Koningsveld" : 

AGm i s  e x p r e s s e d   i n   J o u l e s   p e r  m o l e . o f  l a t t i c e   s i t e s ,  @ l t @ 2  

and $3 a r e   t h e   r e s p e c t i v e  volume f r a c t i o n s  o f  t h e  components 
used, The i n d i c e s   r e f e r  t o  t he   nonso lven t  ( l ) ?  t h e   s o l v e n t  
( 2 )  and  the  polymer (3)  r e s p e c t i v e l y .  The r a t i o s  of  t h e  mo- 
l a r  volumes o f  t h e  components ( s  = V 1 / ~ 2 ; , r  = V L / V ~ )  a r e  
t n c l u d e d   i n   t h e   r e l a t i o n  t o  account  for t h e  number o f  
l a . t t i c e   s i t e s   o c c u p i e d  by the  eomponentse A t  p r e s e n t  we as- 
sume t h a t   t h e   c o n t r i b u t i q n   a f   t h e   p o l y m e r  t o  t h e   f r e e e n t h a l -  
py o f  mixing Fs s u i t a b l y   w e l l   d e s c r i b e d  by  one  molecular 
weight  M B ,  s e t   e q u a l  t o  t h e  number ave raged   mo lecu la rwe igh t  
Mn" The g - p z r a m e t e r s   a r e   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 ,   a n d  
i f  we assume n o  c o n c e n t r a t i o n  d-ependenee the   g -pzrameters  
equa l   t he   F lo ry -Hugg ins   i n t e rac t ion   pa rame te r s  ~ 1 2 ~  and 

- 

X 2  3 a 

When equa t ion  (3)  i s  d i f f e r e n t i a t e d   w i t h   r e s p e c t   t o t h e  
number of mo les -o f  component 3 ,  equa t ion  ( 4 )  i s  de r ived :  

O where uU-p, i s  e x p r e s s e d   i n   J o u l e s  per mole o f  u n i t s  of corn- 
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ponen t   1 .   In se r t ing  ( 2 )  and ( 4 )  i n   e q u a t i o n  ( l ) ,  whi le  mul- 
t i p l y i n g  ( 4 )  w i t h  V u / V 1  i n   o r d e r  t o  e q u a l i z e   t h e   u n i t s   a n d  
t a k i n g  T = T m ,  g ives :  . 

f 

-g120102 ( 5 )  

where vu  i s  the  molar  volume o f  t h e   r e p e a t i n g   u n i t ,   a n d  i t  
i s  assumed t h a t  r + O .  

Usually a n   e q u a t i o n   s u c h   a s  ( 5 )  i s  used f o r  a two com- 
ponent  system (0l=O), a f t e r   r e a r r a n g i n g :  

AHu and g23 a r e   d e r i v e d  from t h e   p l o t  of  ( I /Tm - l / T O ) / @ 2  
a g a i n s t  42 e 

The experiments  f o r  th.2 t h r e e  component  system  are  per- 
formed  with a c o n s t a n t  volume r a t i o  of  components 1 and 2: 

$1 = p02 ( 7 )  

I n s e r t i n g   t h i s   i n   e q u a t i o n ,  ( 5 )  we f i n d   a f t e r   r e a r r a n g i n g :  

1 1 
(- - + / o 2  = -p’s+$2(p2g13+p(g13+sg23-g12) 

Tm T: AHUV 1 1 .  
+sg2 3 1 ( 8 )  1 

I n   o u r , e x p e r i m e n t s   t h e   p r o p o r t i o n  r a t i o  p of  s o l v e n t  
and   nonsolvent   i svar ied   and   the   mel t ing   po in t   dependence  on 
the   po lymer   we igh t   f r ac t ion   ($3 )   and   t he   so lven t   f r ac t ion  

i s  determined.  We w i l l  i n t r o d u c e   l i t e r a t u r e   v a l u e s  f o r  
the   g -parameters .  
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4.3 EXPERIMENTAL 

,4* 3 e 1 Materials 
D e t a i l s  Cf t h e   m a t e r i a l s  are g i v e n   i n   C h a p t e r  3. 

3.2 Cloud points  Measurements - 
Cloud poin ts   were   de te rmined  by u s i n g  t.he  method  des- 

c r i b e d   e a r l i e r .  ’’ 
I n   t h i s   C h a p t e r  we_ concentra- te  on obse rva t ions  o f  de- 

mixing i n   t h e   v e r y   c o n c e n t r a t e d   r e g i o n   i n   t h e   p h a s e   d i a g r a m .  
The composi t ion of t h e   s a m p l e s   l i e   p r e f e r a b l y   o u t s i d e   t h e  
( e x t r a p o l a t e d )   c l o u d   p o i r , t   l i n e s . o f   t h e   l i q u i d - l i q u i d   p h a s e  
s e p a r a t i o n   r e g i o n .  

4 0 3 0 , 3  Dif fe ren t i a l   Scann ing   Ga lo r ime t ry  
T h e  so lu t ions   were   p repa red   a s   desc r ibed !  i n  Chapter 3. 

The l o w  tempera ture   haadl ing  o f  t h e   . s a m p l e s   i n   t h e   i n s t r u -  

ment was considerably  improved by us ing   an  imppoved coo l ing  
head  and by c a r e f u l   i n t r o d u c t i o n  o f  l i q u i d   n i t r o g e n e g ’  

We have shown ea r l i e r2 ) tha t   measu rab le   endo the rmie   e f -  

f e c t s  upon h e a t i n g   a r e   o n l y   p r e s e n t   a f t e r   c o n s i d e r a b l e a g i n g  
pe r iods  a t  l o w  t empera tu res ,  We now u s e   t h e   f a c t   t h a t   t h i s  
i s  a slow process  t o  o b t a i n  a q u a n t i t a t i v e   v a l u e  f o r  t h e  
h e a t   e f f e c t ,  
Th i s   va lue  i s  determined by s u b s t r a c t i n g   t h e   t h e r m o g r a m a f -  
t e r   a g i n g  from  the  one  obtained  without  aging  before  rehea- 
t i n g ,   I n   t h i s  way a minimal   value for t.he hea t   e f f ec t ,  i s  de- 
termined.  If the   f a s t   coo l ing   and   immedia t e   r ehea t ing  p r o -  
cedure   would   resu l t  i n  an   endo the rmic   e f f ec t  upon h e a t i n g ,  
t h i s   e f f e c t  i s  h i d d e n   i n   t h e   b a s e l i n e   n o i s e .  The normal 
h e a t i n g   r a t e  i s  l .O°C per  minute.  The lowes t   hea t   va lue   which  

. we can   de te rmine   wi th  a c e r t a i n   d e g r e e  of accuracy  i s  about  
0,2 J / g  polymer u n i t s s   I n   t h i s   r e g i o n   t h e   a c c u r a c y  of t h e  
in s t rumen t  i s  v e r y   l i m i t e d ,  The m e l t i n g   p o i n t  i s  determined 
a s  the   end  of the  endothermic  peak,   where  the l as t  t r a c e s  pf  

ma te r i a l   T1mel t l t o  The accuracy  i s  n o t   b e t t e r   t h a n  i- 3 K .  
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4.4 RESULTS 

4.4 .l Tur bcidity %lewmr.e.memts 
Apar t   f rom  the   reg ion   where   c loud   po in t   de te rmina t ions  

have  been made a t  lower   po lymer   concent ra t ions   ( see   F igure  
l )  we have also s t u d i e d  a r e g i o n  a t  h i g h e r . c o n c e n t r a t i o n s  of 
po lymer   (dashed   reg ion   iq .F igure  l ) .  One c a n   r o u g h l y   d i s t i n -  
g u i s h   t h r e e   d i f f e r e n t   z o n e s   i n   t h i s   r e g i o n   a c c o r d i n g   t o   v i -  
sual  e v a l u a t i o n  o f  t hese   t e rna ry   sys t ems :  

I: systems  homogeneous a t  9 O 0 C  a n d   a l s o  homog.eneous a t  l O°C,  

11: systems  homogeneous a t  9 O o C ,  b u t   t u r b i d  a t  10°C, 
111: sys tems  tu rb id   over   the   comple te   t empera ture   range  

f r o m  l O - 9 O 0 C  o 

dioxane ---- 80 60 40 20 

FIG,I ,   Gela t ion  ( A )  a n d   l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n  ( B )  
i n   t he   sys t em  CA/d ioxane /wa te r .   Coex i s t ence   l i nes   fo r  
t h e   l a t t e r  a t  d i f f e x e n t   t e m p e r a t u r e s .  For exp lana t ion  
o f  symbols I, I1 and I11 s e e   t e x t .  Dashed l i n e   i n d i -  

' ca te s   t he   r eg ion   where  D S C  measurements  have  been 
made. 
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E s p e c i a l l y  a t  h igh   concen t r a t5ons  o f  polymer  themixing 
p rocess  i s  d i f f i c u l t .  The gene ra l   t r endp   however ,  seems 
c l e a r :   i n c r e a s i n g   t h e   n o n s o l v e n t   c o n t e n t   g i v e s   t u r b i d i t y  a t  
a l ower   ove ra l l   po lymer   concen t r a t ion ,  Two i m p o r t a n t   p o i n t s  
may be n o t e d   h e r e .   F i r s t ,   s y s t e m s   w i t h o u t   n o n s o l v e n t ,   i . e .  
on the   po lym&/solvent   ax is ,  show phase  separation.  Second- 
l y ,  many sys tems  which   g ive   an   endothermic   hea t   e f fec t   in  
DSC upon h e a t i n g ,   a r e   v i s u a l l y   c l e a r   a t  l o w  tempera ture .  The 
systems  which  do show t u r b i d i t y   a t  room temperature   have a 
v e r y .   e l a s t i c   g e l - l i k e   b e h a v i o u r .  

4 ., 4 e 2 Di f f e ren t i a l   Scann ing   Ca lo r ime t , rg  

4e4e2 * l  Mel t ing   Po in t s  
- - - - - w  ------- 

The dependence  of   the  mel t ing  point  of t he   mix tu re  on 
t h e   w e i g h t   f r a c t i o n  of  polymer i s  determined as a f u n c t i o n  

of t h e   w a t e r   c o n t e n t   i n   t h e   s o l v e n t / n o n s o l v e n t   m 5 x t u r e .  The 
r e s u l t s   a r e   g i v e n   i n   F i g u r e   2 a ,   ‘ T h e   v a l u e s   f o r   t h e   m e l t i n g  
p o i n t s  a . t  409  50 and 60 w t %  CA are o b t a i n e d   b y i n t e r p o l a t i o n  
of t h e   e x p e r i m e n t a l   r e s u l t s ,   I n   F i g u r e   2 b   t h e   v a l u e s   f o r t h e  
endo the rmic   hea t   e f f ec t s  upon h e a t i n g  f rom 20 t o  10O0G a r e  
g iven ,  The systems  have  been  aged a t  20°C f o r  a p e r i o d  of 
t h r e e   d a y s ,  The f o l l o w i n g   o b s e r v a t i o n s  may be  noted: 
- t h e   m e l t i n g   p o i n t s   i n c r e a s e d  as expec ted ,   w i th   t he   we igh t  

f r a c t i o n  of  the  polymer,  
- t h e r e  i s  a t e n d e n c y   f o r   t h e   m e l t i n g   p o i n t  t o  d e c r e a s e w i t h  

a n   i n c r e a s i n g   n o n s o l v e n t   c o n t e n t ,  
- i n   g e n e r a l  Q? t h e  amount  of h e a t   p e r  gram o f  CA,  i n c r e a s e s  

wi th   increas ing   water   conten t , .  We n o t i c e  a p e c u l i a r  maxi- 
mum, n o t   y e t   u n d e r s t o o d ,   i n   t h e   c u r v e  f o r  60% polymer.’ 

- even  without   adding  water  t o  the  system  CA/dioxane  there 
i s  a smal l   bu t   measurable   endothermic   hea t   e f fec t .  

4e4.2 62 Inf luenc~_of-~glnp_t ime_at_20”C 
I n   F i g u r e  2 r e s u l t s   a r e   p r e s e n t e d  f o r  s a m p l e s   a f t e r   a -  

ging f o r   t h r e e   d a y s ,  If w e  compare t h e   m e l t i n g   p o i n t s   a n d  
t h e   v a l u e s   f o r   t h e   h e a t   e f f e c t  a t  s h o r t e r   a g i n g   p e r f o d s ,  we 
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can  make  the  following  ,remarks: 
- the  melting  points do not  differ  within  the  accuracy of 
the  experiments, 

- at high  water  content.(20%)  the  value f o r  Q after  one  day 
aging  does not differ  from  that  after  three  days aging, 
whereas  at  lower  water  content (e.g. 10%) the  one  day va- 
lue is much  smaller  than  that  after  three days.  Hence 
increasing the  water  percentage  has a positive kineticin- 
f luence 

(a> 

FIG.2 e 
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points  (a)  and  heat  effects (b) from DSC ex- 
periments  as a function of nonsolvent  content in the 
dioxane/water  mixture. 
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4.,4.2.3 Influence  of  different  cooling rates on  the  melting 
- - -P- - - - - - - - - - - - - - - - - - - - - - - - -  -------------------- 
endotherm --------- 

We have mentioned  before  that  direct  reheating  after 
cooling  gives no appreciable  heat effects. On the other  hand 
we  have  found small heat  effects  during  heating (l O°C per 
minute)  after-  cooling at sufficiently low cooling  rates.The 
polymer  concentration is high,  about 60%. The water content 
in the  solvent/nonsolvent  mixture is 15-20%. These small 
heat  effects  could be made vis5.ble after  subtracting  the  (re- 
heating)  curves for rapidly  cooled  samples (40°C/minute and 
higher)  from  the  curves for slowly  cooled  samples (1,25'C/ 
mtnute), The heat  effect is in the  same  temperature  range  as 
those in Figure 2a, No effect  could be observed at 10$water 
content in the mixture. 

,!+.e4e2e4 Influence  of  cooling t o  -1OOC- ------------------- --------- 
When we performed the same  expe-riment as under 4.4.2.3$ 

but if we cooled  down to -1 O O G ,  instead of 2OoC, we noticed 
that: . 

- endothermic  heat  effects  upon  heating  are  situated  below 
30Oc.9 

- only low cooling rates (below 2,5'C/minute) gave  these 
heat  effects  upon  heating, 

- heat  effects  are  also  visible at water percentages  of 10%. 
From  these  observations it appears. that  cooling  to a lower 
temperature  results in llmeltingl'  peaks  which are shifted  to 
lower  temperatures, It gives rise to heat effects  occurring 
at lower  water  content and to a slow gelation  process. 

4 s 4 s 2 e 5  c e r a t ~ a E , a f t e r , ~ ~ s u l ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ E  
In Figure 3.we present  results  obtained in a  similar 

way as  those in-Figure 2, but now with a  water  content in 
the  solvent/nonsolvent  mixture of 40% and a lower  polymer 
concentration,  The  systems lie in that region in the ternary 
phase  diagram  where  liquid-liquid  phase  separation  occurs 
immediately  after  cooling to a temperature  below  about 6 O o C  e 
We notice  that  the  melting  point  increases with polymer  con- 
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centration (as in the  highly  concentrated  systems of Figure 
2) but  the  area  under  the  endotherm  decreases  with increa- 
sing  polymer  concentration.  Furthermore,  even  the  lowe,st 
Q-value  determined is a factor 2 or 3 higher  than that de- 
termined in the region of high polymer  weight  fraction  and 
low nonsolvent  content  (Figure 2) o These  results  are not yet 
fully  understood. 

""1 30 
.o 10 20 

----C CA ('/o) 

FIG.3. Melting  points  and  heats  of  melting  from DSC experi- 
ments as a  function  of po1yme.r weight  fraction.  These 
systems have'  a water  percentage of 4.0% in the  dioxa- 
ne/water  mixture, 

A complicated  phase  separation processtakes place: 
first there is liquid-liquid  phase  separation  resulting in 
a  dilute and a  concentrated  phase s followed by gelation 
(crystallization) in the  concentrated phase. In terms of 
membrane f orma'tion the  latter  phenomena of liquid-liquid 
phase  separation  and  gelation  combined  take  care of the for- 
mation  and  solidification of the  porous  sublayer. 



I n   t h e   t h e o r e t i c a l   s e c t i o n  we d e r i v e d   a n   e q u a t i o n  for 
the  dependence o f  Tm’ t h e   m e l t i n g   p o i n t ,  on $ 2 s   t h e   s o l v e n t  
volume f r a c t i o n ,  We expec t  a l i n e a r   r e l a t i o n s h i p   b e t w e e n  

( - l / T m - 1 / T z ) / 4 2  2nd $ 2  From T i 9  t h e   m e l t i n g   p o i n t  o f  t h e  
p u r e   c r y s t a l ,  we have  chosen  the  value o f  5?9KL6’va l id fo r  
c e l l u l o s e   t r i a c e t a t e ,  The e x p e r i m e n t a l   d a t a   a r e   p l o t t e d   i n  
F igu re  4 f o r  f 5 v e   d i f f e r e n t  ra t ios  of dioxane/water.   Reason- 
a b l y   s t r a i g h t   l i n e s   a r e   o b t a i n e d ,  The q u a n t i t i e s   c a l c u l a t e d  
from t h e   s l o p e  and t h e   i n t e r c e p t  o f  t h i s   p l o t   a r e   d i s c u s s e d  
i n  t h e   f o l l o w i n g   s e c t i o n ,  

diomnee% wakr%I 

FIG,4, Dependence o f  (?/Tm-1/Ti-)/$2  an $ 2 ,  c a l c u l a t e d  from 
expe r imen ta l   da t a  on which  Figure Z a  i s  based, 



4.5 D I S C U S S I O N  

In  this  discussion section we would like to  focus  our 
attention on  the  following  three  points: 
1. Evidence for crystalline  regions  in  the  gels, 
2. Thermodynamic  description of  the  melting  point  of  the 

crystalline  regions  as a  function of polymer concentra- 
tion  and  nonsolvent  content, 

3. Some further remarks:.) kinetics, degree of crystallinity 
and  mixed  crystals . 

4.5.1 Evidence for crxstallinity --------------- --------- 
Thermoreversible  gels  can be obta.ined from CA in mix- 

tures of  dioxane/water. A high polymer  concentration  is ne- 
eessary  for  the formation of the gel ' (see  Figure l ) .  Wie must 
first  make  certain  that  the  phenomenon of gelation  is  due 
to a different  type of demixing  than the.liquid-liquidphase 
separation  found earlier2': 
- The  systems  under  study  have a composition  outside  the 

(extrapolated) liquid-liquid phase  separation  coexistence 
' lines,,  Even  concentrated  solutions of CA in dioxane alone 

(i.e. without,,any nonsolvent present)  became  turbid and 
gelatinous when cooled  from 9 O o C  to 2 O o C .  

- It  takes  long  aging  periods  (sometimes  days)  to  obtain 
effects  of  demixing that,,can,be,detected by DSC measure- 
ments. As we ' know from  ea'rlier  measurements liquid-liquid 
separation is  a  fast process. 

We think  that  crystalline  regions  are responsible for 
the  physical  crosslinks in the  demixing  that  leads  to  gela- 
tion.  We  do not  exclude  that  crosslinks of a different  type 
are  also  operative. 

A thermodynamic description of the  melting  point ofthe 
gel  as a  function- of  polymer  volume fraction and nonsolvent 
content in the  system  gives  reasonable  values for the  heat 
of  melting  per mole of crystalline  units  (see  below)oSo far 
we'have no structural evidence for crystallinity  in  our sys- 
tems, We could  not  observe a change in birefringence  in  the 
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gel in the same  temperature interval in which we performed 
our DSC experiments- 

h C 5 * 2  Thermodpamic data from melting  point  curves 
- - - - - P -  - - P P - - - - - - - - - - - - - - - - - -  -----------P- 

A thermodynamic  description .of gelation  often  concen- 
trates on the melting  point  dependence  as  a  function of the 
polymer  weight fractionb5’14’151 There is however a concep- 
tual problem in defining  the  melting point: in general, mel- 
ting does not occur at a sharply  defined  temperature,  but 
over a certain  temperature  interval.  This is also  the  case 
in our  systems,  The  temperature interval is about 2 O o C ,  Se- 
veral methods  can be used  to  determLne  a 91melting1r point: 
- disappearance of turbidity (very  inaccurate), 
- the  onset of flow of the gel  when the  temperature is chan- 
ged, 1 0 - 1  3 1  

- Calorimetric  determination, as used in.this Chapter,where 
the  melting  point is taken at the  end of the  melting  endo- 
therm e 

Several authors have given  a  theoretical  treatment of 
the  melting  point  as a function of  the  polymer  weight frac- 
tion,  The  descriptions of Flory’)  and Takahashi’’) are sui- 
table for gels in which  there are crosslinks  of  a  crystalli- 
ne nature, From the  equation  of Flory, one  derives  AHu,  the 
heat of fusion  per mole  of crystalline  units  and  interaction 
parameter x between  polymer and solvent in a  binary  system, 
Takahashi  calculates 5, the number  of  crystallized  units 
entering  into  a  crystallite, and oe, the interfacial free 
energy  per  crystalline  sequence,  us2ng  values for AHu and 
the interaction  parameter  already  known.  Both  descrTptions 
use a  value for the  melting  temperature  of  the  pure  crystal 
T:= The  equation.  of  Takahashi for the  melting  point  depen- 

. dence  on  the  polymer  weight  fraction is limited  to low POlY- 
mer  concentrations. 

The  equation  -of  Eldridge  and Ferryx4) does not require 
specific  knowledge of the nature of the crosslinks  of  the 
gel. The  inverse of the  melting  point  should  depend  linear- 
ly on the  logarithm of the  polymer  weight  fraction,  The 
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s l o p e   o f   t h i s   p l o t   g i v e s  AHm,  t h e   h e a t  of melting  per  mole 

of   c ross l inks ,   Problems w i l l  a r i s e  i f  t h e   d i s p e r s i o n  a t  h igh  
tempera ture  i s  not   comple te   (because   equi l ibr ium i s  assumed 

be tween   po ten t i a l   c ros ’ s l inks  ’ .  a n d   a c t u a l   c r o s s l i n k s ) ,  
and i f  the   sequences  o f  t h e   c h a i n s   w h i c h   t a k e   p a r t   i n   t h e  
c r o s s l i n k s   a r e  of d i f f e r e n t   l e n g t h s  o r  i f  varying  numbers 
o f  c h a i n s   c o o p e r a t e   i n  a c r o s s l i n k .   I n   t h i s   s i t u a t i o n  a 
spectrum o f  AHm w i l l  r e s u l t   a n d  AHm might   vary   wi th   the  lo- 
gari thm o f  the   po lymer   concent ra t ion .  The r e l a t i o n  o f  

E ldr idge   and   Fer ry   has   been   appl ied  t o  g e l a t i o n .  o f  GA i n b e n -  
z y l a l c o h o l  by s e v e r a l   a u t h o r s 9   s e e   r e f .   1 3 a  They  found a v a -  
l u e  o f  -6OkJ/:moleforCTA  and -44 kJ/mole f o r  CA.  

A l though   one   u sua l ly   does   no t   app ly   t he   r e l a t ion  o f  
E ldr idge   and   Fer ry  t o  po lymer   concent ra t ions   h igher   thanlO%,  
we c a l c u l a t e d  AHm from our  e x p e r i m e n t a l   d a t a   a t  40-60% CA.  
The r e s u l t s  are  g i v e n   i n   T a b l e  l e  

percentage  o f  w a t e r   i n  
dioxane/water  mixture 

~~ .~ 

A H m ,  h e a t  of  melting 
( k J / f l o l e c r o s s l i n k s )  

O 

10 

15  
20 

-31 
-60 

-50 
-38 

Table l :  Heat of mel t ing  o f  t h e   g e l ,   c a l c u l a t e d  f r o m  
d ( l n   c ) / d ( l / T m )  = AHm/R (E ld r idge14’ ) .  

The accuracy  o f  t h e   r e s u l t s   g i v e n   i n   T a b l e  l i s  n o t   b e t t e r  

t han  1 O kJ/mole. 
For a’ f u r t h e r   e v a l u a t i o n  o f  t he   expe r imen ta l   da t a  we 

r e f e r  t o  equakion- (8)  a n d   t o . F i g u r e  4.* Assuming a c e r t a i n  
’ v a l u e   f o r  T: and f o r  t h e   v a l u e s  o f  t h e   i n t e r a c t i o n  parame- 
t e r s  g12 and  g13, we s h a l l   f i n d   v a l u e s  f o r  AHu f r o m  t h e  i n -  
t e r c e p t   a n d  f o r  g23 f r o m  t h e   s l o p e  o f  t h e   c u r v e s   i n   F i g u r e  4 .  
One could o f  cou r se   equa l ly   we l l   choose  a d i f f e r e n t   g - p a r a -  
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meter as an unknown v a r i a b l e ,  A t  t h i s , s t a g e  we assume t h a t  
no   so lvent  i s  p r e s e n t   i n   t h e   c r y s t a l l i n e   p h a s e ,   F o r  To we 
have   chosen   the   va lue  f o r  CTA as g iven  by Malm"19 viz:.579Ke 

The m e l t i n g   p o i n t   d e p r e s s i o n   e q u a t i o n   h a s   b e e n m o d i f i e d  
by Hoffman171, t o  account  f o r  a l a rge   d i f f e rence   be tween  Tm 
and T i e  I n s t e a d  o f  p l o t t i n g  ( l  /Tm- l  / T i ) / @ 2  a g a i n s t  z we 
then  have t o  p l o t   ( l / T i - T m / ( T i ) 2 ) / @ 2   a g a i n s t  $20 D i f f e r e n t  
va lues  o f  AHu and  923 will t h e n   r e s u l t ,  

m 

I n   t h e   c a s e  o f  a b ina ry   sys t em  one   gene ra l ly   p lo t s  on 
t h e   a b s c i s s a   t h e   w e i g h t  o r  volume f r a c t i o n   d i v i d e d  by t h e  
a b s o l u t e   t e m p e r a t u r e ,  t o  account  f or t h e   u s u a l l y   i n v e r s e  
temperature  dependence of t he   i n t e rac t ion   pa rame te r ,   Because  
o f  t h e   l i m i t e d   a c c u r a c y   a n d   t h e   r e l a t i v e l y  small tempera ture  
i n t e r v a l  we used @ z  a t   t h e   a b s e 5 s s a .  The l imi t ed   accu rxcy  
makes it d i f f i c u l t  anyhow t o  determine a t empera tu re  o r  con- 
cent ra t ion   dependence  o f  t h e   i n t e r a c t i o n   p a r a m e t e r s  from 
t h e s e   m e l t i n g   p o i n t   d a t a .  

We used   the   fo l lowing   parameter   va lues :  V 1  = 18a07: 
v2 = 8 5 0 9 ;  M U  = 288; p(CA) = 1.3 g/cm3,.. g12 = la1  and 
g13 = l a 4 . a  The r e s u l t s   a r e   g i v e n   i n   T a b l e  2 and i n   F i g u r e  5. 

O O00 6a3 Oe18 9 . 8  0.19 OaO8 0.10 

5 0,052 8 , 3  0-22  12 ,6  0.23 0-10  0.12 
10 O e 1 1 1  8c8 Oe26 14.1 0.27 0.14 0.16 

15 O e 1 7 6  9.7 Oë33 13.9 ' Oe32 0019 0.21 

20. 0025 I I a L  Oe38 1 8 a O  0,39 0,26  0-29 

Table 2: AHu (kJ /mole )   and ' expe r lmen ta l   and   t heo re t i ca l   va -  
l u e s  f o r  X-parameter as a f u n c t i o n  'of pe rcen tage  
of water .  x Lxp i s  g iven  by x exp  slope.  AHuV r /Rvu)  
and x t h e o r  = p2g13fp(g13tsg23-g12).~sg2~o 
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The  value  for  the $term x determined  from  the  expe'ri- 
ments  is  given in the  columns 4 and 6. We calculate  the 
X-values  given  in  columns 7 and 8 assuming  values for g I 2  = 

1.1 and g13 = 1.4 and  taking for g 2 3  0.4 o r  0.5 respective- 
ly. It is  obvious  that a very  high  value  of  the interaction 
parameter 9 2 3  (greater  than l )  should be.introduced to ob- 
tain a good agreement  between x exp  and x theor, 

O 
/ 

O '  i, i li, l\ i b  
__C water (o/o) 

FIG,5.  Heats  of fusion as a function of percentage of water 
in  the  dioxane/water  mixture, ( O )  Flory  expression, 
(o) Hoffman  modification. 

A few remarks  should be made  here  concerning  the  choice 
of the interaction  parameters: 
- we ass.umed a concentration  independence of the  polymer/ 
solvent  interaction  parameter g 2 3 e  A partial  justification 
of  this assumption  comes  from a seprate determination 
Òf this  parameter by osmometry.  We  have found that  below 
25% polymer in the  system  and  in  the  temperature  range 



from 2 O - 4 O 0 C  there is only ‘a very small dependence  on  tem- 
perature  and concentration,181 The  dependence on concen- 
tration is less  than  the .one  giv.en by  .Moore,2 

- the  interaction  parameter  g13  has  been  estimated frorn e- 
quilibrium  swelling  measurement  data  from  several  authors, 
for instance  Toprak.lg’ 

- for the  parameter  g12  we  have  taken an effective  value of 
l e l e  . 

- The  choice of these  parameters  (gI2 = 1.1 and g13 = l e k )  
also  serves as a good  basis for the  calculation of terna- 
ry phase  diagrams for liquid-liquid  phase  separation in 
the  same polyrner/solvent/nonsolvent,  if we  compare  calcu- 
lated  diagrams with experimental  liquid-liquid  phase se- 
paration  cloud  point  lines of Figure l 0 2 2 1  The  g-parame- 
ters  introduced are room  temperature  values, 

In Figure 5 the AHu values  of  Table 2 are  presented, 
The  apparent heat of  melting in our systems  increases with 
increasing  water  content.  Only  one  literature  value for the 
heat  of  fusion  seems  to be  available. Takahashi121 determi- 
ned  a  value af 9-9 kJ per  mole of CTA in Dibutylphtalate, 
using  the F l o r y  equation for the  melting  point  depression. 

The  experimentally  found  melting  point  dependence is 
q.ualitatively  predicted  by  equation (8): Tm decreases  upon 
increasing  the  nonsolvent  content at fixed po-lymer volume 
fraction,  The th.eory predicts  a  much  steeper  dependence of 
T  on  the  nonsolvent contente:” To  correct  mathematically 
for this  small  dependence we have to  introduce thedependen- 
ce of AHu on  the  nonsolvent concentra%ion. 

m 

Another  important  point to consider is the high  g23- 
parameter  which  follows when comparing  the  experimental  and 
theoretical  behaviour of T as a function of polymervolume m 

. fraction at a  fixed  solvent/nonsolvent  composttion-ratio, 

%I pau12 5 I states  that  the  melting  point of a gel in a sol- 

vent/nohsolvent  mixture i s  always .higher than w i t h o u t  a 
nonsolvent o 



Again the   exper imenta l1 ,y   founddependence is   lower   than   pre-  

d i c t e d   w i t h   o u r   s e t  of  i n t e r a c t i o n   p a r a m e t e r s .  The d i s c r e -  
pancy i s  p r e s e n t  a t  p = O(in  the  abse'nce of nonsolvent)   and i t  
i s  preserved  a t  h i g h e r  p v a l u e s .   P o s s i b l y  a b e t t e r   a g r e e m e n t  

can  be  found when composi t ion  dependent   interact ion  parame- 
t e r s   a r e   u s e d .  

The s imple   equat ion   requi res   fu ture   improvement  t o  un- 
ders tand   the   apparent   dependence  o f  AHu. on the   nonso lven t  
con ten t  o f  t he   so lven t /nonso lven t   mix tu re .  One improvement 
w i l l  be s u g g e s t e d   i n  4.5.3.3. 

From our r e s u l t s  we c o n c l u d e   t h a t   w a t e r   h a s   a n o r d e r i n g  
e f f e c t  on c e l l u l o s e   a c e t a t e   g i v i n g   r i s e  t o  a l a r g e r a p p a r e n t  
h e a t  o f  f u s i o n   p e r  mole o f  c r y s t a l l i n e   u n i t s   u p o n i n c r e a s i n g  
t h e   w a t e r   c o n t e n t   i n   t h e   s o l v e n t / n o n s o l v e n t   m i x t u r e .  

4.5.3 Some fu r the r   r emarks  
4.5.3.1 K i n e t i c   e f f e c t s  of i n c r e a s i n g   w a t e r   c o n t e n t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -------------- 

From our measur9ments we c o n c l u d e   t h a t   w a t e r   i n c r e a s e s  
t h e   o r d e r i n g  o f  t h e   c e l l u l o s e   a c e t a t e   i n   t h e   g e l .  We have 
a l so  found   i nd ica t ions   t ha . t   an   i nc rease   i n   t he   wa te r   con -  
t e n t   h a s   a n   i n f l u e n c e  on t h e   k i n e t i c s  of t he   p rocess :  The 

a r e a   u n d e r   t h e   e n d o t h e r m   a p p r o a c h e s . i t s   f i n a l   v a l u e   f a s t e r .  
I n   t h i s  way we can   unde r s t and   t ha t  i t  might  sometimes 

be u s e f u l  t o  add a c e r t a i n  amount of nonsolvent  t o  t h e   c a s -  
t i n g   s o l u t i o n   p r i o r  t o  coagu la t ion  of t h e   c a s t   f i l m ;  

degree of c r y s t a l l i n i t y   i n   t h e   g e l s .  A va lue  o f  10 k J   p e r  
mole o f  c r y s t a l l i n e   u n i t s  (Mu = 2 8 8 )  equa l s  35 J / g  polymer 
u n i t s .  A va lue  f o r  Q of 1.2 J / g  polymer  gives a degree  o f  
c r y s t a l l i n i t y  o f  about  4%.  If we u s e   t h e  same va lue  f or t h e  
sys t ems   wh ich   unde rgo   l i qu id - l iqu id   phase   s epa ra t ion   p r io r  
t o  g e l a t i o n   t h e   r e s u l t  is 1 4 % )  q u i t e  a h igh   va lue  for t h e  
degree of c r y s t a l l i n i t y .   A n a l y z i n g   t h e .   m e l t i n g   p o i n t   d e p e n -  
delice  of . t h i s   t y p e  of g e l s  we f i n d  a v a l u e  f o r  AHu of 28 
kJ /mole .Using   th i s   va lue   the   degree  of c r y s t a l l i n i t y  would 
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become about  5%. 

4=5.3.3 S u r f a c e   e f f e e t s  
- P - - - - - - - - - - - - -  

I n   o u r   s i m p l i f i e d   d e s c r i p t i o n  we d i d   n o t   t a k e   i n t o   a c -  
c o u n t   t h e   p o s s i b i l i t y  of  a mixed c r y s t a l ,  e.g;a c r y s t a l l i -  
ne   phase   conta in ing  (mLxed) so lven t ,   Fu r the r   expe r imen t s  
a r e   n e c e s s a r y  t o  t e s t   w h e t h e r   t h i s   a s s u m p t i o n  i s  j u s t i f i e d .  

Equat ion ( 5 ) :  d e s c r i b e s   t h e   m e l t i n g  of  a n   - i d e a l   ( i n f i -  
n i t e   d i m e n s i o n s )   c r y s t a l   i n   e q u Z l i b r i u m   w i t h   t h e   s o l u t i o n ,  
w i t h o u t   t h e   i n t r o d u c t i o n  of s u r f a c e  phenomenao A s  has  been 
n o t e d   i n   s e c t i o n  4.4.2.4 o f  t h e   r e s u l t s ,   t h e   m e l t i n g  tempe- 
r a tu re   depends  on t h e   t e m p e r a t u r e  o f  a g i n g .   T h i s   i n d i c a t e s  
t h a t   s u r f a c e   e f f e c t s   s h o u l d   b e   t a k e n   i n t o   c o n s i d e r a t i o n .  . 

The c r y s t a l   s i z e  i s  expec ted   to   be '  small. Borchard e t  a l .231 
h a v e   t r e a t e d   t h i s   p r o b l e m   r e c e n t l y  f o r  t h e   c a s e  o f  g e l a t i n  

g e l s .  If, i n   f u r t h e r   e x p e r i m e n t s   w i t h  o u r  system;,  the same- 
r e s u l t s   s h o u l d  be  found ä s . i n   h i s  DSC expe r imen t s ,   t hen   t he  
me l t ing   po in t   t aken  from DSC experiments  would  be  lower 
t h a n   t h e   t r u e   e q u i l i b r i u m   v a l u e s   ( s u r f a c e   e f f e c t s   g a v e   a n  
a d d i t i o n a l   m e l t i n g   p o i n t   d e p r e s s i o n ) .  The mel t ing   po in t   de-  
pendence  would  give an unde res t ima te  o f  t h e   t r u e  AHu va lue ,  
and  the  slope  dependence ( o r  t h e   i n t e r a c t i o n   p a r a m e t e r  g2.3) 
would  be ove res t ima ted  by in t roduc ing   ou r   (nonequ i l ib r ium)  
m e l t i n g   p o i n t s .  I n  o rde r  t o  t e s t   t h e   t h e o r y  o€ Borchard  one 
should  perform  the same e x p e r i m e n t s   a s   g i v e n   i n   F i g u r e  2a 
a t  d i f f e r e n t   c r y s t a l l i z a t i o n  o r  annea l ing   tempera tures .  

I n   t h e  Appendix the   c rys t a l - l i qu id   phase   d i ag ram i s  c a l -  
c u l a t e d  on t h e   b a s i s  o f  the e q u a t i o n s   g i v e n   i n   t h i s   C h a p t e r .  

. 4 -  6 CONCLUSIONS- 

I n   t h e  membrane f o r m i n g   s y s t e m .   c e l l u l o s e   a c e t a t e / d i o -  
x a n e / w a t e r   c r y s t a l l i z a t i o n  i s  found t o  occur  a t  h ighpolymer  
weight   f ra ' c t ions   and  a t  l o w  nonso lven t   con ten t   (wa te r ) .  

The me l t ing   po in t   cu rves  f o r  t h e   g e l   c a n   b e   d e s c r i b e d  



by  the  melting  point  depression  equation of Flory, although 
high  values of  the polymer-solvent, interaction  parameter 
must be introduced.  The  apparent  heat of fusion.per mole of 
crystalline  units  increases with the  nonsolvent  content, 
Probably  consideration of surface  effects  can  lead  to im- 
provement of the  description. 

Water is a nonsolvent in. the  ,system  &nd it  ,has a posi- 
tive  effect  on  the  ordering of  the  cellulose  acetate;  the 
rate of crystallization  and  the final degree of crystalli- 
nity  are  increased  upon  increasing  the  water content'. 
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4.8 APPENDIX 

CRYSTAL-LIQUID PHASE DIAGRAM 

. the  crystalline-  polymer  can be  represented  by  .equation (2) 
(1 /T,-? /T;)AHu/R, with  a  constant  value  AHu=I  OkJ/mole. Tm and 
To are the melting point  of  the  gel and of  the  pure crystal . m  
(579K)  respectively.  The chemical potential of the  polymer 
in the  liquid  phase is calculated at constant  ratio. of sol- 
vent and nonsolvent with g12=1 . I  s g13.=1.4 and g23=0.4. From 



equation (5) the  polymer volume fraction can be calculated 
at which the  polymer is expected to crystallize. Tkie result 
is given in a ternary  diagram in Figure l .  1 

CA 

dioxane water 

FIG,I. Crystal-liquid (C-L) transition  at 300 and 330 K in 
CA/dioxane/water.  Also  shown is the L-L transition. 

This  presentation is  in accordance  with  the  trend of the 
melting  point  experiments: introduction of water  gives alo- 
wer  melting  point at constant  polymer  concentration. CA is 
expected  to  crystallize at higher  concentration when thewa- 
terpercentage  in  the  solvent/nonsolvent  increases. 
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5*0 ABSTRACT 

A numerical method for the  calculation of the  binodal 
of liquid-liquid  phase  separation in a  ternary  system is 
described,  The  Flory-Huggins  theory for three  component  sys- 
tems is used, Binodals  are  calculated for polymer/solvent/ 
nonsolvent  systems  which are used in the  preparation of a- 
symmetric  ultrafiltration or reverse  osmosis  membranes: 
cellulose  acetate/solvent/water and polysulfone/solvent/wa- 
ter,  The  values for the  binary  interaction  parameters  are 
taken  from  literature  sources,  The  effect of a concentration 
dependent  solvent/nonsolvent  interaction  parameter is dis- 
cussed,  Although  knowlegde of the  interaction parametersfor 
all composTtions in the  ternary  system 5s rather poorp a 
fairly  good  agreement  has-  been  found  'between  calculated  and 
experimentally  found miscibility.gaps, when  the  solvent/non- 
solvent  parameter is taken to be concentration  dependent and 
the  other parameters', the . .  polymer/solvent  and  the  polymer/ 
nonsolvent  interaction  parameter are kept constant. 
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5 1 I N T R O D U C T I O N  

The equi l ibr ium  thermodynamic   p roper t ies  o f  the  system 
polymer/solvent/nonsolvent p l a y   a n   i m p o r t a n t   r o l e   i n   t h e   d e s -  
c r i p t i o n  o'f t he   fo rma t ion   p rocess  o f  an  asymmetr ic   reverse  
o s m o s i s  o r  u l t r a f i l t r a t i o n  membrane. Such  membranes a r e u s u -  
a l l y   p r e p a r e d  by c a s t i n g  a concen t r a t ed   po lymer   so lu t ion   i n  
a t h i n  film on a suppozt ing   sur face   and   immers ing   th i s  film 
i n  a nonsolvent  bath.   Depending on the   cho ice  o f  the  system 
t h e r e   a r e   t h r e e   p o s s i b l e  (i) a uniformly  dense 
film having a porosi ty   comparable  t o  t h a t  o f  the   bu lk   po ly-  
mer obta ined  f r o m  evapora t ion   procedures ,  (ii) a p o r o u s  
membrane c o n t a i n i n g   a n   i m p o r t a n t   v o i d   f r a c t i o n ,  o r  (iii) a 
t h i n   d e n s e   t o p l a y e r  on a porous   suppor t ing   layer .  The l a t t e r  
i s  t h e   d e s i r e d  asymmetr;.ic s t r u c t u r e .  Examples a r e  membranes 
formed f r o m  s o l u t i o n s  o f  c e l l u l o s e   a c e t a t e  ( C A )  and  polysul-  
fone   (PSn) ,   coagu la t ed   i n   wa te r ,  An example of t h e   f i r s t c a -  
tegory ,  a homogeneous,  dense CA membrane, i s  obta ined  when 
us ing   ace tone  as t h e   s o l v e n t .  A r a t h e r   p o r o u s  membrane i s  
t h e   r e s u l t  i f  t r i e t h y l p h o s p h a t e  (TEP) i s  used as t h e   s o l v e n t .  
Examples o f  t h e   t h i r d   c a t e g o r y   a r e  membranes f r o m  c a s t i n g  s o -  
l u t i o n s  o f  CA w i t h   s o l v e n t s   d i o x a n e ,   a c e t i c   a c i d  o r  DMF, and 
s o l u t i o n s  of PSn wi th  DMF o r  DMAc a s   t h e   s o l v e n t .  Some o f  
t h e s e  membranes  have  reverse  osmosis ( s a l t  r e j e c t i o n )   p r o p e r -  
t i e s  w h e r e a s   o t h e r s   h a v e   t y p i c a l   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 .  

An exp lana t ion  o f  t hese   obse rva t ions   shou ld  be basedon 
two  s e t s  o f  f a c t o r s :  ( I)  the  equilibrium  thermodynamic  pro- 
p e r t i e s  o f  t h e   t h r e e  component  system  polymer/'solvent/non- 
so lven t ,   such  as l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n   a n d g e l a t i o n ,  
and (11) the  exchange  of   solvent   and  nonsolvent   during mem- 
b rane   fo rma t ion   and   t he   e f f ec t  on t h e   k i n e t i c s  o f  the  above-  
mentioned  demixing  phenomena. A proper  model f or the   forma- 
t i o n   p r o c e s s  o f  asymmetric  membranes  should of c o u r s e   i n c l u -  
d e   b o t h   s e t s  of  f a c t o r s .  

An in te res t ing   observa t ion   concern ing   the   thermodynamic  
p r o p e r t i e s  o f  the   sys tems i s  that   systems  which  req,uire  on ly  
small amounts o f  n o n s o l v e n t   ( i , e n < l O %   w a t e r )  t o  ob ta in  li- 
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q u i d - l i q u i d   p h a s e   s e p a r a t i o n ,  e,g,CA i n  TEP or DMF, andPSn 
i n  DMF or DMAc, g ive  a membrane w i t h   u l t r a f i l t r a -  
t ion   p roper tTes , ’ s3-51  If a l a r g e  amount o f  water i s  needed 

t o  a c h i e v e   p r e c i p i t a t i o n  ( E  30% water) t h e   r e s u l t  i s  a mem- 
b rane   w i th   r eve r se  osmosis p r o p e r t i e s ,   e e g a  CA i n   d i o x a n e g  
a c e t i c   a c i d  òr a c e t o n e .   T h e s e   f a c t s   a r e   i l l u s t r a t e d   i n   F i -  
gure l o 

CA 

p a  water 
4 

wafer 

DMF acetone DMF 
OHSO dioxane 
TEQ acetic  acid 

DMAc 

FIG, l ,   Approximate   s i tua t ion  of t h e   l i q u i d - l i q u i d  (1-1) 
phase   s epa ra t ion   gap   i n   impor t an t  membrane forming 
systems D 

We have   sugges t ed   be fo re3961   t ha t   t he   po ros i ty  o f  t h e  
s u b l a y e r   c a n   b e   a s c r i b e d   t o   l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n ,  
the  pores   being  formed m o s t  probably by nuc lea t ion   and  
growth of t h e   d i l u t e  polymer   phase ,   In   th i s   paper  w e   w i l l  
t r y  t o  p . r ed ic t   b inoda l   l i qu id - l iqu id   phase   s epa ra t ion   cu rves  
i n  a few polymer /so lvent /Monsolvent  systems on t h e   b a s i s  o f  

the  thermodynamics o f  po lymer   so lu t ions ,  
Recent ly  Cohen e t  a l e 2 ’  proposed a d i f f e r e n t  model for 

t h e   f o r m a t i o n   o f . p o r o u s   s t r u c t u r e s   i n   t h e   c o a g u l a t i o n   s t e p  
dur ing  membrane - f  ormation,  Their  model i s  not   based  on t h e  
nuc lea t ion   and   growth  mechanism bu t  on d i f f u s i o n - i n d u c e d l i -  
qu id - l iqu id   phase .   s epa ra t ion  a t  t h e  s p i n o d a l i n t h e t e r n a r y s y s -  
tem, I n   t h e i r  model,  which a l s o  i nc ludes  a solutLon of t h e  
d i f fus ion   p rob lem,   t he   l oca t ion   and   t he  form o f  t h e   s p i n o d a l  
and   b inoda l   a r e  o f  decisive  importanc.e,   These  curves  have 



been  calculated  on  the.  basis of the Flory-Huggins theory.7’ 
The  binary  interaction  parameters which enter  the  equations 
have  been  estimated  from  literature  data. . In our  opinion 
these  parameters  have not been  taken f r o m  the  best  possible 
sources. As will be  shown  la.ter  the spinodal and binodalde- 
pend  very  strongly  on  the  choice of these  parameters.  More- 
over  the  authors do not give  details of their  calculation 
procedure.  This  calculation is not  a trivial matter.7’8’ 

Tompa” was  the  first  to  present  calculated  phase  dia- 
grams  for  liquid-liquid  phase  separation  in  a t.ernar’y poly- 
mer/solvent/nonsolvent  system.  Later  Koningsveld  e-t al.’’ 
extensively  studied  the influence of the  molecular  weight 
distribution  on  the location of the  liquid-liquid  phase se- 
paration  gap  and  the fractionation of the  polymer in this 
demixing  process. In principle Koningsveld’s calculat,ion 
procedures  can be used, The location of the  miscibility  gap 
however  depends  primarily  on  the  values of the  interaction 
parameters. For our studies  on  membrane formation we  are at 
this  stage  not  interested in the  much  less  pronounced  effect 
of the  molecular  weight  distribution.  Knowlegde of the  va- 
lues of  the  binary  interaction  parameters 5s  still  rather 
poor; at least a.strong dependence of  the  binary  parameter 
on the  composition of the  system  and  possibly  also  ternary 
interaction  parameters  must be taken  into  account.  Our  aim 
is to  compare  calculated  miscibility  gaps  in widely diffe- 
rent polymer/solvent/nonsolvent systems with experimentally 
determined  phase  transitions  boundaries. 

If equations for the chemical potentials of  the compo- 
nents  are  available,  the  least-squares  calculation  procedu- 
re of Hsu and  Prausnital’’  .seems  in  principle  to be appro- 
priate for the  calculation o f  the  binodal  in  a  ternary sys- 
tem. 
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5.2 THERMODYNAMICS  OF  THREE  COMPONENT  SYSTEMS 

We use  the  Flory-Huggins  theory for polymer sol~tions’~ 
extended  to  systems  with  three  components by  Tompa. In 
recent  years  equation-of-state  theories  have  been  formula- 
ted as improvements of the Flory-Huggins  theory,  but appli- 
cation to (polar) ternary  systems is scarce  and full of li- 
mitations, e.g. see Horta,”’ . 

The  Gibbs free energy of mixing is given  by  the f o l l o -  
wing  relation: 

The  subscripts refer to nonsolvent(l),  solvent(2) and  poly- 
med3) e n and @i are the number.of moles  and  the  volume 
fraction of component i respectively. R and T have their 
usual significance. x 1 3  is the  nonsolvent-polymer.  interac- 

. tion  paraneter and x 2 3  is the  solvent-polymer  interaction 
parameter. g12 is the  solvent-nonsolvent  parameter and it is 
assumed  to be a function of ~2~ with UZ= @ 2 / ( @ 2 t @ l )  in the 
notation of Pouchly et . 

i 

The  conditions far liquid-liquid  equilibrium are: 

The  superscrLpts t and denote  the  dilute  and  concentrated 
phases  respectively. 

From  equation (l) we derive the  following  equations f o r  
the  chemical  potentials of the components in the mixture: 

1 O0 



The  chemical  potentials  are  expressed  per  mole of segments 
of component ( l ) ;  s and r are  the  ratios of the molar volu- 
mina V L ) ~ / V ~  and v1/V3 respectively. 

Only  binary  interaction  parameters  are  considered. 
Their  values  have  either  been  taken  from  the  literature 
(g12=g12(u2)) or .they  have  been  determined from’ sepahate ex- 
periments (x13 and ~ 2 3 ;  at .this  stage  assumed  to  be  constant 
with  change in composition). In the  calculations  the  effect 
of constant o r  composition  dependent  solvent/nonsolvent (gle) 
interaction  parameters  on liquid-liquid phase separationhas 
been  investigated. I 

5.3 METHOD OF COMPUTATION 

5.3.1 Calculation of the  binoda.1 
, Tielines  connect  the  coexisting  phases  (points on the 

binodal  curve) which have  compositions in the  dilute  phase. 
(@,i,$;,@:) an’d in  the  concentrated  phase (@1,@2,@3).’ In or- 
der  to  determine  the  tieline  we  must  determine  these  six 
unknowns-Three relations  between  the  variables  are  given by 
equations (3) to (5). The  material  balance  equations (C@,=I 
for the  dilute and the  concentrated  phase)  give  another  two 
equations. By choosing  one  variable  (in  our  case 4:) and 
substituting  the  material  balance  equations  into (3) to (5) 
t h e  problem  reduces  to  computation  of  three  unknowns f rom 
three non-linear transcedental  equations. As independent 
variables  we  have  chosen 4 1 2 ~ 4 3  and. 412 ,, 

11 11 11 

11 11 l 

The numerLca1 procedure is essentially  the  same  as  that 
of Hsu and  Prausnitz.”’  They  used a least-squares procedu- 
re, which appears  to  be  effective.  The  objective function 
which has  to be  minimized  is: 

F = Cfi2 ( W  

l o1 



wi th  f í  = (Api-Ap:)9 i=? ,2,3 

a n d   t h e   c h e m i c a l   p o t e n t i a l s   a r e   g i v e n  by t h e   e q u a t i o n s  ( 3 ) ,  
(4)  and (5 ) .  By e x p r e s s i n g   t h e   c h e m i c a l   p o t e n t i a l s   p e r  mole 
of  segments of  component l t h e   c o n t r i b u t i o n s  of  t h e   r e s i d u -  
a ls  f i  a r e  o f  comparable s i z e ,  

The coexis t ing   composi t ions  are found by an i t e r a t i v e  
process.. We have  used  the  numerical   procedure  .g iven by G i l l  
and M u r r a ~ ~ . ~ ~ I  This   p rocedure   u ses   f i r s t   ( and   s econd)   de r5 -  

v a t i v e s  of t h e   e x p r e s s i o n s  f o r  t h e   c h e m i c a l   p o t e n t i a l s .   I n  
t h i s  way considerable  improvements  were  obtainedas  compared 
w i t h  t h e   c a l c u l a t i o n   p r o c e d u r e   u s e d  by Hsu: 
- n o   p e n a l t y   f u n c t i o n s   a r e   n e e d e d  t o  avo id  a t r i v i a l   s o l u -  

t i o n  D 
- s c a l i n g  of t h e  volume f r a c t i o n s  i s  n o t   n e c e s s a r y 9  
- t h e   s t a r t i n g   p o i n t  o f  t h e   i t e r a t i o n   p r o c e s s  i s  l e s s   s e n s i -  

t i v e   t h a n  i n  t h e  method  used by Hsu, 
Convergence was cons idered  t o  be a t t a i n e d  when F<IO-”.  

The CPU t ime   r equ i r ed  f o r  t h e   c a l c u l a t i . g n  of 20-50 t i e l i n e s  
i n   t h e   t e r n a r y   d i a g r a m  was about  1-3 seconds,  depending on 
whether   concentrat ion  dependent  g12 parameters  were  used o r  
n o t .  The complete   miseibi l i - ty   gap i s  ob ta ined  by v a r y i n g t h e  
c h o s e n   v a r i a b l e ,   t h e   p o l y m e r   c o n c e n t r a t i o n   i n   t h e   d i l u t e  
phase @ 3 r  by a f a c t o r   t e n ,  

5e302 C a l c u l a t i o n  of t h e   s p i n o d a l  
The equa t ion  for t h e   s p i n o d a l ’ i s : ’ ’  

a 2 ~ ~ m  
where G i j  = 

‘ a @ p  j 

It f o l l o w s p  uBing  equation ( I ) :  
n n 

l 02 



1 1 r 
G33 = -  t - - 2x1 3+2u22(1  tul  )g12fu2  3ulgl:2 

1 x2 3 
G23 = -  -x13+. - -g12-u1u2g:2-u1u22g:2 

We assumed VI=?. , 

For  the  case  of  constant  interaction  parameters,  the  equa- 
tions reduce to the  equation  given by  Tompas':. 

When  the  interaction  parameters  are known and  one  variable 
is chosen (e.g,  @s), substitution of  the  material  balance 
equation  c@i=l in equation (8) will give  one  equation with 
öne  variable  to b'e solved. This is done by using the'same 
numerical procedure  as  has  been  used for the  calculation o f  
the  binodal. 

5.4 EVALUATION OF THE BINARY FUNCTION g12 

The function gx2 is  needed  at  the  temperature  at which 
cloud  point  curves  have  been  obtained.  The  parameters  are 
calculated'from literature  data on G  E generally  obtained 
from vapour  pressure  experiments. For  a two  component s y s -  

'tem G is related  to  the  Gibbs  free  energy of  mixing  by  the 
equation: 

E 



where x1 and  x2  are  the  mole fractions of the nonsolvent 
( l )  and  the solvent’.-1!(,2). For l mole  of  mixture: 

From  equation ( 1 4 )  gl2 is calculated  as  a function of $ze 
Only  for  a few solvent/water  systems experimental data 

on GE itre availabLe  (see  compilation of literakure referen- 
ces  by Wisniak and  Tamir14’). In Table l the  sources  are 
listed  from which data  on GE have been  taken, 

s,olvent  nonsolvent:  water 

dioxane KortÜml”, Goates.’ 6 ’  b Malcolml 7’ 
acetone Orye18’, Othmerrgi 
DMF Saphon2 o 

DMSO Lam2’’ , Ghan22’ 
acetic  acids’ Gieskes’ 3 ’  Haase2 
TEP no data available 
DMAc no data available 

s’ Conf  licting  data 

Table I: Literature sources  on  GE of solvent/nonsolvent 
mixtures o 

The  binary parameterg12 calculated from these  data is gi- 
ven for the  different  solvents in Figure 2. For acetic acid 
we  have  used  data of H a a ~ e ~ ~ ’  

The  magnitude  of 912 -and its  variation with concentra- 
tion  influence  the  thermodynamic  properties of a  ternary 
-system to a  great  extent,  see  e,g, Aminabhavi,25) 
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FIG.2. Concentration  dependent interaction parameters in bi- 
nary solvent/water  systems, 

5.5 EVALUATION OF BINARY PARAMETERS x 1 3  AND x 2 3  

The  interaction  parameter x13 is determined  from  equi- 
librium  swelling  'measurements  carried  out by: Mulder26) for 
instance  .at  different  temperatures. We have  used  the  value 
of 1.4 for the interaction parameter  for  CA/water  and  the 
value of  3.7 f o r  PSn/water ( 2 5 O C )  . 

The  solvent/polymer  parameter x 2 3  is  taken  from work 
done in our  laboratory.2'71' _. We determined  this parame- 
ter  using  osmometry. For  CA/acetone  and  CAldioxane  we  have 
found the  values 0.45 and 0,40 respectively, at ?O wt$poly- ' 

mer  and 2 5 O C .  In  this  Chapter  we  do  not  consider  the  concen- 
'tration dependence of this  parameter. For other  polymer/sol- 
vent  combinations  there  are no data  available. 



5*6 RESULTS  AND DISCUSSION 

5 o 6 l General 
The  predicted  polymer  concentration in the  dilute  phase 

rapi.dly  approaches  a  very small value,  For  each  successive 
tieline  given in the  figures  the  polymer  concentration in 
the  dilute  phase is a  factor ten lower  if  one  moves  to  the 
right. In some figures tielines have  been  calculated for a 
polymer  concentration 4; of 10-30. Of course  this valuecan 
have no physical meaning, 

Tornpa” calculated tielines for a  simple  case: v1=v2 ; 
x12=x13=1.5 and x23=0e The results of  our  calcula-bions  with 
these  values for the  parameters  agree  completely  with  his 
phase  diagram, 

5.6,2 Constant interaction parameters 
Our  procedure  allows for arbitrarily  chosen  values of 

the interaction parameters xij and  molar  volume  ratios ui/u 
All practical systems which we consider  have  a  large  ratio 
of solvent  and nonsolvent molar  volumes. i.e. v1/v2 N 0 , 2 .  

For  the  polymer  volume  ratio we have chosen v1/v3 = 0.002. 

.r 

FrLrst we will consider  the  case of changing thesolvent 
in the  system  (thus  changing ~ 1 2 )  while  keeping thepolymer- 
solvent  and polymer-nonsolvent parameters  constant, At two 
fixed  values of X1 3 9  l and 1 8 5 $  the effect of changing  the 
solvent-nonsolvent  parameter  can  be  seen  from  the  Figures 
3a  and 3b. Increasing  the x12 parameter resu1ts.k a  quite 
drastic  change in the location of  the  miscibility gap. It 
appears  that  a low tendency of mixing  of  solvent andnonsol- 
vent9 as  expressed by a large value  of ~ 1 2 ~  favours the 
mixing of the  ternary  system:  more nonsolvent is needed for 

. Equid-liquid phase  separation,  Another  inter’esting  point 
to  observe is the  polymer  concentration in the  concentrated 
phase  wh5ch is mu.ch higher at  low x 1 2  than at high x12 for 
the  same  degree of penetration of the liquid-liquid phase 
separation‘ region (here measured  as 4; at the  same 6 ;  at 
curves  f or different x l 2 )  e The  tendency of the location of 
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(b) 

polymer 

solv lvent (I)  solvent nonsolvent 

polymer polymer l 

nonsolvent solvent nonsolvent 

FIG.3. Tielines  and  binodals in polymer/solvent/nonsolvent 
systems for constant interaction parameters. Effect 
of varying x12 (values  given  in  the  figure)  at  (a) 
x l 3 = I e 0  and (b) ~ 1 3 = 1 . 5 .  Effect of varying x 2 3  ( l o -  
wer number at each  curve) at certain  values o f  x12 

(upper number for (c) X13=le0 and (d) x13=I05 .  

the  miscibility  gap  to  move  to  the right in the ternarydia- 
grams  is not  yet understood on physical grounds. 

Secondly,  we  consider  the  influence of a  changing sol- 
vent  quality f o r  the  polymer ( x 2 3 )  on  the location of  the 

' tielines.  Results  are  presented in Figures 3c and 3d. 
At low values o f  x12 the  effect of increasing x 2 3  is  consi- 



derable,  but in opposite  direction of increasing xrps where- 
as at high values of ~ 1 2 ,  especially at x12=1, there is only 
a  small  effect  on the location of the  liquid-liquid  phase 
separation  region.  A  higher  value of x 2 3  decreases  the 
amount of nonsolvent  necessary for phase  separation.  This 
is also the result  of  choosing  a  higher x 1 3  parameter. Qua- 
litatively  these  effects are not difficult  to  understand. 
The  effect of changing x 1 3  can  be  seen  more  clearly  by  com- 
paring  Figures 3a and 3b. 

5.6.3 Comparison with phase  diagram for CA/acetone/water 
from  Gohen  .et al. 
Cohen  et alez1 have  calculated  the  binodal for the  sys- 

tem  CA/acetone/water  and  CA/acetic  acid/water. For the ace- 
tone  system  they  used  the  following  interaction  parameters: 
x12=-Oa30,~13=7 and x23=0.2 with ~1:~2:~3=1:4:500. We  cal- 
culated  tielines  of  the  liquid-liquid  phase  separation  with 
the  same  set of  parameters. Our results  and  the  diagram of 
Cohen  are  compared in Figure he There are small differences 
in the  location of the binodalsc Cohen  gives no details  of 
his calculation procedurerso that  the  exact  origin of these 
differences  cannot be traced, 

In o u r  opinion a much  better  choice of the  interaction 
parameters is possible  from  literature data. Swelling  mea- 
surements  indicate  a CA/water parameter of about 1 = 4 s  The 
CA/acetone  parameter  takes  ,the  value . .  of about 0.45. Mor e 
fmportant,however,is  the  influence  'of  the  &olvent/nonsolvent 
parametere From Figure 2-we conclude  that x l 2  has at least 
a  large  positive  value,  and not a  value of  -0.3 as assumed 
by Cohen,  Cohen et al, based  their  estimate of the x12 para- 
meter  only  on  the  enthalpy  of  mixing  and not on  the 

. free energy  of  mixing as they  shauld  have done. 
In Figure 5 the  phase  diagram is given for a  positive 

value of x l z r  i.e. 0,5, The  other  parameters  are kept at the 
values  which  Cohen used,. The  spinodal has'also been  cal- 
culated for' this  case,  The  result  could  have a very  serious 
effect on the  conclusTon of the  study of Cohen et  al, that 
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CA 

acetone water 

FIG.4.  Comparison  of  calcu- 
l a t e d   b i n o d a l   w i t h  
l i t e r a t u r e  (Cohen e t  

s o l i d   c u r v e )  
f o r   t h e   s y s t e m  C A / a -  
cetone/water ,   Yalues  
o f  i n t e r a c t i o n   p a r a -  
me te r s   a r e   g iven ,  

A 
CA 

X12 =O5 
x,3 = 1.0 
x*3 = 0.2 

acetone water 

FIG.5. E f f e c t  of change i n  
a c e t o n e / w a t e r   i n t e r a c -  
t ion  parameter   f rom 
-0.3 t o  0 . 5 . T h e l e f - t   f u l l  
.curve  has   been  taken 
from Cohen e t  a l ,  
The r i g h t   f u l l   c u r v e  i s  
the   sp inoda l .  

phase   s epa ra t ion  at the   sp inodal   p roduces   the  porous  sub- 
s t r u c t u r e  of CA membranes. It  appears  t o  u s   t h a t  a curva tu-  
r e  o f  t he   b inoda l   and   t he   sp inoda l   a t   h igh   po lymer   concen-  
t r a t i o n  as shown, by t h e  Cohen c u r v e   i n   F i g u r e s  4 and 5, i s  
necessa ry  t o  r e a c h   t h e i r   c o n c l u s i o n .  From Figure  5 we s e e  
t h a t   t h e   c u r v a t u r e   d i s a p p e a r s  i f  x12 i s  given a more reasonable  
i . e .   p o s i t i v e   v a l u e .  We s u g g e s t   t h a t   t h e i r   d e s c r i p t i o n  
could ve ry  w e l l   d e p e n d   t o o   c r i t i c a l l y  on t h e   c h o i c e  of t h e  
in t e rac t ion   pa rame te r s .   Ano the r ,  more b a s i c   o b j e c t i o n  t o  
t h e i r   c o n c l u s i o n  i s  t h a t   s p i n o d a l   d e c o m p o s i t i o n  a t  n o t  t o o  

high po lymer   concen t r a t ions   ( such   a s   i n   t he   ca s t ing  s o l u -  
t i on )   has   no t   ye t   been   found   expe r imen ta l ly .  

5.6 ,4  Concentrat ion  dependent  g12 parameters  
Keep ing   t he   o the r   i n t e rac t ion   pa rame te r s   cons t an t ,  we 

now cons ide r  a composition  dependent g12 paramete r   ( c f .   F i -  



E gure 2); g x 2  is calculated f rom literature  data  on G . In 
our  calculations we use the  data  for  each  solvent  from  the 
first mentioned  author in Table l e  There  can beconsiderable 

E differences  between data of  different  authors, e,g. in G 
for acetic aci-d/watere23324’ These  differences  are  reflec- 
ted in the  results of the  calculation  of  the  binodals. 

For the gl2(@2)-function a fourth grade  polynomial 
relation  has  been  chosen; the coefficients were found by 
using a least  squares method. The  function fits the  g12  va- 
lues  calculated  from  the  experimental data within 3%. Using 
this  gr2-function we calculated  AGmix  (equation 14)  overthe 
full composition range to  check  if  demixing in some  range  of 
the  solvent/nonsolvent  mixture  without  polymer is predicted. 
This  would of course  have  a  serious  effect on the  subsequknt 
calculations. For  instance  the  g12-function  calculated  from 
the  data of GoateslG1 on  dioxane/water  predicts  liquid-li- 
quid  phase separat,Fon at ábout a 50/50 mixture of dioxane/ 
water. The  coefficients of the  interaction  parameter func- 
tion g12 are given in Table 2. 

__ ~~ ~ ~ 

dioxane 0.2092 0,92 -Os69 7e15 - 1 2 e 9 1  ga17 
acetone 0,2442 I,IO -O,42 4.09 -6e70 4.28 
DMF 0,2336 OCTO 0.04 0.80 -1.20 0.82 
DMSO 0.2540 -0-25 -0.69 l e 1 5  -2.9 2aO9 
acetic  acid 0,3151 not considered  further 

Table 2: Concentration  dependent  solvent/nonsolvent inter- 
action  parameters. 

5&6,5 Comparison  with  experimental  data 
5.6.5.1 Cellulose‘  acetate (CA) ---------------------- 

There,is not much  information on the  location of the 
liquid-liquid  phase  separation  gap  in CA systemse Frommerl’ 
and G ~ i l l o t i n ~ ~  give  values for the precipitationconcentra- 
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kion for water at about 20% polymer,  We  have  determined 
cloud  points  for  CA/dioxane/water3’ and also  for  CA/DMF/wa- 
ter  (Figure 8). Strathmann28’ and Lemoyne5’ give  data on CA/ 
acetone/water  which  deviate  from  the  above  mentioned sour- 
ces. 

CA/dioxane/water 
- - - - - - - - - - - - - - -L  

Experimental points  and  curves  are  given in Figure 6.. 
The full curve is calculated  using  the  g12 function from 
Table 2, and with ‘x13=Ie4 and ~ 2 3 = 0 ~ 4 ~  

We note a fairly good agreement in the  position  of ex- 
perimental and  calculated curveso The  set  of  interaction 
parameters  used  appears  to  describe  the  demixing of the sys- 
tem reasonably well, 

. The  only  computed  effect  of introducing a smaller , x 2 3  

value is that  the  polymer concentration in  the  concentrated 
phase is higher at about  the 
as  compared  to  the  situation 

CA 

same solvent/nonsolvent  ratio 
drawn in the  diagram. 

CA 

dioxane water acetone water 

FIG,6.  Calculated  binodal 
for CA/dioxane/wa- 
ter  (full curve). 
Dashed  curves  from 
cloud point’measu- 
rements at 20’~ 
(left)  and 6 O o C  

(right) . ”Single 

FIG.7.  Calculated  binodal and 
tielines for CA/acetone/ 
water.  Literature  data 
from Frommer (t), 
Guillotin ( . )  ; Strathmann2’’ 
and Lemoyne : 

binodal ( - - - - - - - -  ) and 
tielines (-.-e-.-.-)e 

point  data fromFrommer’’ 
(t) and  Guillotin4’ ( o ) at ‘20°C . 
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When a  smaller  value of V Z / V ~  is used (a value of 0.002 
means  a  molecular  weight of 9000; whereas  the CA often  used 
has  a  molecular weight of about 2 0 ~ 0 0 0 - 3 0 . 0 0 0 )  no effect  on 
the  location of the  miscibility  gap is found,  The  distance 
between  the  tielines,  differing  a  factor ten in the  polymer 
concentration in the  dilute phasea then becomes muchsmaller. 

A similar  agreement ?n locatLon  between  experimental 
cloud point  curves  and  theoretical  binodals  Can be obtained 
by taking an effective,-constant, x12 value o f  1.1 instead 
of  g12 ($2) e 

The data fromFrommer and  Guillotin  do not agree  with 
our measurements-  The reason f o r  this  deviation is not 
clear 

CA/acetone/water ---------------- 
The  exp,erimental  information  on  liquid-liquid  phase se- 

paration in CA/acetone/water is not .very  distinct,  Strath- 
mann281 has  given so-called tielines,  These  lines  cannot  be 
real tielines  because  he  ignores the obscuring  effect ofge- 
lation of the  concentrated  phase at some  stage of the  sepa- 
ration into twoliquid phasesinequilibrium,Lemoyne51 gives 
a gelation line in the  ternary  diagram,  but he also  gives 
tielines  which  connect a dilute  phase  with  a  concentrated 
phase  that  lies  within  the  gelation  region of the  system. 
Our calculated  diagram (g12 from  Table 2 ,  x13=le4 and 
x23=0,45) agrees  quite well with  the data points EromFrommer 
and  Guilotin,  see  Figure 7. 

CA/DMSO/wa%er - - - - - - - . - - - - - -  

Again  two  calculated  binodals  are  gfven, in Figure 9, 
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f o r  x 2 3  i s  0.0 and 0..4.e The agreement   in   pos i t ion   be tween 
ca l cu la t ed   cu rves   and   expe r imen ta l   po in t s  i s  much worse 
t h a n   w i t h   t h e   o t h e r   s o l v e n t s   c o n s i d e r e d .  One reason  might 
be t h e   p e c u l i a r   b e h a v i o u r  o f  t he   b ina ry   so lven t /nonso lven t  

system i t s e l f .   T h i s  i s  the   on ly  
t i v e   v a l u e  f o r  x 1 2  . 

system  with a s t rong   nega-  

CA 

DMF water 

FIG.8. Calcu la ted   b inodals  f o r  
CA/DMF/water, Dashed 
l i n e s  from  our  cloud 
poin t   exper iments  a.t 2 0 ' ~  
( l e f t )  and 4 O o C  ( r i g h t ) .  
L i t e r a t u r e   d a t a   f r o m  
Frommer (t.) and 
G u i l l o t i n e  ( . ) ( a t  2OoC) e 

DMSO vater 

FIG.9. Ca lcu la t ed   b inoda l s  
for CA/DMSO/water 
f o r  t w o  va lues  o f  
X 2 3 e  L i t e r a t u r e   d a -  
t a  from Frommer ( t )  

and   Gu i l lo t in  (.). 

Demfxing d a t a  f o r  PSn/DMF/water have  been  given by 
Broens 3 a  ,. Wijmans2 "I and  Coplan.  Only a s m a l l  amount  of 

w a t e r ,   u s u a l l y  a few  percentp  i s  needed t o  a c h i e v e   p r e c i p i -  
t a t i o n .  

From Figure  I 0  i t  i s  c l e a r   t h a t   t h e   d e m i x i n g   b e h a v i o u r  
i s  mainly  determined by x 1  3 (we used a va lue  o f  3 .7 )  ,, Large 
v a r i a t i o n s   i n  x 1 2  .:and x 2 3  only  have a small a b s o l u t e   e f f e c t  
on the   p rec ip i t a t ion   concen t r a t ion .   Chang ing  t h e  s o l v e n t ,  
f o r  i n s t a n c e  by t a k i n g  DMAc i n s t e a d  of DMF, would  have t h i s  

small e f f e c t .  A more precise   comparison  with  experimental  
da ta   can  be c a r r i e d   o u t  i f  x 2  3 and x 1 2  a r e  known f o r  both 



s o l v e n t s ,  The r e l a t i v e   i n f l u e n c e  of  a change of the s o l v e n t  
on t h e  membrane f o r m i n g   p r o p e r t i e s  i s  known t o  be   l a rge .2g ’  

P Sn 

DMF water 

FIG.10, B i n o d a l s   i n  PSn/DMF/water a t  d i f f e r e n t   v a l u e s  of  

i n t e r a c t i o n   p a r a m e t e r s  x 1 2 / ~ 1 3 / ~ 2 3  (g iven  Fn f i g u r e )  

Summarizing t h e   r e s u l t s  we can make t h e   f o l l o w i n g   r e -  
marks : 
- A method of computation o f  phase  diagrams  has  been  deve- 

loped,   which  works  qui te   wel l ,  
- On t h e   b a s i s  of  l i t e r a t u r e   i n f o r m a t i o p   t h e   s o l v e n t / n o n s o l -  

v e n t   i n t e r a c t i o n   p a r a m e t e r  g12 i s  assumed t o  be  composi- 
t i on   dependen t ,  From our  s tudy  we c o n c l u d e   t h a t  G , t h e  
e x c e s s   f r e e   e n e r g y  o f  mixing  has  t o  be  considered  and  not  
o n l y   t h e   e n t h a l p y  o f  mixing.’)  Other  binary  parame- 
t e r s  have  been  kept   constant ,  A t  t h i s   s t a g e  a more p r e c i -  
s e   s tudy   does   no t  seem r e l e v a n t . w i t h o u t   d e t a i l e d   i n f o r m a -  
t i o n   a b o u t   t h e   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   t h e  sys- 
tem and t h e  m o l e c u l a r   w e i g h t   d i s t r i b u t i o n .  

E 

- A change i n   t h e   s o l v e n t .  of t h e  membrane forming  system i s  
r e f l e c t e d  fn a change i n  g12- The q u a l i t a t i y e   a n d   q u a n t i -  
t a t i v e   e f f e c t s   o n t h e   p o s i t i o n  of t h e   l i q u i d - l i q u i d   p h a s e  
s e p a r a t i o n   g a p . c a n  be p r e d i c t e d   r e a s o n a b l y  w e l l .  This i s  
shown f o r  CA systems f o r  which  :binary  parameters   are  
known o 

- F ó r  PSn a l a rge ’   po lymer /nonso lven t   i n t e rac t ion   pa rame te r  
determines  the  demixing  behaviour  t o  a g r e a t   e x t e n t ,  
Changes i n  other binary  parameters   have only a small e f -  
f e c t  on t h e   p r e c i p i t a t i o n   c o n c e n t r a t i o n ,  



5 . 7 CONCLUSIONS 
For  the  calculation of the binodal in a  system ofpoly- 

mer/solvent/nonsolvent  we  have  developed  a  method of compu- 
tations which works well, 

Introduction of a concentratiori  dependent  solvent/non- 
solvent interaction parameter  gives  a  reasonable  -agreement 
between  the  experimentally found miscibility  gap  and  the 
calculated  binodal of  the liquid-liquid phase  separati,on. 
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6. THERMODYNAMIC PROPERTIES OF CELLULOSE  ACETATE IN 
SOLVENT/NONSOLVEMT MIXTURES STUDIED BY OSMOMETRY 

FoWaALTENA, R.J.MOSSEL, HOGOKOETSIER, J.W.A. van  de  BERG and 
C.A.SMOLDERS 
Department of Chemical  Technology,  Twente  University of 
Technology,  Enschede,  The  Netherlands. 

6.0 ABSTRACT 

Using  osmometry  data,interaction  parameters of a “terna- 
ry system  of  a  polymer in a  mixed  solvent/nonsolvent  have 
been  determined in ocder  to  predict  the  composition of the 
system  where  liquid-liquid  phase  separation  occurs,  The Flo- 
ry-Huggins  theory for a  three  component  system is applied 
to  cellulose  acetate/dioxane/water.  Both  osmotic  pressure 
and  preferential  ’sorption  are  determined at polymer  concen- 
trations of up  to 10%. Comparison  between  predicted and ex- 
perimental  values of the  osmotic  ,pressure  and  the  preferen- 
tial  sorption  shows  that  seasonable  agreement  can  only be 
found  if, in addition  to a concentration  dependent  solvent/ 
nonsolvent  interaction  parameter,  a  ternary  parameter is in- 
troduced  and  the  polymer,/nonsolvent  interaction  parameter 
is allowed  to  vary  with  the  composition of the  system,  The 
interaction  parameters are extrapolated  outside  the  experi- 
mental  composition  range  to  predict  liquid-liquid  phase se- 
paration.  This  turned  out  to  ‘be  unsuccessful.  The  binary 
,CA/solvent  parameters  determined for acetone  and  dioxane  do 
not agree  with  literature .data, 



6 o 1 INTRODUCTION 

The  thermodynamics  of  systems  consisting of  a polymer, 
a  solvent and a nonsolvent  play an important  role in the 
description of asymmetric  membrane  formation,”  The  basic 
processes  governing  the  structure  formation are liquid-li- 
quid  phase  separation and gelation, 

In order  to  describe  both  processes  we need a reliable 
expression for the  Gibbs free energy  function of the fluid 
polymer  sohution. In this  Ghapter we start  from the Flory- 
Huggins theory” in an extended  versfon  valid for three  com- 
ponents. For our purpose,  which is the selection of  a mem- 
brane  forming  solvent/nonsolvent  combination for a givenpo- 
lymer  material, we consider this semi-quantitative  approach 
as being  sufficient, 

In this theory  interaction  parameters  account f o r  the 
non-ideality of the  system, From earlier  studies it is clear 
that  these  parameters  generally  depend  on  the  composition 
of the 

Osmometry is a  means for determining  accurate  values 
for the  interaction  parameters in a  rather  concentrated  po- 
lymer  solution,  This is particularly  the  ease for a  binary 
polymer/solvent  system,  Both  concentration and temperature 
dependence  have  been found in this way.4’ As far as we are 
aware,. osmometry in a  ternary  sysCem has never  been  applied 
for the  determination  of  interaction  parameters in concen- 
trated  ternary  systems, In this  Chapter we investTgate  the 
possibility of obtaining  the  interaction  parameters  from 
such an experiment,  To  this  end not only  the  osmotic  pres- 
sure (or the  potential of total sorption6’)  but  also  the 
preferential  sorption  must be  measured. Both  quantities 
were  measured in the  same  osmometry  experiment for solutions 
of up to IO wt% polymer, 

The  system to be studied  here is cellulose  acetate 
(CA)/dioxane/water, The  nonsolvent  content is such  that li- 
qu5.d-liquid phase  separation  does not yet occur  (below 30% 
by weight of nonsolvent (NS) in the  solvent (S)/nonsolvent 
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(NS) mixture). Also values for the  binary  parameters CA/dio- 
xgne  and  CA/acetone  are  obtained  from  these  experiments. 

With  the  interaction  parameter  thus  obtained  the total 
sorption  coefficient  at  infinit.e  dilution  is  calculated  and 
compared  with  the  value  determined  from  intrinsic  viscosity 
measurements of CA in  mixtures of dioxane  and  water. 

The  interaction  parameters  determined  in a limitedcom- 
position  region  have  been  extrapolated  to  higher  polymer 
concentrations  and  higher  nonsolvent  content  to.  predict  the 
thermodynamic  properties of  the  system at phase  separation 
conditions. 

6.2 THERMODYNAMIC  RELATIONS 

6.2.1 Concentration  ,dep.endent .knt:e.ract,i.on  parameters: 
chemical  po,tentials 

We start  from  the  Gibbs  free  energy  function:31 

The indices refer to (1) nonsolvent, (2) solvent  and (3) po- 
lyxer. In equatio’n  (l),ni  and $î are  the mole fraction  and 
the  volume fraction of component i, The  binary interaction 
parameter  g12  (solvent/nonsolvent) is assumed  to be a func- 
tion of  the composition of  the  solvent/nonsolvent  mixture 
u2 = @2/(@1+@2) = $2/(1-@3).  The ternary  parameter g T corn- 
pr5ses al1 non-binary  effects, 

Differentiation  with  respect to the  respective mole 
fractions;yields  the following  equations for the  chemical 
potentials of components 1 and 2: 



where  the gl2. and  the  gT-parameter  are  a  function of u2 and 
the  superscripts' and -E denote  the  partial  derivatives  with 
respect  to u2 and@3 respectively,  The  symbols s and r refer 
to  the  ratios of the  molar  volumes  v1/v2  and vl/v3, respec- 
tively, 

The  osmotic  pressure  and  the  equation for the  preferen- 
tial sorption are derived in thenext section,  Comparison 
with experimental  values (in the  Results  section)  shows  that 
besides  introduction of a  ternary  parameter,  another  parame- 
ter has to be chosen  as  composition  dependent.  When  the  po- 
lymer/nonsolvent  parameter is taken 60 be a  function of the 
composition  of  the  solvent/nonsolvent  ratio u2y a  fairly 
good  agreement is obtained  between  experimental  quantities 
and  values  derived  from  the  theoretical  equations.  The in- 
teraction  parameter g13 then  incorporates also ternary in- 
teractions,  Equations (2) and (3) should  contain extraterms, 
'+espo:  -u1u2@3g:3 and fU163g13o In the  subsequent  derivations 
these  terms are included in the  equations, 

2 P  

6,2,2 Osmotic  pressure and preferential  sorption 
We assume  osmotic  equilibrium  between  two  phases,  one 

with  a  mixture of solvent and nonsolvent  (composition $ 1 . )  

and  the  other  with  polymer  dissolved xn this  mixture . The 

Q 

quantities in the polymer- free phase  are  denoted  with  the 
superscript . At  equilibrium we have: O 

The  equation f o r  the osmotic  pressure .rrfollows f r o m  substi- 
t,ution of (3) in ( 5 )  : 



The  osmotic  pressure n can be calculated  from  equation (6) 
at constant @3 if @I(or $2) and  the  values  for  the interac- 
tion  parameters  are  known.  The  value of 61  can  be foundfrom 
the  equation  defining  the  preferential  sorption.  This  equa- 
tion is derived  from  equations ( 4 )  and (5) by eliminating n 
and  substitution of equations (2) and (3): 

Above  we  have  followed  the  derivation  outlined by Scott7’ , 
who  derived  expressions for the  osmotic  pressure in  a terna- 
ry system  with s=l and  constant  (composition  independent) 
parameters,  and o f  Krigbaum and Carpenter”, who  have  given 
equations  for s f l .  Our equations  reduce  in  the  case of con- 
stant  interaction  parameters  to  their  expressions.  We  can 
also  compare o u r  expressions  with  those  obtained by Zivny 
and  Pouchly. 6 1  

The  preferential  sorption is expressed by the  factor: 

as  the  deviation  of  the  composition u1  of  the liquid  mixture 
in the  polymer  phase  from  the  volume fraction of nonsolvent 
in the polymer’free phase. 

We are  interested in the  behaviour of  the  osmotic  pres- 
sure  and  the  preferential  sorption upon increasing  the non- 
solvent  content ofthemixture, Except for the  temperature 
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the  ternary  system  possesses  two  degrees  of freedoma the 
compo’sition  of the s.olvent phase @y and the  volume  fraction 
of the  polymer  These  quantities  determine  the  equili- 
brium values of n and E, The osmotic  equilibrium  can  ele- 
gantly be represented for all compositions of the  system by 
plotting  osmotic  isobars  and  coexistence lineseg) An example 
relevant for our  system is given in Figure I .  Coexistence 
lines  represent  the  composition of the  solvent  mixture in 
the  polymer  phase, which, at an appropriate  osmotic  pressu- 
re difference,  can  be at equilibrium  with  a  mixed  solvent 
with fixed composition byrn  Osmotic  isobars  connect  points 
having  the  same  osmotic pressure. 

In Figure l osmotic isobars and  coexistence  lines  are 
given for the  following set of interaction  parameters: 
. g 1 2 = 1 . 1 ~   g 1 3 = ? . 4 ,   g 2 3 = O O 4  and s=O.2. The  preferential  sorp- 
-Lion E can be read  from  the  deviation  of  the  coexistence 
curve f rom the vertical lines which  represent  (chosen) 61 
values, . Four  osmotic  isobars at selected  values of  .rrvx/RT 
are given ,, 

O 

The  chosen  binary  interaction  parameters have pr-evious- 
1 ~ ” ~  been  used to calculate the liquid-liquid  phase  separa- 
tion  gap in the  system CA/dioxane/water.Withtheseparameters 
a fairly  good  agreement  was  obtained  between  the  locations 
of the  calculated  binodal  and  the  experimentally  found  de- 
mixing  gap,  Figure l contains  the  osmotic  isobar r = O ,  which 
according to Pouchlygl limits  the  region of restricted  mis- 
cibility. Indeed  this  follows  from  equations (4) and (5)for 
the  case  of  limiting  high  molecular weight.(r+O). The  phases 
that  coexist at demixing are given in the  figure  (full dots), 
The  dashed  lines  connect  the  two  coexisting phases.. The  open 

. dots  indicate  the  points where inversion of the  sign of the 
preferential  sorption takes place, 

We observe a-predicted minimum in the  osmotic isobaras 
a  function of ul. This  indicates a maximum  of the osmotic 
pressure as a function of the  composition of the  solvent/ 
nonsolvent  mixture,  Furthermore,  with  this  choice of thein- 
teraction  parameters  and at a  certain  polymer  volume frac- 
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tion,  say l o g y  we  expect a positive  value of  the  preferen- 
tial  sorption at  low u1 values (preferential sorption of 
component 1 ,  water)  which increases, passes  through a maxi- 
mum  and  becomes negative at about.ul=0.3, 

Oi6 - 

0.4- 

0 . 2 - w  

0.0 
0.0 

FIG-I e Coexistence 

0.2 

line s 

0.4 0.6 0.8 . 1.0 - "1 

and  osmotic  isobars  in a ternary 
syst'em. Values for .rrvl/RT are  indicated for the i s o -  
bars;  values for 6: are  indicated  for  the  coexisten- 
ce lines.  Parameter  values:  gl2=l.l, g13=1.4,  g23=0.4 
and s=O.2. Zero  preferential sorption (o). Phases 
coexisting at .demixing ( o ) *  

6.2.3 The  dilute region 
We  are interested in the  comparison of  tohe  behaviour 

of  osmotic  pressure  and preferential sorption of both  the . 

concentrated  and  the  dilute  region.  Experiments  in  the  con- 
centrated region require considerable  experimental  effort. , 

The  dilute region is much  more  accessible  by  osmometry at 
low polymer  concentration or by intrinsic  viscosity measure- 
ments. , Hopefully,by  measurtng  the  thermodynamic  properties ' . 

both  at  limiting low and  rather  high  polymer concentrations, 



a sufficiently  accurate  description of the  thermodynamic  be- 
haviour of the  ternary  system can be obtained. 

In the.  dilute  solution limit ( @ 3 + 0 )  one  finds2"11: 

We follow  the  derivation of Pouchly  et al. : 

The g-parameters  and  the  derivatives  with  respect  to u2 in 
the  above  equations are the  limiting  values (g ij ) + 3 + ~ *  The 

. derivative  with  respect  to m 3  2 s  calculated at constant UZ. 
The total sorption  coefficient Y can  be  determined 

from l o w  pressure  osmometry or f r o m  intrinsic  viscosity 
measurements as. a function of the  composition of the sol- 



vent/nonsolvent  mixture’. 
.According to Shultz and. Flory12’ .the linear expansion 

factor a is. a measure for the  overall  sorption: 
y .  . 

Y(+:) = ( a 5 - a 3 ) / 2 ~ M ~ 8  ( 1 7 )  

M is the  molecular  weight of  the  polymer, NA Avogradb’s 
‘number, 7 3  designates  the partial specific  volume of the 
polymer  and (F:)’ is the mean-quare end-to-end  distance 
in the  unperturbed stateo.we follow F l o r y  by taking: 

a = a - a3 = [ q ] / [ q J  rl’ rl (1 9 )  .. , , .. ,. 

This  gives  us an opportunity  to  compare  osmotic  data  at  me- 
dium  polymer  concentration  and interaction parameters deri- 
ved  from  them  with intrinsic viscosity  data, 

6 , 3  EXPERIMENTAL 

6.. 3 . 1 0smome.trg 
A membrane  osmometer  was  constructed  with a design  as 

given in Figure 2. This  osmometer is very  similar to the 
one  used  by  Koenhen.41 The.device meets  most  of  the require- 
me.nts for proper functioning (see e.g. Schäfe~~~’): 
- a convenient  and frequent change  of  solvent  and  solution 
is  possible ; 

- the  time  required for osmotic  equilibrium is short  and 
concentration  variations  during  measurement  are negligible 
(volume  transport  through  the  membrane is minimal); 

- a sufficient‘su-Qport for the  membrane is available; 
- the  pressure  difference across the  membrane  can,externally 
be changed;  equilibrium is attained  starting  from lower 
pressures 4 1  ; 

- the  temperature controï is adequate:  the  osmometer is im- 



mersed in a thermostat bath. 
The  pressure  (compressed air) is exerted  on  the  polymer 
solution  via  the  mercury filled U-tube. The  mercury  pre- 
vents  evaporation  of the solvent. 

FIGa2, High  pressure  membrane osmometer.: @ membrane, @ po- 
r o ~ s  steel  plate, @ teflon  gasket,  @filling  ports 
connected to valves, @ glass  capillary, @ mercury 
filled  capillary  U-tube, 

6 a 3 c 2  m 
The  membranes  used  were  Sartorius  allerfeinst,  cata- 

logue  number 11539, with a diameter of 47 mm, The  membranes 
are made of regenerated  cellulose,  They  are  conditioned to 
the  desired  solvent  within the c e l l  .in 8 steps o@ $h dura- 

. .  .- tion.  After  the  experiments no GA could be detected at the 
solvent  side  of the cell,  Before an experiment  with a mixed 
solvent t h e  membrane is carefully  conditLoned and the s o l u -  
ti.on and  solvent  compartments are flushed  several times. 

6-3.3 Experimental  procedure 
6.3-3.1 o s m o t ~ c _ e r e n n u . e - m e a ~ ~ r e m ~ ~ ~  

At the solution  side the initially  present  solvent is 
replaced by the  solution,The  bottom  filling  port is closede 
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and  teapera ture   equi l ib , r ium i s  r e a c h e d   i n   a b o u t   1 5  min.  Then 

the   upper   va lve  i s  c l o s e d   a n d   t h i s   m a r k s   t h e   s t a r t  o f  t h e  
experiment.  Through  permeation o f  the  (mixed)   solvent ,   the  

, l e v e l  o f  the  meniscus  in   the  mercury  column  changes.   This  
change i s  used t o  c o r r e c t   t h e   p r e s s u r e   u n t i l   e q u i l i b r i u m  i s  
a t t a i n e d .  The p res su re  i s  inc reased   s t ep -wise  f o r  about  
3h .   Equ i l ib r ium  fo l lows   a f t e r   ano the r  3h  during  which  the 
p re s su re  i s  not  changed, The o s m o t i c   p r e s s u r e   r e p r o d u c e s t o  
w i t h i n   3 %   i n   d u p l i c a t e   m e a s u r e m e n t s .  

After the   expe r imen t   t he   we igh t   f r ac t ion  o f  the 'polymer 
i n   t h e   s o l u t i o n  i s  determined by evapora t ion  o f  the  (mixed)  
solvent   and  subsequent   weighing o f  the  polymer,  The hydro- 
p h y l i c i t y  o f  CA limits the   accu racy  o f  t h e   d e t e r m i n a t i o n  of 
t h e   w e i g h t   f r a c t i o n  t o  a va lue  o f  about   2%,  During  the mea- . 

surement CA t a k e s  up a small amount o f  water .  l , .  

The volume f r a c t i o n  o f  t he   po lymer   (be fo re   mix ing ) i s   ca l -  

cu la t ed  f r o m  a d d i t i o n  o f  volumes o f  polymer  and  solvent,  

6 ,3 ,3 .2   P re fe ren t i a i   so re t ion   measu remen t  ---------------- ---------------- 
The va lue  o f  E i s ' d e t e r m i n e d  by analyzing  the  composi-  

t i o n  o f  t he   so lven t   mix tu re   i n   t he   so lven t   compar tmen t   s ide  
o f  t h e   c e l l   a f t e r .   e q u i l i b r i u m  i s  a t t a i n e d ,  The s o l v e n t   s i d e  
o f  t h e   c e l l  i s  s e a l e d  f r o m  the   envi ronment   dur ing   the  osmo- 
t i c  experiment . 

The r e f r a c t i v e   i n d e x   i n c r e m e n t   ( t h e   r e f e r e n c e  i s  t aken  

f r o m  t h e   o r i g i n a l  mixed so lvent   composi t ion  6;) i s  measured 
wi th  a Brice  Phoenix  refractometer .  The a c c u r a c y   i n   t h e   r e -  
f rac t ive   index   measurement  i s  about  2.10-5.  The es t imated  
accuracy o f  t h e   d e t e r m i n a t i o n  of t h e   c o m p o s i t i o n   i n   t h e  sol- 
vent  compartment i s  about  Z.10.-4b . The va lue  o f  E f o l l o w s  
from a mass ba lance  o f  t h e  t o t a l  c e l l .  The two  c e l l   h a l v e s  
have  volumes o f  l 2  cm3 ( s o l v e n t )   a n d  20 cm3 ( s o l u t i o n ) .  

* .. 

The r ep roduc ib i l i t y ,   however ,   i n   t he   de t e rmina t ion  o f  E 

i s  worse  than  2.10-4.  For i n s t a n c e   t h e   v a l u e s   g i v e n   i n   F i -  . 

gure 5 a r e  mean va lues  of dupl icate   measurements .  The e r r o r  
i n ' €  i s  about  3.10-4. 

Another way t o   d e t e r m i n e  E i s  v i a   t h e   d e t e r m i n a t i o n   o f t h e  
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r e f r a c t i v e   i n d e x  o f  t h e   p o l y m e r   i n   t h e   s o l v e n t / n o n s o l v e n t  
mix tu re   i n   t he   so lu t ion   compar tmen t ,  Our apparatus ,   howeverg 
does  not  a l l o w  us  t o  take a sample o f  t h e  polymer s o l u t i o n  
a t  osmotic   equi l ibr ium. 

6 0 3 0 3 . 3  ~ i _ s c g g e t r p  
A c a p i l l a r y   v i s c o m e t e r   o f   t h e  UbbGlohde suspended me- 

n i s c u s   t y p e ,   w i t h   e f f l u x   t i m e  o f  90 s f o r   d i o x a n e  25'Cg was 
used . 
6 o 3 B 4 M a t e r i a l s  

D e t a i l s  of t h e   m a t e r i a l s   a r e   g i v e n   i n   C h a p t e r  3.  

6*4 RESULTS AND DISCUSSION 

6,4,1 Bina ry   CA/so lven t   i n t e rac t ion .pa rame te r s  

a. Concentration  dependence 
For a binary  system ($l=O) equa t ion  ( 6 )  reduces  t o :  

Fron! t h i s   equa t ion   t he   F lo ry -Hugg ins   i n t e ' r ac t ion   pa rame te r  
x2 can be c a l c u l a t e d :  

S u b s t i t u t i o n  o f  ( 2 2 )   i n   ( 2 1 )   g i v e s :  . 
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The va lue  of x23 a n d ,  s o  o f  the  g23-function  can  be  found 

f r o m  the  osmotic   pressure  measurement   in   the  binary  system. 
The concentrat ion  dependence o f  the   po lymer /so lvent  

i n t e r a c t i o n   p a r a m e t e r  of. the  binary  systems  CA/dioxane  and 
CA/acetone a r e   g i v e n   i n   F i g u r e  3.  Beyond a polymer  weight 
f r a c t i o n  o f  0.15 f i l l i n g  of t h e   c e l l  became v e r y   d i f f i c u l t .  
F igure  3 shows t h a t   d i o x a n e  i s  a b e t t e r   s o l v e n t  f o r  CA t han  
ace tone .  The concentrat ion  dependence i s  n o t v e r y l a r g e .  . On 
t h e   ~ 2 3 - a x i s  we have   g iven   the   va lue  f o r  dioxane a t  l o w  
polymer  concentra’tion,  determined wi th  t h e   h e l p  o f  a ‘ l o w  
p res su re  osmometer (Ha l l ika inen  model  1361  automatic osmo- 
meter ,   wi th   the  same type  o f  membrane as used i n   t h e . h i g h  
pressure  osmometer) .  From Figure  3 and  equat ion  (23)  i t  fol- . 

l o w s  f o r  dioxane: 

0.0 0.0 5 010 - CP, 
FIG.3 ,   Binary   po lymer /so lvent   in te rac t ion   parameter  x 2 3  as 

a f u n c t i o n  o f  (b3: dioxane ( o )  and  acetone ( O ) .  

The o n l y   l i t e r a t u r e   s o u r c e  w i t h  which we can  compare 

our ~ 2 3 - r e s u l t s  i s  Moore e t  a l .15’16’  I n   F i g u r e  4 t h e   d a t a  
a r e  compared. 



0.2 

0.0 ! I 1 l l 

Q0 OJ 0.2 '03 0.4 - "93 
F I G a 4 a  Comparison o f  x 2 3  determined i n  t h i s   C h a p t e r  ( a )  w i t h  

l i t e r a t u r e   d a t a  from Moore"" (b)  : dioxane ( o )  and 
ace tone  ( e )  . 

b,  Temperature  deeendenee 
- - - - - - - - - - -P--  ------- 

The temperatura.   dependence o f  t h e   i n t e r a c t i o n   p a r a m e t e r  
i s  a n o t h e r   p o i n t  o f  i n t e r e s t ,   T h i s  T-dependence  can  be  used 
t o  determrPne t h e  t w o  con t r ibu tkons  t o  x, t h e   e n t h a l p i e  (xH) 
a n d   t h e   . e n t r o p i e   c o n t r i b u t i o n  (xs) t o  t h e   i n t e r a c t i o n   p a r a -  
meter:  

A r a t h e r   p r e c i s e   v a l u e  o f  xH i s  d e s i r e d .  For example a r e l a -  
t i v e   e r r o r  o f  0,1 i n  x, means t h a t .  x has t o  be  determined 
w i t h   a n   a c c u r a c y   b e t t e r   t h a n  0,OI ( t e m p e r a t u r e   i n t e r v a l  20K), 

. Our experiments  ' reproduce t o  w i t h i n   a b o u t   t h i s   v a l u e .  
Although a precise   measurement  i s  n o t   p o s s i b l e ,  osmo- 

, t i c   p r e s s u r e   m e a s u r e m e n t s   c a r r i e d .   o u t   a t   d i f f e r e n t   t e m p e r a -  
t u r e s   i n d i c a t e  a v a l u e  o f  x,=O.?-O.3 for dioxane.  This  value 
i s  found when osmot i c   p re s su res   a r e   mes t s i r ed   a t  2 5 O C  and 

40°C ( f  or $ 3  =0,05 and O ,  1 ) u s i n g   t h e  same s o l u t i o n  a t  t h e  



two  temperatures. In practice this means  that  after  an  expe- 
riment at 2 5 O C ,  the  upper  valve  is  opened,  and  the  whole 
cell is  brought  to 4O0C. At this  temperature  the  valve is 
closed  and  again  the  osmotic  pressure  is  determined.  This 
type  of  relative  measurement  gives  the  most  reliable  infor- 
mation  on xH with our apparatus,, 

Again  comparison  with Moore learns  that  the  results of 
this  study  and  those of  Moore  disagree. Moore finds negati- 
ve  values for xE in the  system  CA/dioxane. A comment  which 
can be made  here  ,concerns  the  accuracy  of  the  determination 
of  the  chemical  potential  difference of  t-he solvent  in 
Moore's  experiments.  An  accuracy  of  about 10% in RTlna, 
where a is  the  activity of the  solvent,  is  given by  Moore. 
Assuming  this  value to-be correct, n o  reliable  information ' 

on  the  temperature  dependence  of x (and S O  of x,) ca? be 
extracted  from  the  experiments, We seriously.doubt the  sign 
and  the  magnitude  of xH found by  Moore. 

6,4 .2  Ternary  system':  osmotic  pressure  and  preferential 
. sorption 
The  values  found  for  the  osmotic  pressure  and  the  pre- 

f erential  sorption  in  the  ternary  system  CA/dioxane/water 
are  given in Figure 5. Measurements  at  two  polymer weight 
fractions in the solution, 5 and l o g ,  have  been  performed,, 
The  osmotic  pressure  passes  through a maximum  upon  increa- 
sing  the  water  content (4:) of the  solvent/nonsolvent  mix- 
ture. If nis.extrapolated to  zero  (dashed  lines in Figure 5) 
we find the nonsolvent concentration  where  the  system de- 
mixes  into  two  liquid  phases.  This  value is about 0.33 .  This 
is  in good  agreement  with  the  value  found  from  cloud  point 
datal7I8 about 0.31 at I 0  wt% CA. 

As already  has  been  mentioned in the  experimental  sec- 
tion, there,is  'a large  error in the  determina%ion of E. The 
points  given in Figure 5 are  mean  values of duplicate mea- 
surements.  It  appears  that in general the  preferential s o r p -  

tion for 10% CA solutions is smaller  than  the  value  at 5%. , 

This is not  expected  on  the  basis of Figure 1. Even  more im- 



portant is the sign of E: experimentally  we find  negative. 
values.  Thfs  means  that  dioxane is preferentially  adsorbed, 
whereas f r o m  Figure 1 it follows,that water  adsorbs  prefe- 
rentially, 
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FIGIS, Osmotic  pressure T and preferential sorption E of CA/ 
dioxane/water  as a function of  water  con'tent @ y  at 
I 0  wt% ( o )  and 5 wt% (o). . 

6 , 4 , 3  Ternary  system: intrinsic viscosity  measurements 
The  intrinsic  viscosity of CA in the  dioxane/water  mix- 

ture is given in 'Table l and in Figure 6, 



0.0 0,854 1.02 0,0168 o . 0203 

0.05 0,902 1,039 0,0350 I o. 0200 

0.10 0.914 1.044, O, O398 O , O342 

O e 1 5  0,889 le034 O . 0300 0,0455 
0.20 0,881 1,031 O . 0270 O. 0.490 

Oe25 0,865 i . 024 .  O , 0233 000354 

Table l: Total  sorption  coefficient  from  intrinsic  viscosi- 
ty  measurements. 

The  calculation of Y proceeds  as  follows: 
- we  assume  the linear expansion factor in pure  dioxane  to 
have  the  same  value  as  for  acetone, a=l .O2 (Kamide"'). 

- according to Kamide: ( M / ( s ~ . ) ) 3 ' 2 = 1 ~ 3 4 4 . 1 0 2 3  for a m,olecu- 

- th.e partial specificqolume of GA: ?3=0.70,19' 
lar  weight of M=6.;1Ó4, 

0.0 0.05 OJO 015 O20 0.25 - q 

0.05. 
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FIG,6.  Intrinsic  viscosity [ q ]  ( o )  and  total  sorption coef- 
> ficient Y ( O )  as a function of water  content in the , . 

dioxane/water  mixture. Y calculated  from  eqns..(lO)-(16) 
' with interaction parametersof Fig.lO(dashed  curve). 



Both Y(+:) and the intrinsic  viscosity show a maximum in the 
curve as a  function of composition,  This  maximum is situa- 
ted at the same  nonsolvent  concentrations  as  the  maximum in 
the  osmotic  pressure at higer polymer  concentrations (see 
Figure 5) a 
Also shown in Figure 4 is the  Y-function  calculated withthe 
lnteraction  parameters  determined f r o m  the osmometry  and 
preferential  sorption  data atahigher polymer  concentration 
(see  the next section), 

6,404 The  interaction  parameters 
We would like to discuss  here  the  merits of determi- 

ning  interaction  parameters in a ternary  system  using osmo- 
metric and intrinsic  viscosity  measurements, 

We  know that  the  osmotic  pressure  and  the  preferential 
sorption  coefficient  are  very  sensitive to changes in the 
interaction  parameter  values,  An  example is given in Figure 7,  
Here  we  changed  the  value of the  polymer/nonsolvent  interac- 
tion  parameter g13 and  we  observe  the  iafluence on IT and E 

at a  polymer  volume fraction of 0.1. One  of  the curvest with 
g13=lo4.is directly  related to Figure 1. 

One of the  interaction  parameters is definttely  compo- 
sition  dependent, viz. ~ 1 2 ~  or g12(u2). The  functional  de- 
pendence  can  be calculated  from  literature  data on the  ex- 
cess free enthalpy of mixing  the  two  molecular  weight... 
components, Precis.e  knowlgd-ge of this  parameter is desired 
since first and  second  derivatives  contribute  to  the  equa- 
tions for the  osmotic  pressure  and  the  preferential  sorption 
(cp. equations (6)-(7) and (10)-(16)), In the  following  we 
take  g12 as a known parameter at all compositions,  The func- 
tion that represents  the  literature  data  on G f o r  dioxane/ 
water  taken  from KortÜm201 is (represented in Figure 10): 

E 

With t h i s  gr2-function and  constant  interaction  parameters 
of gl3=l04 ( f r o m  swelltng  measurements at 43+1) and  g23=0.4 

-l 34 



we. have  been  able  to  calcu1ate;:the location of the liquid-li- 
quid  phase  separation gap. ' O '  .Now we  calculate TT' and E with 
this  set o f  interaction parameters from equations (6) and 
( 7 )  (procedure I in Table 2) e The result is given in Figure 
8. We  note  an  oscillating  behaviour of .rr and a very highva- 
lue of E. If we  take  g23 f r o m  equations (24) the  result is 
practically  the  same. 

!!!!$o3 
RT t 0.2- 

1.3 

0.1 - 

0.0 - : I I I I 

0.0 0.10 0.20 0.3 O 
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FIG.7. Effect of varying'gl3  (values.indicated  in the figu- 
re) on  osmotic  pressure  (a)  and  preferential  sorption 
(b); g12=1.1; g23=0.4  and s=0.2. 



TO improve  agreement  between  the  experimental  and  cal- 
culated  values a ternary  parameter is introduced. A simple 
form was chosen for g T: 

At  the  polymer  concentrations  used (@3<oe.?) we  neglect  the 
Lnfluence of the partial derivatives of g13 with  respect to 
43. This  term  contributes less than 5% of the  main termwith 
g13 in equation (6). 

FIG.8. Predicted.osmotic pressure r ( a )  and  preferential 
sorptLon-& (b) with g12=gl,(u2). Other  parameters: 
gL3=1 g2,=0.4 and s=0.2 

Several ways oÎ  choosing  the  unknown  parameters g,, 
and gT have been investigated,  These  are  summarized in 
Table 2, 



~~~ ~ ~ 

procedure 93.2 g2 3 g1 3 gT result  number of 
variables, 

I eqn. (27) eqn. ( 2 4 )  1 . 4 Fig . 8 none 
I1 ibid . ibid. 1 .4  eqn. (28) - 4 
I11 ibid. ibid ,, e%) ibid - 5 
IV ' ibid. ibid.  e-kfu23C'ibid. Fig . 9 6 

and I 0  

a,b,c,d  (eqne(28)) and e and f are  variables to be deter- 
mined. 

Table 2: Selected  variables for optimization  procedure. 

We determined  the  variables in gT and 9 1 3  f r o m  a non-linear 
least-squares  optimization  procedure for the  osmotic  pres- 
sure  equations (6) for n(=6) data points.  The number of và.- 
riables is given in Table 2..Neither procedure I1 nor pro- 
cedure I11 didyieldanacceptable result. No good  ,fit  can  be 
obtained  between  calculated and experimental  values if gTis 
varied ata constantvalue of g13. A reasonable  agreement was 
found when .g13 also is assumed! to be a function of the corn- 
position of the  solvent/nonsolvent  mixture  (procedure TV). 
This  means  that  the  interaction  between polymer.and nonsol- 
vent depends' on the amount  of  solvent present.  The  resu1t.s 
o f  procedure IV are given in the  Figures 9 and 10. Figure 9 
gives  the  best fit between  experimental and calculated  va- 
lues for the  os,motic  pressure and the  preferential  sorption 
for the  two  polymer  weight  fractions at which we performed 
our  experiments.'The  values for the  interaction  parameters 
found in the optimization  procedure are ,given in Figure 10. 

Some remarks  concerning  these  results  have to be  made: 
. - The disagreement-in the predicted and experimental E va- 
lues is not serious:  the  absolute  size of E has only a..mi- 
nor effect on the  calculated  g-parameters and the agreement 
between  experimental  and  predicted  osmotic pressure. 
- The  osmotic  pressure  equation  involves  the  subtraction of 



large numbers to obtain a small value for vvl/RT. Thismakes 
it difficult to optimize. 
- The  experimental  maximum in the  osmotic  pressure  curve is 
situated at 10% nonsolvent. From the  calculations we find a 
maximum at 15-20$ water. 
- The  ternary  parameter  corrects  mathematically  the inter- 
action  of  nonsolvent  and  solvent in the  presence of  polymer. 
Horta2” .gives a -physical interpretation of gT in terms of 
the  surface-to-volume  ratios  and  free-volume dfssimilarity. 
In order to do this,  he has to introduce  some  simplifying 
assumptions in his derivation of P and E from  the  Flory- 
Prigogine/Patterson  theory. In our  case,  because of another 
‘*ternary1*  interaction  parameter g13(u2), the  situatton is e- - 
ven more complex. The  molecular  interpretation of the  size 
and the form of the  functions f o r  the interactionparameters 
is left for future study= . 

- Usually / g  l<lg12i and sign (g,) = sign (912). The  terna- 
ry parameter  modifies  g12 and the result is that  the  prefe- 
rential sorption  of  component l is loweyed,  This  weakening 
effect is expecked to decrease  with  increasing  polymer  con- 
centration,61 We find a  negative  sign  for gTm The depend-en- 
ce of gT  on 4 3  is negligibly small in o u r  case. Because of 
the  other  introduced  ternary  interaction  parameter g13 we  do 
not attach  much  significance to the  sign of  gT. 
- Both a small value of s-l and a  high  value for g12 influ- 
ence  the  preferential  sorption In the  sense  that  upon  de- 
creasing s-l and increasing  gX2  the  preferentialsorption of 
component I increases. In our  case  this  would  mean  a  posfti- 
ve value for E. The  experimentally fou.nd negative  E-values 
indicate  that  the  effect of g12 m1Js-t be compensated by  g13. 

T 

Another way.to obtain interactioxt parameter  values is 
. from  intrinsic  viscosity  measurements as a function of the 

solvent/nonsolvent ratio, In Figure 6 experimental.and cal- 
culated  values of. the total sorption  coefficient Y are  gi- 
ven. The calculated Y (dashed  curve) is obtained  by  substi- 
tuting  the’  interaction  parameters from. Figure I 0  in the e- 
quations (10)-(16)., 
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FIG.9.  Comparison  between  experimental  and  calculated o'smo- 
t i c   p r e s s u r e  v a n d   p r e f e r e n t i a l   s o r p t i o n  E : 10 w t %  
CA . (o )  ; 5 w t %  C A .  ( o )  . Full .   curve  calculated  w. i th   in-  
t e r a c t i o n   p a r a m e t e r s  as g i v e n   i n   F i g u r e  10. 

The e x p e r i m e n t a l   a n d . c a l c u l a t e d  Y d i f f e r   q u a l i t a t i v e l y   i n  
. t h e  'same mannei: as t h e   o s m o t i c p , r e s s u r e s   a t   h i g h e r   A g a i n  

' an   exper imenta l  maximum i s  found a t  10% water   content , .where-  
as t h e   t h e o r e t i c a l .   c u r v e  has a maximum, a t . a b o u t  ' 20% water .  

Quantative  agreement  depends on a )   t h e   v a l i d i t y  of t h e   a s -  , , 

. Swnptions  underlying  equat ions (17 )  t o  (19)  and- t h e   p r e c i s e  

- .. 1 3 9  



values of the  constants  which  appear in these  equations  and 
b,) on the  same factors which  cause the-discrepancy between 
calculated  and  experimental  values for preferentialsorption 
and  osmotic  pressure at higher 4 3 .  

FIG-10. Interaction  parameters g13 and gT calculated  from 
optimization  procedure;  g12  and g23 are known pa- 
rameters. 

The main purpose of this  study is to o.btain' information 
. on  the int.eraction. parameters  and to use  this  information  to 
predict.liquid-liquid pha'se separation. To obtain  a quickin- 
sight in the  location of the  miscibility  gap  and  the  coexis- 

. ting  phases a plot  such as Figure l is useful. With  the in- 
teraction  parameters of Figure I 0  we calculated the coexis- 
tence  lines  and  the  osmotic  isobars of Figure l l .  Only  the 



t 

- u, 
FIG,11.  Osmotic  isobars  and  coexistence  lines  calculated 

with  interaction  parameters  from  Figure 10. Values 
for TV~/RT and .@y are  given,  Phases  coexisting at 
phase  separation  are  indicated by full dots. 

relevant  part of  the  diagram is shown.,  At infinite  molecu- 
lar  weight  the  following  phases  are  in  equilibrium: a poly.;: 
mer-free  phase  with  composition @y=0.2 and a concentrated 
polymer  solution  phase  with  ul=O.3  and @3=O.3. This  latter 
finding  compares  favourably  with  experimental  information  on 
demixing.lO’  .The  polymer  free  phase,  however,  is expectedto 
have  much  larger  nonsolvent  content, u1>0.3. 

6.5 CONCLUSIONS 

Osmometry  can in principle be used  to  determine inter- 
action  parameter  values  at  high  polymer  concentrations  from 
both  osmotic  pressure  and  preferential  sorption. 

The  complexity  of thethermodynamic behaviour of CA/di- 
oxane/water  manifests  itself by the  necessary  introduction 
of composition  dependent  binary  and  ternary  interaction  pa- 
rameters.  The  Flory-Huggins  theory  then  gives a fairly  good 
phenomenological  descrip.tion of  the  osmotic  experiment.. 

The  derived interaction  parameters  cannot  yet be used 
successfully  in  predicting  the  liquid-liquid  phase  separa- . . 

tion gap. 
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7.0 ABSTRACT 

A variety of CA membranes  can be prepared by varying 
the  solvent in the  membrane  f0rmin.g  system.  Thermodynamics 
and kinetics of demixing  processes  and diffusional exchange 
of solvent  and nonsolvent determine  together  the  resulting 
membrane  structure. 

Measurements of diffusion during  membrane formation 
are revieweds The nascent skin  isrnotfound  to be a big 
barrier for solvent  diffusion.  This follows from a simula- 
tion of  the  effect  of a skin on  binary  diffusion  and  from 
a separate  determination of diffusion  coefficients in bina- 
ry CA/solvent  and  ternàry  CA/solvent/water  systems. 

Solvent  and nonsolvent flow can be related  to  the ther- 
modynamic  properties of  the  system. A cornposition  path can 
be  calculated which represents  the local composition  change 
in the  solution  up  to  phase  separation.  This  composition 
path  depends  on  the  solvent/nonsolvent interaction parame- 
ter e 

Indiffusion of water  depends  very  much  'on  the  solvent 
chosen  for,  the  casting  solution.  Comparison of properties 
of CA membranes  from  solutions  in  dioxane  and  acetone  leads 
to the  conclusion  that a nascent skin  discriminates  in  some 
way between  solvent and nonsolvent flow.  Apparently a skin 
is a str.bnger  barrier for nonsolvent than for  solventdiffu- 

. Sion. No explanation  can be given at present.  More  research 
to understand this.discriminating effect is needed. . More 
quantitative information is required.  on  thè kinetics of  ge-. 
lation and on the diffusion at high  polymer  concentration 
in ternary  systems. 



7 l INTRODUCTION 

Membranes of cellulose  acetate (CA) can easily be pre- 
pared  by casting  a  concentrated  polymer  solution  (10-30wt%) 
on  a  supporting  surface,  and by subsequent  immersion in a 
nonsolvent (water) bath,  Depending  on  the  solvent  a  variety 
of membrane  properties can be  obtained,  ranging from hyper- 
filtratFon  (reverse  osmosis) to ultrafiltration membranes. 

Important  morphological  properties are the  overall  de- 
gree of porosity and the  presence of  a skin,  a  dense  top- 
layer with permselective  properties  very  different  from  the 
porous  sublayer, 

First we will consider  the  dependence of the  membrane - 
poros,ity on %he choice of the  solvent.  Values for thedegree 
of porosity.  (wt%  water  per  gram of dry  polymer,  present in 
sponge  substructure and fingerlike  cavities)  have beengiven 
by Frommerl’  and A quite  interesting  correlation  has 
been  proposed by these. authors.  The  degree  of  porosity 
the  membrane can be  related  to the tendency of mixing  of sol- 
vent  and nonsolvento This relation has  been  put  down  by So 
et  al, as the  correlation of the porosity with the  solubili- 
ty parameter of the  solvent  (reproduced in Figure l). The 
higher  the  solvent  solubility  parameter  the  higher  the  ten- 
dency of mixing of the  solvent with water ( 6 ~ 2 3 ) .  

Instead of t8kin.g. the difference in the solubility  pa- 
rameters as a  measure for the  tendency of mixing, we choose 
the  much  more  exact  excess free energy of mixing of the sol- 
vent  and  the nonsolvent.%’ 

E The  minimum  values of G for the  solvent/nonsolvent 
pair for some of the  solvents in Figure 1 are  given in Table 
1. (as far as  this  quantity is available fr.om the  literatu- 
re). The G value for TEP is somewhere in between  acetic a- 
cid  and DMF, judging  from  the  excess  enthalpy  available.g’ 

E 

-s’ Another-quantity that ,can be  used and is related  to G is 
the  magnitude of the  solvent/nonsolvent  inter.actionpara- 
meter (Cf, section 5.4,  Figure 2) 

E 

-l 44 



When  we compare t h e   r a t h e r   s c a t t e r e d  GE va lues  o f  Table l 
with   F igure  l t h e   p r o p o s e d   c o r r e l a t i o n   d o e s   n o t   a p p e a r   t o b e  
s o  strong  anymore.  From dioxa'ne t o  DMSO wi th   , l a rge   changes  

i n  G / R T  t h e   p o r o s i t y   d o e s   n o t   i n c r e a s e   v e r y  much. We con- 

c l u d e   t h a t   t h e  membrane poros i ty   cannot   s imply  be r e l a t e d t o  
the   t endency  o f  mixing. 

E 
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10  11 i 2  
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FIG.1. Corre la t ion   be tween membrane p o r o s i t y   a n d   s o l u b i l i t y  
parameter o f  the  solvent.   Reproduced  from So e t  a l e 2 '  
Membranes' c a s t  f r o m  20% CA s o l u t i o n s   i n   t h e   s o l v e n t s  
mentioned. 

The tendency o f  mixing i s  one i m p o r t a n t   f a c t o r   c o n t r i -  
bu t ing  t o  t h e   r a t e  of d i f fus ive   exchange .  We ag ree   w i th  
Frommer and So t h a t   i n   g e n e r a l   t h e  membrane p o r o s i t y  i s l a r -  
ge ly   governed   by   the   ra te   o f   d i f fus ive   exchange   of   so lvent  
a n d   n o n s o l v e n t   d u r i n g   t h e   p r e c i p i t a t i o n  o f  the  polymer.  The 
format ion  o f  a sk in , .however ,  i s  expec ted   to   behave  as a 
r a t e  limiting ' b a r r i e r  for so lven t   and   nonso lven t   t r anspor t .  
To have some q u a n t i t a t i v e   i d e a  of  the  o v e r a l l   r a t i o  of s o l -  

, .  

vent  and  nons,olvent  f low one. carP c a l c u l a t e .  f r o m  por ' o s i tyva -  
1uè.s of 40 t o  80% t h a t  t h e  r a t i o  o f  i n d i f f u s i n g   n o n s o l v e n t .  
and   ou td i f fus ing   so lvent   vo lumes  i s  about  0.1 t o  0.2. An e- 



q u i l i b r i u m   s w e l l i n g   v a l u e  o f  15% found f o r  t h e   s o l v e n t   p r o -  
py leneoxide   (F igure  l )  i n d i c a t e s   ‘ t h a t  %he f i n a l  membranehas 
a p o r o s i t y  o r  swel l ing   va lue   comparable  t o  a dense f i l m  of 
GA ob ta ined  by evapora t ion  of t h e   s o l v e n t .  

Some in fo rma t ion  on t h e   p e r m e a b i l i t y  of  t h e   s k i n   i n   t h e  
f i n a l  membrane a n d   p o s s i b l y   i n   t h e   n a s c G n t   s t a t e  may f o l l o w  
from t h e   s t u d y  o f  t h e  f i l t r a t i o n  p r o p e r t i e s .  Going f romace -  
tone  t o  DMSO ( see ,   F igu re  1 o r  Table  l )  t h e   s k i n   h a s  a r a p i d -  
l y   d e c r e a s i n g   a b i l i t y  t o  r e j e c t   d i s s o l v e d   s a l t s .   S i m u l t a n e -  
o u s l y   t h e   w a t e r   f l u x   i n c r e a s e s  from 0.02 cm/h for ace tone  t o  
I00  cm/h f o y  DMSO ( a t  40 bar ) . ” ’  ,.Membranes from a DMSO s o -  
l u t i o n   h a v e  a much more open  and  probably much t h i n n e r   s k i n .  
These l a t t e r  membranes a r e  o f  t h e  UF type ,   Therefore ,a l though 
t h e   p o r o s i t y   d o e s   n o t   i n c r e a s e   v e r y  much from dioxane t o  
DMSO i n   F i g u r e  l ,  t h e   p e r m e a b i l i t i e s  o f  t h e  membranes  do i n -  
c r easeB   and   aga in   t h i s   can   be   rough ly   , , , * ‘ co r re l a t ed   w i th the  
tendency  of  mixing, 

~~ ~~ 

s o l q e n t  G*/RT(min) p o r o s i t y ( % )  

THF ’! 0.20 32 
ace tone  ” O. 46 47 
dioxane ” O. 48 81 
a c e t i c   a c i d  6 l  0.34 82 
DMF 7 1  O. 07 83  
DMSO - O e 5 O  86 

Table l :  Correlat ion  between minimum of e x c e s s   f r e e   e n e r g y  
o f  mixing  and membrane p o r o s i t y ,  

Some o f  t h e  membranes from F igure  l have  such a l o w  

v o i d   f r a c t i o n   t h s t   t h e y  may be  consid.ered 3s cons i s t ing   en -  
t k r e l y  o f  s k i n   s t r u c t u r e .   O t h e r s   h a v e  a v e r y   t h i n  open s k i n  
l a y e r   w i t h  no s a l t  r e j e c t i o n   p r o p e r t i e s ,  

The s k i n   s e l e c t i v e l y   d e p e n d s  on t h e   s o l v e n t   u s e d   i n t h e  
cas t ing   so lu t ion .   Th i s   can  t o  some extenk  be  simulated by 
measuring $he i n t r i n s i c   r e v e r s e  osmosis  p r o p e r t i e s  o f  films 
obtained- by evapora t ion  o f  t h e   s o l v e n t ,  Such films show con- 



siderable  differences  i,n  permselectivity  depending  on  the 
solvent  that is evaporated. '-l2> 

How  can  we  explain  these  large  differences  in  membrane 
properties  if  the  solvent is varied, on  the  basis  of thehy- 
pothesis  on  membrane  formation  outlined  in  Chapters l and 2? 

This  question  is  the  subject of this  Chapter. We will  first 
review  results of diffusion  experiments  during  membrane for- 
mation.  Secondly  we will  try to combine  these  data  with  the 
concept  given in previous  Chapters  regarding  the  demixing 
processes  involved in the  membrane  formation:  1iquidLliquid 
phase  .separation  and  gelation,  It will become apparent  that 
more  experiments  are  necessary to obtain a better  understan- 
ding  of asymmetric  membrane  formation. 

l 

7.2 EXCHANGE OF SOLVENT AND NONSOLVENT 

The  formation of an  asymmetric  membrane is a complex 
process  involving  both  thermodynamics  and  kinetics of demi- 
xing  processes  and the'exchange of solvent  and  nonsolvent 
during  the  precipitation of the  solution.  Several  authors 
presume13-14' .that  the  formation of the  skin  occurs  in a 
very  short  time  interval  after  immersion in the  coagulation 
bath  (say in  the  order of microseconds). No experimental 
technique is available  to  study in-and outdiffusion  in  this 
short  period of time. However, in  our  opinion  study of the 
exchange  process  over  longer  periods of time  (say  minutes) 
may  be useful forthe 'following  two  reasons: 
- The formation of a dense  skin  with  diffusion  properties 
much  different  from  the  sublayer of  the still  fluid  polymer 
solution  is  bound  to  have  some  influence on the  fol1owin.g 
exchange of solvent  and  nonsolvent,  Measurement of the in- 
and  outdiffusion  can  thus  provide a means  to  study  the  bar- 
rier  properties of  the already  formed skin. 
- Although a rapidly  initiated  skin is present,  exchange of 
solvent  and  nonsolvent  over a longer  period  of  time  may in- I 

duce  significant  changes in the  morphology of t.he skin, An 



example o f  a r e l a t i v e l y  s l o w  change  can  be  found i n   t h e   p r e -  
p a r a t i o n  of a  membrane i n  a two-bath  ppocedure,   Coagulation 
i n  a b a t h  of l o w  tempera ture  f o r  a s h o r t   t i m e   ( s a y  1 min) i s  
followed  by  immersion i n   a n o t h e r   b a t h   a t a h i g h e r t e m p e r a t u r e ,  
The immersion  time i n   t h e  f i r s t  b a t h   ( i n   t h e   o r d e r  of  m i -  
nu t e s )   de t e rmines  t o  a g r e a t   e x t e n t   t h e   p e r m s e l e c t i v i t y  of 
t h e   f i n a l  membraneo 

7e2,1 O u t d i f f u s i o n  of  s o l v e n t  
A s  f a r  as we know on ly  Frommer') has  given  experimen- 

t a l  in fo rma t ion  on t h e   d i f f u s i o n a l   e x c h a n g e   i n  CA membrane 
forming  systems-  The ou%di f fus ion   can  be eas i ly   mon i to red  
by d e t e r m i n i n g   t h e   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  as a 
func t ion   o f  time. Frommer h a s   f o u n d   t h a t   t h e   c o n c e n t r a t i o n  
v a r i e s   w i t h   t h e   a q u a r e  r o o t  o f  t ime. The s l o p e  of t h e   p l o t  
of  ct/c,$  where  ct i s  t h e   c o n c e n t r a t i o n   a t   t i m e  t and cm a t  
t + m ,  a g a i n s t t h e : s q u a r e  r o o t  a f   t ime,  i s  found t o  have   the  
same v a l u e  f o r  a c e t o n e . ,   a c e t i c   a c i d , .  DMSO and DMF, about  
0,12 and f o r  TEP abou t  0.07.11 One migh t   i n fe r  from t h e s e  
measurements t h a t   t h e   i n i t i a l   s o l v e n t   o u t f l o w  i s  t h e  same 

. .  

i n   m o s t - c a s e s ,  
We have  done similar expe r imen t s151 , .   w i th   t he   so lven t  

dioxane,  The c o n c e n t r a t i o n   i n   t h e   b a t h  i s  determined as a 
f u n c t i o n  o f  t ime,  and as a f u n c t i o n  of the  polymer  weight 
f r a c t i o n  of t h e   c a s t i n g   s o l u t i o n ,  The o u t d i f f u s i o n  i s  t r e a -  
t e d   w i t h  a binary-x' model"' of o u t d i f f u s i o n  f rom a s h e e t  
w i t h   c o n s t a n t   d i f f u s i o n   c o e f f i c i e n t   i n  a w e l l - s t i r r e d   b a t h  
of a l imi ted   vo lume,17)  The ma themat i ca l   equa t ions   a r e   g iven  
i n  Appendix l *  A i a p p a r e n t   d i f f u s i o n   c o e f f i c i e n t   c a n  be c a l -  
c u l a t e d  f rom t h e   c o n c e n t r a t i o n   p r o f i l e   i n   t h e   b a t h  as a f u n c -  
t i o n  of  t ime,  The r e s u l t s   a r e   g i v e n  is Table 2.  

How c a n   t h e s e   r e s u l t s   b e   i n t e r p r e t e d ?  One p o s s i b i l i t y  
might   be   tha t  we measu re   ou td i f fus ion   t h rough   an   a l r eady  
formed  dense   sk in   wi th  a ve ry  l o w  d i f f u s i o n   c o e f f 5 c i e n t .  
According t o  Anderson et alaI4l9 who s t u d i e d   t h e   b i n a r y s y s -  

-2) Trea ted  as i f  there   were   on ly  t w o  components d i f f u s i n g ,  
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Table 2: Apparent  diffusion  coefficient of dioxane  ca,lcuted 
from  experimental  data  using a binary model: 

tem  CA/acetone,one  should  expect a very  strong  dependence of 
the  diffusion  coefficient  on  the  polymer  concentration.  The 
diffusion  coefficient  is  expected  to va'ry  over 4 decades 
(~.10-5-10-8cm/s) from  pure  acetone  to 90% polymer. ,From 
o u r  experiments  (see  below), however, it appears  that  the 
concentration  dependence  is  smaller. 

We now simulate ,the influence of a skin  with a certain 
thickness  and a constant  diffusion coefficient, which is 
smaller  than  that  in the sublayer.  The  following  situation 
is  considered: 

FIG.2. Binary  outdiffusion  from a film  consisting  of a skin 
(D=Dsk,  thickness Ax) and a sublayer  (D=Df,  semi- 
infinite) 

Both  the solvent'bath and  the  polymer  solution  layer are.con- 
sidered  to be semi-infinite.  The  diffusion  'coefficient  in  the 
skìn  is D and  in  the  film. Df. The  skin  thickness  is Ax. 
In Appendix 2 the  solution for this  problem  (initial  concen- 

sk 



traticm.in  the film c=co9 in the  bath c=O) is given.17’ If 
we assume  certain  values for Df, Dsk and Ax the  total  out- 
diffusing  mass  Mt can be calculated.  The  influence of the 
properties  on  the  apparent D can’  be found by calculation of 
Ds from  the  binary  problem  without  a skin (Appendix l). The 
ratio of D and Df is given in Table 3 for several  values of 
skin  thickness  and the ratio of  Df/Dsk. 

S 

1 10 l o2 103  

Table 3:  Apparent  binary  diffusion  coefficient  expressed as 
the ratio  of Ds/Df for a  skinned  membrane with skin 
with thickness Ax and diffusiok  coefficient Dsk. 

Onë will always find an apparent  value foy the  diffu- 
sion  coefficient  D  smaller than Df. From  Table 3 it can be 
seen  that the skin  only forms a considerable  barrier  when 
the  skin  thickness is large and the  diffusion  coefficient 
of the  skin 2s much  smaller  (orders  of  magnitude  lower)than 
the  diffusion  coefficient  of the sublayer. In asymmetric 
membranes the skin  thickness is about 0,l-0.2 pm. This 
means that if- Df/Dsk=l O0 there is hardly  any  retarding in- 
fluence of the s k h ,  

S 

Next we will critically  evaluate  the  magnitude of the 
apparent  diffusion  coefficient  given ïn Table 2, From  mea- 
surements  of  diffusion  coefficients  under well defined  con- 
ditions in both  binary  and  ternary  systems  more  can be  saLd 
about  the  barrier  properties  of  the  skin  layer, 



' 7.2.2 Determination of diffusion c,oefficients  in  binary  and 
ternary  systems 

Measurements  of  the  diffusion  coefficients  were  carried 
out  in a  Spinco'Model  Eanalytical ultracentrifuge.15' A free 
diffusion  experiment  was  set  up  in a double  sector  synthetic 
boundary cell. A Rayleigh  interferometer  was used to measu- 
re the  refractive index as a function of composition in the 
cell. The  creation  of a boundary is difficult at high  poly- 
mer  concentrations ( > l o g ) ,  Accurate  determination of high 
diffusion  coefficients (>10-5cm2/s)  is also  difficult.  The, 
concentration  difference  was 1 %  in  polymer  for  the binaryex- 
periment or 1% in  the  solvent/nonsolvent  composition (e.g. 
composition 95/5 versus 9 4 / 6 )  for three  components  present. 

The application of this  method to study  diffusion in 
ternary  systems requires gome explanation. Considera free  diffu- 
sion  experiment in the cell, Two semi-infinite  media  with a 
different  composition  touch at  x=O, t=O.  We  assume a general 
form of  Fick's law  to be valid:18' 

a ei 3 a2ci 
v -  -r 1 Dij- 
at j = I  ax2 

j f2 

i=l,3 

The  system  consists  of 2 solutes, thesebeingthe components 
nonsolvent (l) and  polymer (3), in  one  common  solvent (2). 
The  boundary  conditions for each  solute  are: 

t=O x<o ci=ci( -00) 
x>O ci=ci(") ~c~=c~(-)-c~(-a) O (2a) 

t>O x=-a ci=ci( -00) 

x=a ci=ci (a) 

D11  and  D33  are  the  main  diffusion  coefficients;  D13  and DB1 
are  the  crossterms.  They  are  taken  as  independent  of  concen- 
tration in the narrow concentration. interyal of  the  experk- 
ment.  The  two  coupled differential equations  have  been sol- 
ved  by  Toor ''': 



fi = erf - [ q 5  
In principle  both  main  and cross terms can be determined 
f r o m  a ternary free diffusion experiment. A Rayleigh  inter- 
ferometer is9 however, not accurate  enough, ''' 
We assume  that  Dlr>>D33 and that D13D31$<(D11)2. In this  ca- 
se it follows  from  equation (3d) and (3e) that  Dx=D11  and 
D3=0, In the  experiment no initial polymer concentrationgra- 
dient is applied, 

Ac3 = O O ( 4') 
From equation (3a) - (3c) : 

@l = Ac1 erf x ] O 

m 

Ac3 = 



And  if D33<<D13 and D31<<Dllb Ac3.is small in comparison. to. 
Ac,. This  latter approximation may be a  rather  crude one. 

This quasi-binary approach gives us Dllt the  diffusion 
coefficient  of nonsolvent ( o r  the  solvent)  where  the  polymer 
present in the  polymer solutions may  have  a retardinginflu- 
ence . 

The results are  summarized in Tables 4 and 5 for the 
two  ternary  systems  studied:  CA/acetone/water  and  CA/dioxa- 
ne/water.  There is  not yet  a complete set of measurements 
forall compositions. 

~1 l e I o7 cm2/s 

O 

5 
10 

9.2 11 12 
260  21 o 
200  170 140 

l5 135 88 50 

Table 4 :  CA/acetone/water. Diffusion coefficient  D11  as  a 
function of polymer  concentration  and  water percen- 
tage in the  solvent/nonsolvent  mixture. 

D11.107 cm2/s 

wt%CA O 1 2 3 4 5 7 10  

wt$ H 2 0  

Table 5: CA/dioxane/water. Diffusion coefficient  D11  as  a 
function of  polymer  concentration  and waterpercen- 
tage in the  solvent/nonsolvent mixture’. 
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BinarSI  diffusion:  CA in a solvent. 
- - - m -  ------i-------------------- 

The  binary  diffusion coefficients’are much  larger for 
acetone than f o r  dioxane. The.results are  represented in 
Figure 3. The  increase  with  concentration in both  cases in- 
dicates  the  importance  of  the  thermodynamic factor for the 
diffusion  coefficient o 

We can  compare our data with literature  values f o r  CA/ 
acetone  of  Singer2’\,  also  given in Figure 3. For a molecu- 
lar - weight of 5.3.104 (the  CA used  here has about  the  same 
kW) he found a diffusion coefficient (@3+0) o f  7.7.10-7cm2/s 
in acetone, Park2’.’ .determined  diffusion  coefficients for 
much  higher CA concentrations in acetone, From Figure 3 it 
can be seen that  the  interdiffusLon  coefficient f o r  CA/ace- 
tone  varies  probably  over 2 decades  from 0-90% polymer in- 
stead  of 4 decades as assumed  by Andersone1’4’ 

D 

10-*! l I 1 I 1 I l .  i I i 

0.0  0.5 1.0 
CA (wto/o) 

FIG.3. Binary  interdiffusion  coefficient  as  a  func%ion of 
weight fraction CA in acetone (O) and  dioxane (U);  

literature data of Park and  Singer (e)20’ 
(acetone), 
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. Ternary   d i f fus ion:   CA/solvent /water '  
--I--- . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The a p p a r e n t   d i f f u s i o n   c o e f f i c i e n t s  D11 der ived  f r o m  
the   t e rna ry   expe r imen t   have   t he  same o r d e r  o f  magni tude  as  
t h e   b i n a r y   s o l v e n t / n o n s o l v e n t   d i f f u s i o n   c o e f f i c i e n t .  The va- 
l u e  o f  1.35.1O5cm2/s f o r  15% w a t e r   i n   a c e t o n e   a g r e e s   w i t h  , 

l i t e r a t u r e   d a t a .  2 2 1  

I n t r o d u c t i o n  of  w a t e r   h a s   t h e   e f f e c t  o f  d e c r e a s i n g   t h e  

d i f f u s i o n   c o e f f i c i e n t .   T h i s  i s  i n t e r p r e t e d   a s  a r e t a r d i n g  
e f f e c t  o f  the  polymer on d i f f u s i o n  o f  t h e  l o w  molecular  . 

weight   subs tances .  When t h e  amount o f  wa te r ,  a t  c o n s t a n t p o -  
lymer   concent ra t ion ,  i s  i n c r e a s e d ,  D1 1 decreases .   This  i s  i n  
agreement  with  the  behaviour of  the  binary  system  ace. tone/  
water  . '1 

If o n l y   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 s   a r e   c o n s i d e r e d  a 
d i f f u s i o n   c o e f f i c i e n t  f o r  dioxane o f  about   10-6cm2/s   obtai-  
ned from t h e  film exper iment   ( see  7,2.1) cannot  be e x p l a i -  
ned. We would  expect a much smal le r   apparent   va lue   because  
o f  t h e   i n f l u e n c e  o f  a (dense )   sk in .  The magnitude o f  t h e d e -  
t e r m i n e d   d i f f u s i o n   c o e f f i c i e n t  is of o r d e r  o f  t h e   t e r n a r y  
d i f f u s i o n   c o e f f i c i e n t   i n   T a b l e  5. 

We conclude from t hese   measu remen t s   t ha t   t he   appa ren t  

d i f f u s i o n   c o e f f i c i e n t   m e a s u r e d i n t h e  film experiment  i s  n o t  
a b i n a r y   c o e f f i c i e , n t   b u t   t h e   d i f f u s i o n   c o e f f i c i e n t  . o f  d io -  
xane i n   w a t e r   i n , t h e   p r e s e n c e  o f  polymer. The b a r r i e r   e f -  
f e c t  o f  t h e   s k i n  on s o l v e n t   d i f f u s i o n  i s  a p p a r e n t l y  n o t  

v e r y   s t r o n g .  
A l though   t he   obs t ruc t ive   e f f ec t  o f  a s k i n  on t h e  s o l -  

v e n t   o u t d i f f u s i o n  i s  n o t   s p e c t a c u l a r ,   v a r i a t i o n s   i n t h e d i f -  
f u s i o n   c o e f f i c i e n t s  o f  a f a c t o r  10 can  have a cons ide rab le  
i n f l u e n c e  on the change i n   l o c a l   c o m p o s i t i o n i n t h e   t o p l a y e r  
of t h e  f i l m  (see  '7.3).  It i s  n e c e s s a r y   i n  our o p i n i o n t o e x -  
tend  th'e  measurement o f  t e r n a r y   d i f f u s i o n   c o e f f i c i e n t s  t o  
much h igher   po lymer   concmtra t ions .  

'7.2.3 I n d i f f u s i o n  0.f nonso.lvent 
A t  the   end o f  t h e  membrane, fo rma t ion   p rocess  a cons i -  

d e r a b l e  amount o f  nonsolvent  i s  p r e s e n t   i n   t h e   c o a g u l a t e d '  
film. The i n d i f f u s i o n  o f  water   dur ing   coagula t ion   can  be 
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fo l lowed by opt ica l   microscopy  ( see   Chapter  2 ) .  

Fromrner’l . f o l l o w e d   t h e   c o a g u l a t i o n   f r o n t   i n   t h e  CA s o -  
l u t i o n ,  A simple  model  (Appendix 3)  may- be  used: a semi-in- 
f i n i t e  po lymer   so lu t ion   i n   wh ich   t he   nonso lven t   pene t r a t e s  
f r o m  t h e   b a t h ,  A t  t h e   c o a g u l a t i o n   f r o n t   t h e  l o c a l  water   per -  
cen tage  i s  t h e   p r e c i p i t a t i o n   v a l u e ,  known from t h e   l i q u i d -  
l iqu id   phase   separa t ion   d iagram,   and  i s  f a i r l y   i n d e -  
pendent  of  po lymer   concen t r a t~on .z .3 .~ ’  We used the d a t a  of  
Frommer (F igu re  4 o f  refc: l )  t o   c a l c u l a t e   t h e   a p p a r e n t   d i f -  
f u s i o n   c o e f f i c i e n t   a n d  t o  g i v e   a n   e s t i m a t e  o f  t he   nonso lven t  
rLnflow i n   t h e   p r e c i p i t a t i n g  f i lm,  The r e s u l t s   a r ’ e   g i v e n   i n  
Table 6,  

s o l v e n t  DNsEl O’ crn2/s JNs (O+Zmin) JNs (2+4min) 

-x10 g/cm2s s10  4tg/cm2s 

DMSO 0 ,15 5 J  
DMF OQ 12 2c.2 

dioxane 0 -30  1 . 9  
a c e t i c   a c i d  Oe31 0,6 
TEP 0 -10  oe1 
ace tone  0,28 0*1 

Table 6: Nonso lven t   d i f fus ion   coe f f i c i en t   and   nonso lven t  
f l o w  c a l c u l a t e d   w i t h  a b ina ry  model  (Appendix 3) 
u s i n g   d a t a  o f  Frornmer,ll c+!- i s  t h e   w a t e r   c o n t e n t  ,, 

a t  l t q u i d - l i q u i d   p h a s e   s e p a r a t t o n ,  

The nonsolvent  f l o w  has   been  es t imated  over  two p e n e t r a t i o n  
p e r i o d s :   a v e r a g e d   o v e r   t h e   f i r s t  t w o  minutes  and  averaged 
over   the  second t w o  minutes .  

If we app ly -   ano the r   s imp l i f i ed  model f o r  n o n s o l v e n t d i f -  
f u s i o n ,   t h a t  of  Strathmann, a l so  g t v e n   i n  Appendix 3, we 
f i n d   v a l u e s  of DNS about  3 times as l a r g e  as g i v e n   i n   T a b l e  6. 

e f f i c i e n t   a n d   n o n s o l v e n t  f l o w  dec rease   ve ry  much, The coef -  
ficient f o r  d ioxane   has   about   the  same v a l u e  as found f o r  

Going  .from DMSO t o  ace tone ,   bo th   appa ren t   d i f fus ion   co -  



solvent  outdiffusion (c,f . 7.2.1) . Going  down in the  table 
the  decreasing  value  of  the  ,nonsolvent flow may  reflect  the 
retarding.effect on nonsolvent diffusion 0f.a thicker  and/ 
or a denser  skin  formed  'at  the interface solution/coagula- 
tion  bath. 

The  estimated nonsolvent flow has to be compared  with 
the  solvent  flow.  The average solvent  outflow  in  the  first 
2 seconds is about  8.10-4gg/cm2s, in the first 30 s about 
2.10-"g/cm2s ( 2 0  wt% CA solution). For  30,60  and 120 s we 
calculate a nonsalvent flow of.2,8;. 2.0 and  I..4..10-4g/cm2s, 
respectively.  The  ratio JN,s/Js in the first 2 seconds is  at 
least 0.2 and at  t=30 s about 1. The  absolute  value  should 
be  treated with some reserve as  both  descriptions  are  essen- 
tially  binary.  Especially in the  case of nonsolvent diffu- 
sion  we  did  not  take  into  account  the  simultaneous  oukdif- ' 

fusion of dioxane. 'A smaller  value of the nonsolventflow 
rate  would  also  suffice  to  have  the  same penetrationdistan- 
ce of  the  coagulation  front. 

7.3 COUPLING  OF  DIFFUSION  AND  CHANGE IN LOCAL  COMPOSITION 

An  interesting approach has  been followed by C ~ h e n ' ~ ~  
to relate  the  solvent  and nonsolvent diffusion  to  the  ther- 
modynamic  properties of  the  system.  Although  some,  maybe 
crude,  approximations  have  to be made, it is  worthwh2le con- 
sidering  the  consequences  of  the  model. 

In Figure 4 a schematic representationofthe diffusion 
problem  is  given.  The fluxes of solvent (52) and nonsolvent 
(J11 are  considered.  The  volume fraction of polymer (or the 
weight  fraction,  if  desired) is @ 3 = 1 - @ 1 - @ 2 .  

Upon immersion the  c.ast film  equilibrates withthe'non- 
, solvent  bath.  After a time t, nonsolvent(1)  and  solvent(2) 

w i l l  have  .diffused in o r  out  of  the  layer  with thickness. 
z=l(t). In the interior ( z > 1 )  the original'casting solution 
composition is maintained: @ y ,  @g (usually @:=O) . At  the 
surface  the  composition is @ y ,  (normally @:=O.) . The f l o w  
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FIG,4, The d i f f u s i o n   p r o b l e m :   a t   t i m e  t = O  t h e  whole l a y e r  is 
homogeneous. A t  t ime  t a d i f f u s i o n   l a y e r   h a s   p r o p a -  
g a t e d  t o  z = l ( t ) ,  The c o m p o s i t i o n   i n   t h e   c a s t i n g - s o h . € -  

t i o n  is the   composi t ion  i n  t h e   b a t h  i s  d ) ~ ~ d ) z *  c c  s s  

o f  t he   so lven t   and   nonso lven t  i s  t r e a t e d ,  as u s u a l t   a s   a o n e  
d imens iona l   p rocesse  The model d e s c r i b e s   t h e   l o c a l  composi- 
t i o n  change i n   t h e  film u p t o t h e   p o i n t  o f  r e a c h i n g   t h e  com- 
p o s i t i o n   r e q u i r e d  f o r  l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n .  

The c o m p l i c a t i o n   a r i s i n g  f rom t h e   m o t i o n o f t h e  membra- 
ne /ba th   i n t e r f ace   can   be   avo ided  by i n t r o d u c i n g  a new p o s i -  
t i o n   c o o r d i n a t e  m 2 5 1  t which  measures  the  volume o f  polymer 
p e r   u n i t   a r e a o f t h e  membrane be tween  the   in te r face   and   the  
p o i n t  o f  o b s e r v a t i o n ,  The independen t   f l uxes  J1 and J2 a r e  
measured  through a s u r f a c e   a t   f i x e d  m ,  The f l u x e s   a r e  as- 
sumed t o  be l i n e a r l y   r e l a t e d   t 6   t h e   d r i v i n g   f o r c e s ,   t h e g r a -  
d i e n t s   i n   t h e   c h e m i c a l   p o t e n t i a l s ,   S t r i c t l y   s p e a k i n g   t h i s  
i s  o n l y   p o s s i b l e   i n a   s y s t e m   n o t  fa r  f r o m  equi l ibr ium,  which 
i s  a condi t ion  which may n o t  be f u l f i l l e d  upon  immersion i n  
the   nonso lven t   ba th ,  Crossterms a r e   n e g l e c t e d .  Then  by 
d e f i n i t 5 o n :  

D i l ( 4 ) l r h )  a l l2  

RT 3-m 
J, - $ 2  - (7b )  

where D l  and D 2  a r e   t h e   d i f f u s i o n   c o e f f i c i e n t s  f or s o l v e n t  
and   nonso lven t   i n   t he   po lymer - f ixed   r e fe rence  frame., 
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Cohen assumes t h a t   t h e   c o e f f ï c i e n t s   a r e   p r o b a b l y  com- 
p o s i t i o n   d e p e n d e n t ,   b u t   t h a t   t h e   r a t i o  a = D1/D2is  not ,   and 

t akes   t he   ' va lue   o f   abou t  1 . 
Furthermore a s t e a d y   s t a t e   d i s t r i b u t i o n  i s  assumed ' t o  

be   p re sen t  if l ( t )  i s  s m a l l e r   t h a n   t h e  film th i ckness .  
T h a t   i m p l i e s   t h a t  a t  a n y   i n s t a n t  J1 and J2 a re   i ndependen t  
of m t h r o u g h o u t   t h e   l a y e r .   T h e i r  r a t i o  can be w r i t t e n  as:  

J1 4ldl-k 

J 2  42dl-12 
- = ( J = a -  b <o> ( 8 )  

If t h e   c h e m i c a l   p o t e n t i a l s   a r e   e x p r e s s e d a s f u n c t i o n s   o f   t h e  
volume f r a c t i o n s ,  one f i n d s  ( a = l ) :  

(342. o42(~u,/a41>-41(au1/~41) 

d41 $ l ( a ~ l / a 4 2 > - a 4 2 ( a ~ , / a 4 2 )  
- =  (9) 

l 

Equat ion ( 9 )  i s  a f i r s t  o r d e r   d i f f e r e n t i a l   e q u a t i o n   f o r  $1 

and 42 i n   t h e   d i f f u s i o n   l a y e r .  If t h e   c a s t i n g   s o l u t i o n   a n d  
t h e   s u r f a c e   c o m p o s i t i o n a r e   s p e c i f i e d ,  a c u r v e   i n t h e  ( @ 1 , @ 2 ) -  

p lane   fo r   wh ich  o i s  'constant   can  be  calculated.   This   curve 
can ,on ly  be c a l c u l a t e d s i f   t h e   s u r f a c e   c o m p o s i t i o n  i s  s i t u a -  
t e d   o u t s i d e   t h e   b i n o d a l ,   i n t h e  homogeneous  one-phase  region. 
When a compos i t ion   nea r   t he   sp inoda l   o f   t he   l i qu id - l iqu id  
p h a s e   s e p a r a t i o n   r e g i o n  i s  reached,, t h e   p a r t i a l   d e r i v a t i v e s  
i n  t h e   r i g h t - h a n d   p a r t  o f  equa t ion  ( 9 )  van i sh   and   t he '   c a s -  
t i ng   so lu t ion   compos i t ion   canno t  be c o n n e c t e d   w i t h a   s u r f a c e  
composition  by a cons tan t   o -pa th .  

The chemica l   p ,o t en t i a l s  p 1 .and 112 can  be  found  from  the 
F lory-Huggins   theory261  . ( see  a l s o  Chapter 5 ) :  

where s and r a r e  ~ 1 / v 2  and V 1 / V 3 ,  t h e  r a t i o s  of the   molar  ' 

volumes V 

n e n t s  ;t and j .  
i and 

a r e   t h e   i n t e r a c t i o n . p a r a m e t e r s  o f  compo- 

So f a r  we have   fo l lowed  the   der iva t ion   of  Cohen e t  a l .  



For some p r a c t i c a l   s y s t e m s  we w i l l  now cons ider   the   conse-  
quences .   Seve ra l   pa ths   i n   t he   t e rna r .y   d i ag ram  a re   p lo t t ed  
f o r  a n  i n i t i a l  composi t iqn of  10% CA i n   t h e   c a s t i n g   s o l u t i o n ,  

The r e s u l t s  are g i v e n   i n   F i g u r e s '  5 and 60 The v a l u e s  of 0 

a r e  a l so  gfyeno We on ly   cons ide r   t he   numer i ca l   ( abso lu t e )  
va lue  of G =  A small o means t h a t  more so lven t   f l ows   ou t  o f  
t h a n   n o n s o l v e n t   i n t o   t h e   c a s t   p o l y m e r   s o l u t i o n  filmo .When 
s o l v e n t   a n d   n o n s o l v e n t   f l u x e s   a r e  of  comparable  size,  PI .  

O f  course   one   cannot   f ree ly   choose   the  ra€lfo o f '  the.  non- 
s o l v e n t   a n d   s o l v e n t   f l u x ,  The f l u x e s   a r e   d e t e r m i n e d  by t h e  
c o n c e n t r a t i o n   p r o f i l e s  o f  t h e   r e s p e c t i v e  components i n   t h e  
f i lm i n   t h e   c o u r s e  of  t i m e ,   T h e s e   p r o f i l e s   c a n   i n   p r f n c i p l e  
be c a l c u l a t e d  f r o m  t h e   s o l u t i o n  of t h e   d i f f u s i o n   e q u a t i o n .  
What f a c t o r s   d e t e r m i n e   t h e   e x p e c t e d   i n i t i a l   s m a l l   v a l u e  of  

0 and  the  necessary  change t o  a l a r g e r   v a l u e  (o-tl f o r  t h e  
s u b l a y e r )  i s  a c r u c i a l   p o i n t   a n d  w i l l  b e   t h e   s u b j e c t  o f  f u -  
t u r e   r e s e a r c h ,  

A crude  measure,   fol lowing from t h e  model, f o r  t h e i n i -  
t i a l  r a t i o  of  nonso lven t   and   so lven t   f l uxes  may be [@lApl /  

$ 2 ~ ~ 2 1  i n i t i a l  w h e r e   t h e   c h e m i c a l   p o t e n t i a l   s t e p s   a r e   c a l c u -  
l a t e d  a t  t h e   i n t e r f a c e  f r o m  equa t ion  (10)s) . and  the  volume 
f r a c t i o n s  o f  so lven t   and   nonso lven t  a t  t h e   i n t e r f a c e   i n   t h e  
film a t  small nonsolvent   conten t .   This  r a t i o  i s  srnall(<<O,.l)  
and   s t ays  small when t h e   s o l v e n t  i s  v a r i e d ,  On c o n d i t i o n  
t h a t  t h e  c o a g u l a t i o n   b a t h   c o n s i s t s  of  p u r e   n o n s o l v e n t   ( i n i -  
t i a l l y ) ,   t h e   c o m p o s i t i o n  o f  t h e   u p p e r   l a y e r  of'  t h e   c a s t s o l u -  
t i o n  film always f o l l o w s  a p a t h   w i t h  a l o w  o-value. 

I n  our d e s c r i p t i o n  o f  asymmetric membrane fo rma t ion  
(Chapter  2 )  s k i n   f o r m a t i o n  i s  t h e   r e s u l t  of ,a p a t h   w i t h  a 
l o w  c~-value,   whereas i n  t h e  l o w e r  l a y e r  of t h e  f i lm a h igh  
o i s  involved .  

I n   F i g u r e s - 5   a n d  6 c o m p o s i t i o n   p a t h s   a r e   g i v e n f o r p o l y -  

z' We have t o  assume t h a t  a small amount o f  s o l v e n t   h a s   d i f -  
f u s e d  i n t o  t h e   b a t h   a n d   v i c e   v e r s a   t h a t  some nonsolverrt 
h a s   p e n k t r a t e d   i n t o   t h e  f i lm;  otherwise  the  chemical  po- 
t e n t i a l s   d i v e r g e   ( e q u a t i o n  ( 1 0 ) ) .  

160 



mer/solvent/nonsolvent  systems  which represent to some .ex- 
tent  CA/dioxane/water  (Figure 5 )  and  CA/DMSO/water  (Figure 
6). The binodal of  the liquid-liquid phase separation (L-L) 
is drawn  for  reference.  Only  the  solvent/nonsolvent inter- 
action  parameter x12 differs in Figure 5 and 6, We observe 
that at  a low absolute value of CT (OOI) the x 1 2  parameter 
has  only a small influence on  the location of the  composi- 
tion  path.  At higher values of a ( 0 . 9 )  the  change in polymer 
concentration is much  steeper at high x12 than at low x12. 
Consequently,  the model predicts  that at same  value of CT the 
composition  path .at high x12 intersects the binodal at a. 
much,higher polymer  concentration  than at  low ~ 1 2 .  This 
c o u l d  be relevant  to  the  growth  possibilities of  the  dilute 
phase nuclei in the nascent porous  sublayer. In the  case  of 
a low x12 nucleation and  growth  occur at  an average  lower , 

polymer  concentration and-the volume fraction of the  dilute . 

phase  (det.ermined  by  the lever  rule) will be much  higher. 

CA 

FIG05. Composition.  paths for  various  values of CT in the 
system P/S/NS with  parameter  values: ~12=1,~13=1.5, 
x23=OSs=0.2 and r=0.002. Binodal for liquid-liquid 
phase separation calculated with the methoddescribed 
in Chapter 5. 

161 



polymer 

FIG.6,  Composition  paths f o r  v a r i o u s  of  G i n   t h e  
system P/S/NS with   parameter   va lues :  ~ ~ ~ = 0 ~ ~ 1 3 = 1 a 5 ~  

x23=0 ,  s=O.2 and r=0,002, Binodal  for l i q u i d - l i q u i d  
p h a s e   s e p a r a t i o n   c a l c u l a t e d   w i t h   t h e  method d e s c r i -  
bed i n  Chapter 5., 

Tirire d o e s   n o t   p l a y   a n   e x p l i c i t   r o l e   i n   t h e  model, Kirre- 
t i c   f a c t o r s   a r e  o f  course   impor tan t . ,   But   in   o rder  t o  ca l cu -  
l a t e   a c t u a l   c o n c e n t r a t f o n   p r o f i l e s   a n d   t h e   p e n e t r a t i o n  of  

t h e   c o a g u l a t i o n   f r o n t  as a f u n c t i o n  o f  t i m e ,   s p e c i f i c  know- 
l edge  of  t h e   d i f f u s i o n   c o e f f i c i e n t s  i s  r e q u i r e d .  

The a s sumpt ion   t ha t   t he  r a t i o  of  d i f f u s i o n   c o e f f i c i e n t s  
i s  ones   mus t   be   t e s t ed   fo ra l l sys t ems   cons ide red ,  a may de- 
pend on t h e   l o c a t i o n   i n t h e t e r n a r y   p h a s e   d i a g r a m . % '   I n   t h i s  
case   the   loca l   composi t ion   pa th   cannot  be r e p r e s e n t e d b y o n e  
o bu t  by  a p a t h   c o n s i s t i n g  o f  small e l e m e n t s   e a c h   w i t h t h e i r  
own o., 

The s k i n  i s  p r o b a b l y   f o r m e d i n t h e   f o l l o w i n g  way: a l a r -  
ge  amount o f  s o l v e n t . s x c h a n g e s   w f t h a r e l a t i v e l y   s m a l l  amount 

An a b s o l u t e   v a l u e  f o r  Q l a r g e r   t h a n  1 could ,  f o r  i n s t a n c e ,  
e x p l a i n   t h e  much h i g h e r   a p p a r e n t   d i f f u s i o n   c o e f f i c i e n t  
for water  i n  some systems. 
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of  nonsolvent.  Measurements  in  the 'first  few seconds  support 
this  assumption  (section 7.2.3: 0-0.2). The densificationof 
the  skin  and  the resulting obstruction  for in-and outdiffu- 
Sion depends on  the  gelation  behaviour of CA in the respec- 
tive  solvent.  This  gelation  probably  occurs at  low  nonsol- 
vent  content  (Figures 5 and 6)- Again kinetic factors  are 
expected  to  be of utmost  importance, Unfortunately, little 
information is available on  the kinetics of  the  phase tran- 
sitions  involved. 

7.4 DIFFUSION  AND PHASE SEPARATION COMBINED 

Now we come back  to  the  questions ,put forward in the 
introduction. We observe  that: 
- the  porosity of the  membrane  depends  on  the  choice  of  the 
solvent; 

- an increase in the  ,tendency of mixing of solvent  and non- 
solvent  gives a more UF type of membrane  (a  high  permeate 
flux and a vanishing'rejection for NaCl). 

7.4.1 Liquid-liquid  phase  separation 
In  Chapter 5 we  have  shown  that  the location of the 

miscibility  gap  is  primarily  determined by the  value of the 
solvent/nonsolvent interaction parameter xlzm This  is  true 
f o r  the  solvents  considered: DMSO, DMF,  acetone anddioxane. 

7.4.2 Gelation and crystallization 
Gelation is discussed hereinterms of local  crystalli- 

zation of the  polymer.  From our own  work  only for the CA/ 
dioxane/water  system  experimental  information on the crys- 
tallization has  been  obtained.  Crystallization  occurs atra- 
ther high polymer  'concentrations,  but  appears  to  be a slow 
process  under  the  circumstances  studied  (Chapter 4 ) .  Intro- 
duction of water improves the  conditions forcrystallization. 

> For  CA/acetone,information  on  the  gelation  behaviour 
has  been  given by Fahey2 7'1 and  Lemoyne, 28'1 Together with 



visual  observations on the  appearance  of  cloudiness  (Chapter 
4 )  these data are  given in.Figure 7. Wè have not yet perfor- 
med  DSC  experiments on  CA/acetone/water  systems to see  if 
the  transition is accompanied’by heat  effects, 

FIG,7= Gelation  and  liquid-liquid  phase  separation  transi- 
tions în CA/acetone/water  and CA/dioxane/water. Bi- 
nodal curves  (curves on the  right)  are  taken  from 
Chapter 5 c 

Preliminary  e’xperiments in o u r  laboratory”’ on the ap- 
pearance of turbidity as a  function of composition  with  the 
PIGS technique (see Appendix  Chapter 3) do  indeed  indicate 
that  systems  with acetoneas the  solvent show gelation  beha- 
viour at a lower  polymer  concentration  than  the  dioxane 
based systems- 

Application of the Flory melting  point  depression  equa- 
tion (see  Chapter 4) shows  that one might  expect  crystalli- 
zation of CA in acetone at it lower  polymer  concentration 

. than in dioxane-because ofthe higher  polymer/solvent  inter- 
action  parameter,  This  parameter  affects  one  term  in  the 
melting  point  equation,  the  cheEical  potential of the  poly- 
mer in the,liquid phase, 

Another  important  fac%or to be considered is the  abili- 
ty  of CA to  crystallize,  This  affects  the  lowering of  the 



c h e m i c a l   p o t e n t i a l   i n   t h e   ( s o l v e n t   f r e e ? )   s o l i d   s t a t e .  Re- 
c e n t l y  Kamide e t   a l e 3 ' '   d e m o n s t r a t e d   t h a t   t h e   e q u i l i b r i u m  
c h a i n   s t i f f n e s s  o f  CA depends  very much on t h ' e s o l v e n t .  The 

cha in  becomes s t i f f e r  when one  goes  from THF v i a   a c e t o n e  t o  
DMAc as t h e   s o l v e n t .  The genera l   v iew3"  i s  t h a t   t h e .   c h a i n  
i n f l e x i b i l i t y  o f  c e l l u l o s e   d e r i v a t i v e s  i s  an   impor t an t   f ac -  
t o r  caus ing   the  CA molecules t o  c r y s t a l l i z e ,   R e c e n t l y N a v a r d  
e t  f o u n d   t h a t  CA a l so  c r y s t a l l i z e s   i n   t r i f l u o r o a c e t i c  
a c i d .  

7.4.3 Dif fus ion  

T o p l a p r  - -  -- 
The th i ckness  o f  t h e   s k i n  i s  determ'ined by t h e   t h i c k -  

ness o f  t h e   g e l l g y e r   d u r i n g   p r e c i p i t a t i o n .   T h i s   l a y e r e w i l l  . 

become t h i c k e r 3 3 1 :  (i) when t h e   c o n c e n t r a t i o n   f o r   g e l a t i o n  
i s  lower  and/or (ii) when t h e   l i q u i d - l i q u i d   p h a s e   s e p a r a -  
t i o n   c u r v e  i s  s h i f t e d  t o  h ighe r   wa te r   concen t r a t ions .  It 
t h e n   t a k e s  more t ime   be fo re   t he   l i qu id - l iqu id   phase   s epa -  
r a t ion   p rocess   can   compe te   aga ins t   ge l a t ion .  

F o r  s o l v e n t s   s u c h   a s  DMSO and DMF t h e  amount of water  
r equ i r ed  f o r  l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n  i s  r e l a t i v e l y  
small ( see   Table  6 )  compared  with  the  amount  needed  for CA 
i n  dioxane or ace tone ,  We e x p e c t   t h a t   i n   t h e   s y s t e m s  f i r s t  
ment ioned   l iqu id-1 iqui .d   phase   separa t ion  w i l l  t ake   ove r  r a -  
p id ly .  A t h i n   g e l l e d   l a y e r   r e s u l t s .  The s t r u c t u r e  o f  t h i s  
l a y e r ,   t h e   r e t a r d i n g   i n f l u e n c e  on so lvent   and   nonsolvent  
d i f fus ion , .   and   t he   deg ree  o f  p o r o s i t y   o f   t h e  (UF type  o f )  
r e s u l t i n g  membrane depends o n  y e t  unknown f a c t o r s   s u c h  as 
t h e   l o c a 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 s   i n  DMSO and DMF sys-  
tems, on t h e  amount o f  n o n s o l v e n t   p r e s e n t   d u r i n g   g e l a t i o n  
a n d   t h e   k i n e t i c s  o f  t h e   g e l a t i o h   p r o c e s s .   A t h i n   g e l l e d   l a y e r  
, i s  expected t o  be 'a small b a r r i e r  f o r  t r a n s p o r t  o f  nonsol-  
v e n t   i n t o   t h e   p r e c i p i t a t i n g  film (see   Table  3, which  can 
a l s o  be  used f o r  nonsolvent   ind i f fus ion ,   and   Table  6),. 



Sublaper 
s---- -- 

From  the  diffusion model (section 7.3) we  have  seen 
that  a low degree of porosity in. the  resulting  membrane is 
possibly  due  to  the  fact that at  all locations in the fllm 
the  binodal  composition is reached at high  polymer  concen- 
tration. This  latter fact means  that a) there is a limited 
possibility for growth'  of nuclei and  b) conditions f o r  ge- 
lation of the  concentrated  phase  around  the  droplets of the 
dilute  phase are favoured.  Obviously no interconnected  pore 
structure in the  sublayer fs formed  with  solvents  such as 
acetone of THF, 

A high degree  of  porosity is found if the local compo- 
sition  path  reaches  the  binodal at low polymer  concentra- 
tion,  Apparently  this  happens for solvents  such as DMSO, 
DMF, acetic  acid,  dioxane  and  TEP, 

The  amount of water  needed for liquid-liquid  phase  se- 
paration is large in solutions  with  dioxane o r  acetone as 
the  solvent, A rather  thick skin is expected  for  membranes 

- cast  from  casting  solutions with dioxane or acetone asbasic 
solvent,  The  phase  separation  behaviour of  CA in acetone  and 
dioxane is considered to be very  similar: (i) the  interac- 
tion  parameters  are  about  the samet (ii) consequently  the 
location of the  liquid-liquid  phase  separation  gap is about 
the same in the t,ernary diagram,  and (iii) the  composition 
path predicted is similar,  But how canweexplain  thelowde- 
gree of porosity of the  sublayer in the  membrane  formed  from 
the  acetone  solution? In o u r  opinion in sufficient  informa- 
tion is available at this  moment,. 

The  diffusion o f  nonsolvent is smaller for CA/acetone/ 
water,  This  means  %hat  the  upper  precipitated  layer  of  the 
polymer  solution  diseriminates to some  extent  between  the 
solvent  and  nonsolvent  transport.  From  the  experiments of 
Froamer'' it seems  that the solvent f l o w  is  not hindered 
(more  precise  measurements  are  needed to establish thislat- 
ter  observation  more firmly), 



A dense   po lymer i c   s t ruc tu re  may be   necessary   toper form . .  

t h i s  t e s t  on s e l e c t i v e   s o l v e n t / n o n s o l v e n t   t r a n s p o r t ,  The 
l o c a l  p o l y m e r   c o n c e n t r a t i o n   a n d   t h e   d i s t r i b u t i o n  o f  polymer 
i n  a m o r p h o u s   a n d   c r y s t a l l i n e   r e g i o n s   a r e   i m p o r t a n t w i t h r e s - '  
p e e t  t o  d i f f u s i o n ,  A d e n s e   l a y e r   i n   t h e   a c e t o n e   s y s t e m   c a n  
be  formed i n   s e v e r a l  ways d i f f e r e n t  f r o m  t h e   d e n s i î i c a , t i o n  
in   t he   d ioxane   based   sys t em:  
a )  Evaporat ion may r ap id ly   p roduce  a dense   t op laye r .   Th i s  
t o p l a y e r  i s  supposed t o  be much permeable f o r  ace tone   than  
îor water .  The sub laye r   subsequen t ly   l o ses  much solv'ent  and 
r e l a t i v e l y   l i t t l e   n o n s o l v e n t   e n t e r s   t h e   p r e c i p i t a t i n g  film, 
C r y s t a l l i z a t i o n   o c c u r s  a t  h igh   po lymer   concen t r a t ionwi thou t  
much nonso lven t   p re sen t ;  
b )  The l o c a l   p i p e r   c o n c e n t r a t i o n   n e c e s s a r y f o r g e l a t i o n  i s  
low ( i n   a c c o r d a n c e   w i t h   o b s e r v a t i o n s ) .   A n i n i t i a l l y   n o t   v e r y  . 

denee   sk in  i s  formed i n   t h e   p r e s e n c e  o f  w a t e r .   I n  a synere-  
s i s  p rocess   t he   r ema in ing   so lven t  i s  expel led   and  a dense 
l a y e r   r e s u l t s  which may or may not   bemore   permeable   to   ace-  
t one e 

' Evaporat ion,   case '   (a)  i s  obv ious ly   an   impor t an t   f ac to r  
i f  we use   ace tone  (or THF, propylene  oxide)  as t h e   s o l v e n t .  
I n   t h a t   c a s e  a dens i f i ca t ion   occu r s   w i thou t   p re sence   o f  wa- 
t e r ,   P o s s i b l y  t h i s  l a y e r   h a s  a b e t t e r   p e r m e a b i l i t y   f o r   a c e -  
tone or a lower   permeabi l i ty  f o r  water   than  a dense   t op laye r  
formed i n   t h e   p r e s e n c e  o f  wa te r   ( ca se   (b ) ) .   Th i s   p roposed  
d i f f e r e n c e   i n   p e r m e a b i l i t y   s h o u l d  be t e s t e d   w i t h   e x p e r i m e n t s .  

7 = 5  CONCLUSIONS 

The nascen t   sk in   du r ing  membrane f o r m a t i o n   i s n o t f o u n d  
t o  b e a s u b s t a n t i a l   b a r r i e r  for s o l v e n t   d i f f u s i o n   o u t  of t h e  
p rec ip i t a t ing   po lymer  film, 

The l o c a l   c o m p o s i t i o n   c h a n g e   i n   t h e   p r e c i p i t a t i n g   f i l m  
c a n b   i n   p a r t ,  be r e g u l a t e d  by the   cho ice  o f  t h e   s o l v e n t .  The 

. l o c a t i o n  o f  t h e   p a t h   i n   t h e   t e r n a r y   d i a g r a m  f o r  the   upper  
l a y e r  o f  t h e   s o l u t i o n i s n o t   a f f e c t e d  by the   so lven t /nonso l -  



. vent  interaction  parameter;  the  ratio ofnonsolvent and sol- 
vent  fluxes is expected to have the  sane  small  value in the 
initial stage of membrane  formation.  The  magnitudes Q f  the 
fluxesp however,  may beaffected by the  solvent chosens ' and 
are  likely  to i n f l u e n c e t h e k i n e t i c s - o f t h e  gelation  process, 
At  a  later  stage when by the  retarding  influence ofthe skin 
the  nonsolvent  and  the  solvent flow are of comparable  size, 
the  composition  change  depends  very  rnuchon-the  solvent/non- 
solvent  interaction  parameter, A high tendency of  mixing 
(a low x12 parameter)  gives  a  predicted  path  which  reaches 
the  binodal at a  much  smaller  polymer  concentration than at 
high ~ 9 2 ~  The growth  possibilities ofthe nuclei. f o r  the  po- 
r o u s  substructure  are  consequently favouredB 

During  the  process of membkane formationamore or less 
dense skin is formed, Comparison  between  membranes  formed 
from  a CA solution in acetone ordioxane shows  that  the ini- 
tially formed skin in the  acetone basedsys temdiscr imina tes  
between  solvent  and nonsolvent flow: the  nonsolvent flow is 
much smaller  than in the  dioxane  based  aystem.  At  present 
it is not clear  whether  differences in gelation  behaviour 
between.the t w o  systems  are  responsible for this phenome- 
non 
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7-.7 APPENDIX l 

DIFFUSION OF SOLVENT 

bath f i lm 

x=-a x=o X= I 
- X  

FIG,I,  Diffusion of solvent  from a sheet, with constant  dif- 
fusion coefficient D f" 

ac a2c 

at ax2 
Diffusion  equat5on: - - - ?f- o<x<a 

Initial  condition: c(x ,O)  = co 

ac ac 

at fa, 

Boundary  condition: a - = D - . x=Op t>O 

For  short t i ~ ~ e s ~ - ~ '  : 

Where Mt and Moo are  the  amounts of solvent in the  bath  at 
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t ime = t and a t  equ i l ib r ium (t+-..) resp . ,   and   qn   a r e   t he  r o o t s  
o f  

t a n  q = - aqn n 

where a = a / l  i . e .   t h e   r a t i o  o f  volumes o f  bath  and  polymer 
s o l u t i o n   a n d  1 i s  t h e  film th i ckness .  The number o f  terms 
needed i n   t h e  summation i s  about  50. 
From t h e  mass balance:  

l C 0  Ma - - 
l t l / a  

E x p e r i m e n t a l   s i t u a t i o n :  Vpolymmsol~ = 25cm3, Vbath' 375 cm3 9 

1 = 0.5 cm,a = 15,  s o  Mm = 0.05 f o r  c o  = 0.8 ( w e i g h t   f r a c t i o n  
s o l v e n t   i n   s o l u t i o n ) ,  

7.8 APPENDIX 2 

DIFFUSION OF SOLVENT THROUGH A SKINNED MEMBRANE 

co 

' -4 1 n p n e r f c ( n A x / / p )  
n=l 

, wi th  p = ( l - k ) X l t k )  
l 

' k (Dsk/Df)"  

The i n i t i a l   c o n d i t i o n s   a r e :  c(x,O) = c o  f o r  - 1 < x < a  
c ( x , o )  = o for x-1 

Mt ' i s  t h e  t o t a l  amount o f  so lvent   l eav ing   the   mediumthrough 
u n i t   a r e a  o f  t h e   s u r f a c e   a t  x = -1, 
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7 e 9  APPENDIX 3 

PENETRATION OF NOXSOLVENT 

FIG, l E Diffusion  of   nonsalvent  i n  a s h e e t   w i t h   c o n s t a n t d i f -  
f u s i o n   c o e f f i c i e n t  DNSe 

DiEfusion  equat ion : - = 
a t  

t > O ;  x>o 

I n i t i a l   c o n d i t i o n :  c(x,O) = O x>O 
Boundary   condi t ion :c(x , t )  = c = 1 x<o;  t > O  

O 

The s o l u t i o n  i s :  c ( x p t )  = ?-erf  1 4  
.At. t = t g :  C ( X ~ ~ $ : ) = C % ~  which i s  known from t h e   l i q u i d - l i q u i d  
phase diagram, c+$ is t h e  water con ten t  a t  phase   separa t ion .  

The tot,al  amount taken up by the f51m rin t ime t is :  

Another  approxima.tion  has  been  given by Stra thmannP3) :  
Suppose   t he   p ree ip i t a t l i en   f ron t ,  is a t  x3t a t  time t=t":. 
nonsolvent   f lux  can  be  a .pproximated by: 

The 

FIT 2 s  a geometzic  f a c t o r -  t o  corr-eet, for t h e   p o r o s i t y   a n d   t h e  
to t luos i ty  o f  t h e   p r e c i p i t a t e d  polymer l a y e r ,  For  ~>50$: ~ = 2 ~  
The r a t e  of pene tsa tS ion  of  t h e   c o a g u l a t i o n   f r o n t  i s  propor- 
t i o n a l  % o  <TNs: 1 ,c% dx +C 

JNs 
(- f &q _I_ 

2 d t  

Combining t he   above   equa t ions   l eads  t o :  
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APPENDIX 

APPLICABILITY OF GAS PERMEATION METHODS TO CHARACTERIZE 
ULTRAFILTRATION OR  REVERSE OSMOSIS MEMBRANES.") 

F.W,ALTENA,  H.A.M.KNOEF,  H.HESKAMP, D.BARGEMAN and 
C.A.SMOLDERS 
Department  of  Chemical-  Technology,  Twente  University  of 
Technology,  Enschede, The Nether lands.  

SYNOPSIS 

The measurement  of t h e   g a s   p e r m e a b i l i t y   c o e f f i c i e n t  as 
a f u n c t i o n  o f  t h e  mean p r e s s u r e   a c r o s s   t h e  membrane can  be 
used t o  determine a mean pore  ra.dius o f  t h e  membrane.  Expe- 
r iments   a re   per fopned  in the   po re   s i ze   r eg ion   where   bo th  . 

viscous  f l o w  and s I ï p  f l o w   c o n t r i b u t e   t o   t h e   g a s  flux. This  
method  has  been  applied by s e v e r a l   a u t h o r s  t o  c h a r a c t e r i z e  
a s y m m e t r i c   u l t r a f i l t r a t i o n  or h y p e r f i l t r a t i o n  membranes. I n  
t h i s  Appendix t h i s  method i s  c r i t . i c i a e d  on t w o  grounds .   In  
t h e  f i r s t  place,   accurate   'measurements  show an  unexpected 
dependence o f  t h e  mean p o r e   r a d i u s  o f  microporous  membranes 

on t h e   t y p e  o f  gas  used.  *Secondly, i n   t h e   p o r e   s i z e   r e g i o n  
where u l t r a f i l t r a t i o n  o r  h y p e r f i l t r a t i o n  'membranes  have 
the i r   expec ted   po re .   r ad ius ,   t he   v i . s cous  f l o w  c o n t r i b u t i o n  
t o  t h e   p e r m e a b i l i t y   c o e f f i c i e n t   c a n n o t  be  determined  with 
' su f f i c i en t   accu racy .   Th i s  means tha t   theabove-ment ioned  rne- 
thod  cannot  be  used t o  determine a mean pore   r ad ius .  
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INTRODUCTION 

The measurement of  t h e   f l o w . r a t e  of a gas   t h rough   apo-  
rous  medium can  provide a means t o  determine a mean pore  
r a d i u s  of t h e   p o r o u s   m a t e r i a l ,   I n   r e c e n t   y e a r s   s e v e r a l  
 author^^-^^ have  used  the  method  suggested by Yasuda” t o  
c h a r a c t e r i z e   u l t r a f i l t r a t i o n  OP h y p e r f i l t y a t i o n   ( r e v e r s e  o s -  
mos is )  membranes, The f l o w r a t e o f   t h e   g a s   c a n   b e   c o n v e r t e d  

t o  a g a s   p e r m e a b i l i t y   c o e f f i c T e n t ,  whrPch i s  a 1inea.r 
f u n c t i o n  0.f t h e  mean p r e s s u r e  across t h e  membrane, A mean 
p o r e   r a d i u s  i s  c a l c u l a t e d   f r o m   t h e   c o e f f 5 c i e n t s  o f  t h i s  
func t iona l   depend .ence ,   u s i . ng   t heo re t i ca l   equa t ions   o r ig ina l -  
l y  g iven  by  Carman, 5’ 

We h a v e   s e v e r a l   o b j e c t i o n s   a g a i n s t   t h e   u s e  o f  t h i s  
method. The f i r s t  o b j e c t i o n  i s  tha t   YasudaIs  method  does 
n o t   r e s u l t   i n   a n   u n e q u i v o c a l  po re  r a d i u s .  We h a v e   t r i e d  t o  
repro.duce some o f  Yasuda’s  experiments on  a M i l l i p o r e f i l t e r  
w i t h  a nominal   pore   radius  o f  50 na, We have   found   t ha t   t he  
pore  radius   determined  depends.  on t h e   t y p e  of  gas  used,  With 
hel ium  the  value  found f o r  t h e   p o r e   r a d i u s  i s  c o n s i s t e n t l y  
abou t   ha l f   t he   va lue   ob ta ined   w i th   n i t rogen  o r  carbondioxri-  
d-e, Yasuda’)  however o b t a i n s   a p p r o x i m a t e l y   t h e  same va lues  
f o r  a l l  gases .   Th i s   d i sc repancy  i s ,  as w i l l  be shown i n   t h i s  
A p p e n d i x , n o % d u e t o l a c k o f   a c c u r a c y  of the  measurementsp  but  

i s  probably  caused by t h e   i n c o r r e c t   u s e  of t h , e o r e t i c a l e q u a -  
t i o n s  Q 

The second  ob jec t ion  t o  t h e   u s e  o f  t h e  method i s  t h a t  
o n l y   r e l a t i v e l y   l a r g e   p o r e s   c o n t r i b u t e  t o  t he   convec t ive  . 

f l o w  of t h e   g a s ,  The a u t h o r s  who made u s e  o f  t h e  method o f  

Yasuda d i d   n o t - o b t a i n   p o r e   r a d i i  below 2.5 nm.1-4’ For s t a n -  
d a r d   u l t r a f i l t r a t i o n  membranes o f  p o l y s u l f o n e 3 ’   t h i s   v a l u e  
i s  i n  our o p i n i o n   n o t   r e a l i s t i c .  

Kakuta e t  a l 4 “   h a v e   c a l c u l a t e d   e v e n   s m a l l e r   v a l u e s   f o r  
r e v e r s e  osmosis membranes o f  c e l l u l o s e   a c e t a t e ,  A s u r p r i -  
s i n g l y   1 o w . v a l u e  o f  t he   po re   r ad ius   has   been   g ivenp   v i z ,  
1,5-2 nm, We c a l c u l a t e d  f r o m  t h e i r   e x p e r i m e n t a l   p l o t  o f  t h e  . 

p e r m e a b i l i t y   c o e f f i c i e n t  versus t h e  mean p r e s s u r e  a p o r e r a -  



d i u s  of about  8 nm (n i t rogen) .   Fu r the rmore   t he i r   measu re -  

ments f o r   h e l i u m  do n o t  seem t o  be   very   accura te :  a much 
sma l l e r   va lue   fo r   t he   po re .   r ad ius  would a i so .  f i t  t h e  expe- 

r i m e n t a l   d a t a  for helium. 
I n   t h i s  Appendix we descr ibe   the   exper iments   which  we 

have  performed. We u s e d   t h e  same t h e o r e t i c a l   r e l a t i o n s  as  
Yasuda.” The c a l c u l a t i o n  of the   pore   rad ius   f rom  the   expe-  
r imenta l   da ta   has   been   improved .  One o f  t he   ma inconc lus ions  
i s  t h a t   i n s u f f i c j - e n t   a c c u r a c y  of t h e  measurement  of t h e  
p re s su re   decay   ac ross   t he  membrane p reven t s   an   accu ra t e   de -  
t e rmina t ion  of t h e   p o r e   r a d i u s  Ff  t h e   p o r e   r a d i u s  i s  of t h e  
o rde r  of I 0  nm o r  sma l l e r .   Lower ing   t he   po re   r ad ius   r e su l t s  
i n  a r e l a t i v e l y   s m a l l e r   c o n v e c t i v e   c o n t r i b u t i o n   t o   t h e   p e r -  
meab i l i t y   coe f f i c j - en t .  Flow i n   p o r e s   w i t h   r a d i i   b e l o w 1 0  nm 
diameter  i s  u s u a l l y  o f  t h e  Knudsen (non-v i scous )   t ype .   In  
t h i s   r e g i o n  a pore  radius   can  not   be  determined  with  ’Yasuda’s  
method . 

THEORETICAL CONSIDERAT‘IONS 

For   the   f low of gas   through a po rous   s t ruc tu re   Darcy ’ s  
l a w  t akes   t he   fo l l -owing  form: ‘’ 

where v 2  i s  t h e   f l o w   v e l o c i t y   a f   t h e   g a s  a t  ( o u t l e t )   p r e s -  
sure   p2 ,   and  Ap = p l -p2  i s  t h e   . p r e s s u r e   d i f f e r e n c e   a c r o s s  
t h e  membrane, 5 = $(p1+p2)  i s  t h e  mean p r e s s u r e ,  B. i s  t h e  
s p e c i f i c   p e r m e a b i l i t y   c o e f f i c i e n t ,  i s  t h e   v i s c o s i t y  a.nd 1 
i s  t h e . t h i c k n e s s   o f   t h e  membrane. Fo r   t he   gas   f l ux   t h rough  
t h e  membrane we can   wr i t e ,  if we combine c o n s t a n t   f a c t o r s :  

’ AP 
J = K- 1 

where K i s  t h e   p e r m e a b i l i t y   c o e f f i c i e n t .  If t h e  mean pore  
d iameter  i s  comparable i n  s i z e   t o   t h e  mean f r e e   p a t h  
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(0 ,OI-0 .1  um a t  room t e m p e r a t u r e   a n d a t   a t m o s p h e r i c p r e s s u r e )  

K c o n t a i n s   a n o t h e r   ( n o n - v i s c o u s )   t e r m . ’   T h i s   e f f e c t  i s  due 
t o  t h e   s o - c a l l e d   s l i p   e f f e c t ,   a n d   c a n   b e   i n c l u d e d   i n  K: 

KO and B. a r e   c h a r a c t e r i s t i c  of the   porous  medium and  the  
gas . 
g a s   b a l l a s t  chamber of f i x e d  volume V. connected t o  themem- 
b r a n e   t e s t   c e l l ,   F o l l o w i n g  Yasuda:” 

The g a s   f l u x  i s  measured by t h e   p r e s s u r e   d e c a y   i n  a 

Combining ( 2 )  ( 3 )  and ( 4 )  g i v e s t   a f t e r   d e l e t i n g   c o n s t a n t  
f ac to r s   ( s ee   be low)  : 

- - -  
d t  - (Ko+ - 

rt 

w i t h  fl = -$(p l fP2)  = $-(Ap+2p2),  where i n  our c a s e  p2 i s  t h e  

a tmospher ic   p ressure ,   Equat ion  ( 5 )  becomes: 

The f l u x   e q u a t i o n s   h a s   b e e n   r e w r i t t e n   i n  a d i f f e r e n t i a l   e -  
q u a t i o n   f o r   t h e   p r e s s u r e   d i f f e r e n c e   a c r o s s   t h e  membrane. 
F o r  simplic-i tzy we w r i t e  p = Apr  a = Kof _o p2 and b = 2, B B 

q 217 

Equat ion ( 6 )  becomes: 

In   the  foregoing  constant   terms  have  been  omit ted  because 
o n l y   t h e   r a t i o  o f  a and b d e f i n e s   t h e   p o r e   r a d i u s  t o  be c a l -  
cu la t ed   ( s ee   equa t ion  (12 )  ) * 

Yasuda’)  Shimizu2) r Cabasso3’  and  Kakuta4’ a l l  f o l l o w  
Carman’) by p u t t i n g : .  



B. - - 
kog2 

4 ~ 6 m  - 
KO - - v ( 9 )  

3 h q 2  

where m i s  t h e   e q u i v a l e n t   p o r e   r a d i u s I  E i s  t h e   p o r o s i t y , q 2  
t h e   t o r t u o s i t y f a c t o r   a n d  k. and &/k1  a r e  assumed t o  be  con- 
s tan ts (Carman5 '   sugges ted   the   va lues  o f  k. = 2.5 ,and 
6/k1 = 0 , 8 ) .  3 i s  the   ave rage   mo lecu la r   ve loc i ty   o f   t he   gas  
with  molecular   weight  M: 

Combining (8), ( 9 )  and (10 )  g ives :  

m =  

or when us ing  a and b 

m =  

de f ined  by ( 7 ) :  

This  i s  t h e   d e s i r e d  pore r a d i u s   t o   b e   c a l c u l a t e d  from t h e  

experiments .  

EVALUATION OF EXPERIMENTAL DATA 

I n  the   expe r imen t s   t he   p re s su re   decay  p = p ( t >  i s  mea- 

sured.   Yasudal '   determines  dp/dt   f rom t h i s  decay  recorded 
on a strip cha , r t   recorder ,  K O  and B. can be determined from 
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equa t ion  ( 5 )  u s i n g   t h e   s l o p e   a n d   i n t e r c e p t   a n d  f rom equa- 
t i o n  ( l  l ) m can   then   be   ca lcu la ted ,  

We have  taken a d i f f e r e n t   a p p r o a c h  by rewr i t ing   equa-  
t i o n  (7)  and   i n t e rg ra t ing   f rom  chosen   po in t s  o f  p = p ( % ) ,  
v i z .   p ò - a t  t = t and p, a t  t = te: 

O 

It follows::  

I n   p r h c i p l e  .we o-nly need two p o i n t s  ( te9 p,) a t  f i x e d  
(to9 po)  of t h e   p r e s s u r e   d e c a y  t o  solve a and b f r o m  non- 
l i n e a i r   e q u a t i o n s  o f  t h e   t y p e ( l 4 ) -  We p r e f e r   t h i s  method  of 
d a t a   a n a l y s i s  t o  t h e  one used by Yasuda  because  the pressu-  
r e   i t s e l f  can  be  de.terrnined more accu ra t e ly   t han   dp /d t .  

I n ' p r a c t i s e  i t  i s  b e t t e r  t o  t a k e  more p o i n t s  (te(i), 
p e ( i ) ?  i = 2 * . = n )   a n d  t to  e v a l u a t e  a t  l e a s t  I0 (n>lO)  equa- 
t i o n s   ( 1 4 )  t o  c a l c u l a t e  a and  b,  This i s  done by a numeri- 
c a l  px-ocedure u s i n g  a n o n - l i n e a r   l e a s t   s q u a r e s   a l g o r i t h m  
which s o l v e s  n equat ions   s imul taneous ly .  The choice  of t h e  
p o i n t s  on the   p re s su re   decay  curve could be a source  o f  i n -  
acc.nracy. We h a v e   t r i e d  two procedures :  
- a f i x e d   ( t o p p o )  i s  chosen, ( O  seconds,  3.5 b a r ) ,  

and n p o i n t s   . ( t e , p e )  on t h e   c u r v e   a r e   e q u a l l y   s p a c e d   i n  
t ime;  n e q u a t 2 o n s ( l 4 )   a r e   s o l v e d  f o r  e a c h   ( t e , p e > - ( t o , p o )  
p a i r  e 

-, I n   t h e   s e c o n d   p r o c e d u r e   t h e   p o i n t   ( t o , p o )  i s  v a r i e d ;  n 
po in t s   a r e   chosen  on the pressure  decay  curve,   and  equa-  
t i o n  (14)  i s  so lved  with paTrs ( t 2 , ~ 2 ) ~  ( t n / ; f r 3 p n / 2 + l  1 
and ( t 2 , ~ 2 ) ,  ( t n /2 t29~n /2+2)  e t c .  ( n   e v e n > k L  
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These t w o  procedures  do , .  n o t   g i v e   d i f f e r e n t   r e s u l t s .  

When a and b have   been   ca l cu la t ed   t he   expe r imen ta l  

p = p ( t )   c u r v e  i s  compared w i t h   t h e   c a l c u l a t e d   o n e ,  From e- 
qua t ion  ( I  4 )  i t  fo l lows:  

a .  

expI -a ( to-t) tc} - b 
P =  

a 
wi th  C = I n  ( - t b)   (16 )  

PO 

REQUIRED  ACCURACY OF PRESSURE  MEASUREMENTS 

In   t he   expe r imen t s   t he   p re s su re ,   d i f f e rence   ac ross   t he  
membrane p dec reases  f r o m  po  (about 3.5 b a r )  t o  zero.  As 
w i l l  be seen  below,  b<<a.  Thus,. when p i s  small, dp/dt  i s  - 
mainly  determined by, a and a h i g h   p r e c i s i o n  o f  b cannst  be 
expected  (see  equa%ion ( 7 ) ) .  

I n   t h e   c a s e   o f   M i l l i p o r e  VM type  membranes t h e  follo- 
wing  approximate  values o f  a and b have  been  found ( s e e  sec -  

t i o n   r e s u l t s ) :  Helium:  a=0.2, b=O.O02; Nitrogen:  a=0.1, 
b=0.01. From ( 7 )  we s e e   t h a t  a r e l a t i v e  error Ap/p of  0.01 
g ives  a r e l a t i v e   e r r o r   i n  b and   consequen t ly   i n  m ( c f , ( 1 2 )  ) 
o f  Ab/b o f  0.1 f o r  n i t rogen   and  0.5 f o r  he l ium  (a t   p=l -bar ;  
d p / d t   h e l d   c o n s t a n t )  b A p rec i se   de t e rmina t ion  o f  b ( o r  m) 

- can  only  be  expect.ed when Ap/p = 0.0001, I n   t h i s   c a s e   t h e  
r e s p e c t i v e   r e l a t i v e   e r r o r s   a r e  0,OI (N2) and 0.05 (He). We 
' conc lude   tha t  a very  precise   measurement   of   p ,   the .   pressure 
d i f f e r e n c e   a c r o s s   t h e  membrane, i s  requi red .   Yasudal '   der i -  
ves   values  for t h e   p r e s s u r e   g r a d i e n t  f r o m  a s t r i p   c h a r t  
r e c o r d e r ,  The r ead ing  error t h u s   i n t r o d u c e d  i s  o f t h e   o r d e r  of  
0'.01. No precise   'determinat ion  can  be  expected.  An abs 'olute  
p r e c i s i o n o f   a b o u t  0.003 bar  i.s r e q u i r e d  t o  ob ta in  m w i t h  

s u f f i c i e n t   a c c u r a c y .  



EXPERIMENTAL 

The e x p e r i n e n t a l   s e t - u p  i s  .shown i n  F igu re  l , The p r e s -  
s u r e   d e c a y   i n   t h e   r e s e r v o i r  (0.01 m 3 )  i s  measured  by t h e  
p r e s s u r e   t r a n s d u c e r   ( V i a t r a n  304,  0-150 PSIA, 3000 PIT FSO). 
The b a l l a s t  chamber i s  p r e s s u r i z e d  t o  a p r e s s u r e  o f  about  
5 ba r .  The va lve   be tween  gascyl i -nder   and   ba l las t  chamber i s  
c l o s e d ,   t h e   b a l l - v a l v e   b e t w e e n   t h e   b a l l a s t  chamber  and t h e  
c e l l   w i t h   t h e  Dembrane i s  opened  and  the  presS.ure  decay i s  
r e c o r d e d o   I n   o r d e r   t o   a v o i d  an i n . i t i a 1   t r a n s i e n t ,   s t a g e  of  

p r e s s u r e   d e c a y ,   t h e  chamber i s  p r e s s u r i z e d  t o  a p r e s s u r e  
50% h i g h e r   t h a n   t h e   p r e s s u r e  (3.5 b a r )   n e e d e d   i n   t h e  measu- 
r e m e n t , l t  The gas  i s  a l lowed t o  f l o w  th rough   t he  membrane 
b e f o r e   t h e   r e a d i n g  o f  t h e   p r e s s u r e  i s  taken ,  We have  used a 
M i l l i p o r e   f i l t e r   h o l d e r  XX 4.502.5006 

-gas ballast chamber 

I pressure transducer 

? -valve 

FIG,I ,  Exper imenta l   se t -up  f o r  gaspermeat ion  experiment .  

The p r e s s u r e   t r a n s d u c e r  i s  coupled on l i n e  t o  t h e  A/D 
c o n v e r t e r ' o f  a PDP 7 1  minicomputer ,   Amplif icat ion o f  t h e  
s igna l  o f  t h e   p r e s s u r e   t r a n s d u c e r  w a s  necessa ry   (Tek t ron ix  
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AM 5 0 2 , 2 0 0 ~ ) .  The da ta .of   the   min icomputer   were   handled  o f f -  

l i n e   t o   c a l c u l a t e   t h e   e q u i v a l e n t   p o r e   r a d i u s .   C a l i b r a t i o n  
of t h e  A / D  r e a d i n g s   v e r s u s   t h e   s i g n a l  o f  t h e . p r e s s u r e t r a n s -  

d u c e r   ( d i g i t a l   v o l t m e t e r ,  HP 3465 A )  was performed. The un- 
c e r t a i n t y   i n   t h e   s t a t i c   p r e s s u r e  measurement  appeared t o  be 

0 ,003   bar ,  The i n i t i a l   p r e s s u r e   d e c a y  i s  about  0.01 b a r / s .  
The A / D  conve r t e r   ave rages  16. samples   o f   the   p ressure   s igna l  
( t o t a l  t ime 8 msec) . ,   and  gives   no  extra   contr ibut ion t o  t h e  
u n c e r t a i n t y .  

The a b s o l u t e   p r e s s u r e   , r e a d i n g ' o f  *he  p 'ressure  transdu- 
c e r  i s  c a l i b r a t e d   w i t h   a n   I n d u s t r i a l  Air Dead Weight T e s t e r  
of Rarnet,   type  3320 ( l  0-1000 P S I )  , which  has a s e n s i t i v i t y  
o f  3.10'3 bar .  The d e v i a t i o n  o f  l i n e a r i t y  of t h e   p r e s s u r e  
t r ansduce r  i s  a b o u t   t h i s   v a l u e   a n d   w e l l   w i t h i n   t h e   s p e c i f i -  
c a t i o n s  o f  t he   manufac tu re r .  

The experiments   were  performed  in  a thermosta ted  room 
a t  T = 2 0 O c .  The a tmospher ic   p ressure  i s  r ead  from a 
Lambrecht  mercury coLumn manometer ,   reading  error  2 .10-4 
b a r  

RESULTS AND DISCUSSION 

We have  performed  experiments on a M i l l i p o r e   t y p e  VM 
membrane. This  membrane has  a nomina l   po re   r ad ius  of 50 n a ,  

given by the   manufac turer .  
Us ing   t he   p rocedure   desc r ibed   i n   t he   s ec t ion  on eva lu-  

a t i o n  o f  expe r imen ta l   da t a  we c a l c u l a t e d   v a l u e s  for a and b 
from the   p ressure   decay   curve   f rom  20  o r  40 equat ions  of 
t h e   t y p e  ( 1 4 ) .  We have   u sed   t h ree   gases :   he l ium,   n i t rogen  
and  carbon  dioxide.  The p res su re   r ead ings   were   t aken  a t  i n -  
t e r v a l s  of  0.5 minute,  during  20  minu;tes. Th.e c a l c u l a t e d  
va lues  for a ,  b a n d   t h e   r e s u l t i n g   p o r e   r a d i u s  m are given  
i n   t a b l e  l 
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~~ ~~ ~~~~~ ~~ ~ ~ ~ ~~~~ ~ ~ ~ ~~ 

helium 0.237 t 0.003 0.0029 t 0.001 1 5  t 5 
n i t r o g e n  0,108 2 0,002 0.0084 t 0.0007 40 t 4 
carbon  dioxide 0.094 k 0.005 0.010 -t 0.001 38 t 4 

Table l :  Pore r a d i u s  of a M i l l i p o r e  VM membrane, 

The given  inaccuracy  has   been  es t imated by  choosing a 
and b v a l u e s   s u c h   t h a t  F 5.10-4,  where 

4 0  
F = C (pca lc( tn) -pexp( tn) )2e  We have  used  equations (15 )  and 

n 

When w e  s t a r t ed   ou r   expe r imen t s  we considered  Yasuda 's  
method a u s e f u l   t o o l  t o  c h a r a c t e r i z e   p o r o u s  membranes. De- 

. t e r m i n a t i o n  o f  dp /d t  f r o m  the   p re s su r s   decay   cu rve  seemed 
t o  u s  ra ther   inaccura te ,   This   p roblem  could   be   c i rcumvented  
by solv-ing a set ,  of  n o n - l i n e a r   e q u a t i o n s   i n   w h i c h   t h e   p r e s -  

s u r e   a p p e a r s   i t s e 1 f . i n s t e a d  o f  t h e   d e r i v a t i v e ,   . A f t e r  s o l -  
v ing  t h i s  problem i t  became e v i d e n t   t h a t   v e r y   a c c u r a t e p r e s -  
sure  measurements  were  needed t o  o b t a i n   s u f f i c i e n t   a c c u r a c y  
i n   t h e   e q u i v a l e n t   p o r e   r a d i u s ,  Above we have   g iven   the   re -  
s u l t s  of s u f f i c i e n t l y   a c c u r a t e   m e a s u r e m e n t s .  

Appl ica t ion  o f  t h e  method  of  Yasuda t o  c h a r a c t e r i z e p o -  
rous membranes now a p p e a r s   i n  our opinion of  v e r y   l i m i t e d  
value  because of. two m a j o r  problems, From our  experiments 
we f i n d  a much sma l l e r   po re   r ad ius  f o r  helium (15 nm) than  
f o r   n i t r o g e n  or carbon  d ioxide   (about  4Onm.). T h i s   d i f f e -  
r e n c e   c a n n o t   b e - d u e   t o   l a c k  o f  accuracy o f  the  measurements.  
To o b t a i n  a p o r e   r a d i u s  for helium of  about  40 nm one  would 
have t o  a l l o w  for a. s y s t e m a - t i c   e r r o r   i n   t h e   p r e s s u r e  mea- 
surement o f  a s   l a r g e  as 0 , 0 3  b a r ,  The expected  accuracy i s  
a.bout 1 O i i m e s   b e t t e r .  

Se,condly, i n  u s i n g   t h e   e q u a t i o n s  o f  Carman'lwe assume 
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t ha t   bo th   t e rms  o f  t h e  permeability c o e f f i c i e n t ,   t h e   v i s -  

cous f l o w  a n d   t h e   ‘ s l i p  ’ c o n t r i b u t i o n ,   a r e   p r e s e n t  . Conside- 
r i n g   t h e  mean’ f r e e   p a t h  o f  t h e   t h r e e   g a s e s   u s e d  (He:270 ; 

N 2  : W  and C O 2  :I 60 ‘nm a t  l bar  and 20°C7’ ) y we s e e   t h a t   t h e  
pore  diameter  i s  o f  t h e   o r d e r  of t h e  mean f r e e  path.. If 
the re   shou ld   be  a l a r g e r  number o f  pores  o f  a much sma l l e r  
diameter   the  s i tua. t ion  would  be  different .   These  pores   con-  
t r i b u t e   m u c h . l e s s  t o  t h e   v i s c o u s  f l o w  th rough   t he  membrane 
bu t   migh t   con t r ibu te  a r e l a t i v e   h i g h . e r  amount t o   t h e  non- 
v iscous  f l o w ,  As we know, t h e   p e r m e a b i l i t y   c o e f f i c i e n t  
should  be a l i n e a r   f u n c t i o n  o f  t h e  mean p res su re .  For many 
porous  media K passes   th rough a minimum . a t  small values   of  
p, when t h e   r e g i o n  o f  Knudsen f l o w  i s  r eachede6’  T h i s  r e -  
gion i s  reached   sooner   for   he l ium  because  of t h e   l a r g e r  
mean f r e e   p a t h ,  The same reasoning  a..ppl_i.es t o  K as a func-  
t i o n  o f  t he   po re   r ad ius ,   The re fo re ,  , i f  a. l a r g e  number  of 
sma.11 pores  i s  p r e s e n t g   t h e n   t h e r e  i s  a l a r g e   c o n t r i b u t i o n  
o f  t h e s e  t o  the  non-viscous  term o f  t he   pe rmeab i l i t y   coe f -  
f i c i e n t ,  and   an   appa ren t ly   sma l l e r   po re   r ad ius  w i l l  be 
found .   In   t h i s  wa,y a . complex   ave rag ing   ove r   t he   po re   s i ze  
d i s t r i b u t i o n   o c c u r s   i n   t h e   g a s   p e r m e a t i o n   e x p e r i m e n t .  

Another  reason f o r  t he   d i sc repancy  o f  t h e   r e s u l t s  
c o u l d   b e   t h e   f a c t   t h a t   t h e   t h e o r e t i c a l   e q u a t i o n s   a r e   i n c o r -  
r e c t ,  a problem  already  touched  upon by Carman h i m s e l f O 5 ’  
We have   no   in ten t ion  t o  d e a l   w i t h   t h i s   i s s u e   h e r e .  

Extending our s t u d i e s   t o ’ t h e   p o r e   s i z e   r e g i o n   w h e r e  . 

t o p l a y e r s  o f  u l t r a f i l t r a t i o n  or e v e n   h y p e r f i l t r a t i o n  mem- 
b ranes   have   t he i r   expec ted   po re   s i ze ,  a.dds another  problem. 
That i s :  t o  de te rmine   the   convec t ive   t e rm o f  t he   pe rmeab i l i -  
t y .   c o e f f i c i e n t   w i t h   s u f f i c i e n t   a c c u r a c y .  Some simple  calcu-  
l a t ions   u s ing   equ .a t ion  (15 )  show t h a t  we cannot   d i scr imina-  
t e  be tween   po re   r ad i i  o f  2 and 4 nm: as f a r  as t h e   a c c u r a c y  
o f  the pressure  measurement i s  concerned  the  convec’tive  con- 
t r i b u t i o n   c o u l d   b e   e q u a l l y   w e l l   a b s e n t .  ’ Appl ica t ion  of 
Yasuda’s method. t o  determine a p o r e   r a d i u s  means t h a t   a n  . 

a v e r a g i n g   t a k e s   p l a c e   o v e r   t h e   r e l a t i v e l y , l a r g e   p o r e s .  A , 

similar d iscrepancy  as we have   seen   wi th   the   Mi l l ipore  mem- 



branes  can be seen from  the  plots of the  permeability  coef- 
ficient  against  the  mean  pressure  of Kakuta.41 A smaller 
value for heLium  than for nitrogen  might also fit the inac- 
curate  data . 

CONCLUSION 

Th& gaspermeation  method as described by Yasuda is in- 
adequate to determine  pore radii in microporous or asymme- 
tric  ultrafiltratfon  and  reverse  osmosis  membranes, 
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SUMMARY 

In  this  thesis  the  relationship  between  the  formation 
process  of  asymmetric  membranes  and  phase  separation  pheno- 
mena in polymer  solutions  is  investigated. 

Chapter I is a general  introduction  on  membrane  forma- 
tion  and  related  problems. A good characterization  of  the 
skin  of  an  asymmetric  membrane  in  terms of its  thickness  and 
structure  and  knowledge  of  the  relation  of  these  properties 
with  transport  behaviour  is  desired  but  not  yet  available. 
Most of the  work  presented  in  this  thesis is performed on 
the  study of'the phase  separation  behaviour  of  cellulose a- 

' cetate (CA) solutions.. In many  commercial  membrane  filtra- 
tion  installations CA membranes  are  used.  However,  improve- 
ment  of CA membranes  is  still  desirable.  Knowledge  of  the 
formation  mechanism  of  asymmetric  membranes  may  provide 
guidelines  along  which  future  improvements  can  beachieved. 
Some  views  on  membrane formation  published  in  the  literatu- 
re  are  briefly  mentioned. A controversial  point  is  the  ne- 
cessity  of  an  evaporation  step  in  the  asymmetric  membrane 
preparation  process. 

In  Chapter 2 a general  description  of  asymmetric  mem- 
brane  formation  is  given  based on theoretical  and  experi- 
mental  knowledge of phase  separation  in  concentrated  poly- 
mer  solutions.  Gelation  and  liquid-liquid  phase  separation 
are  responsible  for  the  formation  of  the  dense  skinlayer 
and the  porous  supporting  layer,  respectively.  The  descrip- 
tion  is  thought to  be applicable to several  ultrafiltration 
and  reverse  osmosis  membrane  materials:  cellulose  acetate, 
polyacrylonitrile,  polyphenyleneoxide  and  polysulfone.  The 
formation  of  macrovoids  in the  sublayer  receives.specialat- 
tention. 

In  Chapter 3 the nature and  the kinetics ofphase chan- 
ges  in a specific polymer/solvent/nonsoIvent ternary  system, 
viz. CA/dioxane/water,  are  investigated.  The  techniquesused 
were  turbidimetry  (cloud  points), Differential  Scanning  Ca- 



l o r i m e t r y   a n d   . P u l s e   I n d u c e d   C r i t i c a l   S c a t t e r i n g .   L i q u i d - l i -  
qu id   phase   s epa ra t ion   occu r s  a t  low to'medium  polymer  con- 
cen t r a t ion   and   h igh   nonso lven t   con ten t ,   whereas   ge l a t ion   oc -  
c u r s  a t  high  polymer  concentrat ion  and l o w  nonsolvent  con- 
t e n t  e 

In  Chapter 4 DSC,measurements on g e l a t i o n   a r e   e x t e n d e d .  
Ge la t ion  i s  d i s c u s s e d   i n   t e r m s  o f  l o c a l c r y s t a l l i z a t i o n .  The 
meltrfng p o i n t s  o f  t h e   g e l s  as a f u n c t i o n  o f  the  composi t ion 
o f  the   t e rnary   sys tem  can   be   descr ibed  by t h e   F l o r y   m e l t i n g  
po in t   dep res s ion   eq .ua t ion  f o r  a polymer i n  a mixed s o l v e n t /  
n o n s o l v e n t .   K i n e t i c   e f f e c t s  are  d i scussed .  

In  Chapter  5 a numer ica l  method t o  c a l c u l a t e   t h e   b i n o -  
d a l  i n  a t e r n a r y   s y s t e m   o f a p o l y m e r   i n  a so lven t /nonso lven t  
mixture  i s  p resen ted .  The F l o r y - H u g g i n s   t h e o r y   f o r t h r e e  com- 
ponents  i s  a p p l i e d  t o  t h e  membrane formtng  polymers:   cellu- 
l o s e  ace ta te   and   po lysul fone .   Concent ra t ion   dependent  sol- 
v e n t / n o n s o l v e n t   i n t e r a c t i o n . p a r a m e t e r s   a r e   t a k e n   i n t o   a c -  
count ,  1%. i s  shown t h a t ,  when t h e   s o l v e n t  i s  v a r i e d ,   t h e  va- 

. l u e  o f  t h e   s o l v e n t / n o n s o l y e n t   i n t e r a c t i ' o n   p a r a m e t e r p r i m a r i -  
ly d e t e r m i n e s   t h e   l o c a t i o n  of t h e   m i s c i b i l i t y  gap i n   c e l l u -  
l o s e   a c e t a t e  systems.. For .po lysu l fone   the   l a rgepolymer /non-  
s o l v e n t   i n t e r a c t i o n . p a r a m e t e r  overwhelms t h e   i n f l u e n c e  o f  
t h e   o t h e r   i n t e r a c t i o n   p a r a m e t e r s .  

The knowledge o f  i n t e r a c t i o n   p a r a m e t e r s i s   r a t h e r  p o o r .  
With  osmome.tric  measurements,  described i n  'Chapter 6 ,  t h e  
o s m o t i c   p r e s s u r e   a n d   t h e   p r e f e r e n t i a l   s o r p t i o n   c a n b e d e t e r -  
mined i n   m o d e r a t e l y   c o n c e n t r a t e d  C A  s o l u t i o n s  o f  up t o  10% 
polymer .   Binary   po lymer /so lTent   and   t ' e rnary   in te rac t ion   pa-  
r a m e t e r s   a r e   c a l c u l a t e d  f r o m  t h e   e x p e r i m e n t a l   q u a n t i t i e s  
us ing   the   F lory-Huggins   equat ions .  A s  known v a r i a b l e s  we 
t ake   t he   po lymer / so lven t   pa rame te r   (de t e rmined  f r o m  s e p a r a t e  
experiments)   and the.solvent/nonsolventparameter (taken  from 
t h e   l i t e r a t u r e ) ,  With t h e   c a l c u l a t e d   i n t e r a c t i o n   p a r a m e t e r s  
the  composi t ion a t  l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n   c a n  be 
p r e d i c t e d ,   b u t   t h i s  i s  n o t   y e t   i n   a c c o r d a n c e   w i t h e x p e r i m e n -  
t a l  in fo rma t ion ,  

In Chapter 7 some a s p e c t s  o f  d i f f u s i o n   d u r i n g  membrane 
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formation  are   s tudied.   Measurements  o f  ou td i f fus ion  o f  s o l -  . 

v e n t   i n d i c a t e   t h a t   t h e   n a s c e n t   s k i n  i s  n o t  a s u b s t a n t i a l  

b a r r i e r  f o r  s o l v e n t   t r a n s p o r t .   S e p a r a t e   d i f f u s i o n   c o e f f i -  
c ien t   measurements   in   t e rnary   CA/solvent /water   sys tems  a re  
performed. The l o c a l   c o m p o s i t i o n   i n   t h e   p r e c i p i t a t i n g  film 
can  be r e l a t e d   i n  a model  descripkion t o  t h e   g r a d i e n t s  of 
t h e   c h e m i c a l   p o t e n t i a l s  o f  nonso lven t   i n   t he  film. The r a t i o  
o f  nonso lven t   and   so lven t   f l uxes   de t e rmines   t hed i r ec t ionof  
the   compos i t ion   pa th   i n   t he   t e rna ry   d i ag ram.   Thed i f f e rences  
in   the   phase   . separa t ion   behaviour  o f  membrane forming  sys- 
t ems   w i th   ace tone   and   d ioxane   a s   t he   so lven t s ' a r ed i scussed .  
I n   t h e   p r e c i p i t a t i n g  film f r o m  t h e   a c e t o n e   s o l u t i o n t h e n a s -  
cent   sk in   apparent ly   d i scr imina tes   be tween  nonsolvent   and  
so lven t  f l o w .  The nonso lven t   f l ux  i s  much smal le r   than   wi th  
d ioxane   as   the   so lvent .  

F ina l ly ,   in   an   Appendixa   gaspermeat ion  method publ i shed  
i n   t h e   l i t e r a t u r e  i s  c r i t i ca l1 .y   eva lua ted .  It i s  shown t h a t  
t h e  method  cannot  be app l i ed  to determineamean  pore  radius  
o f  u l t r a f i l t r a t i o n  or re.verse o s m o s i s  membranes. 
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I n   d i t   p r o e f s c h r i f t   w o r d t   h e t   v e r b a n d   t u s s e n   h e t   v o r -  
mingsproces  van  asymmetrische membranen en   f a sesche id ings  
ve r sch i jnse l en   i n   po lymeerop loss ingen   onde rzoch t .  

Hoofdstuk 1 vormt   een 'a lgemene   in le id ing  t o t  h e t  on- 
derwerp. Een f ac to r   van   be l ang  i s  d a t  de   p rec i eze   s t ruk tuu r  
en   de   d ik te   van   de   top laag   en   he t   verband  tussendeze   e igen-  
schappen   en   he t   t ranspor t   gedrag   van   he t   vervaard igde  mem- 
b raan   nog   nade r   vas tges t e ld   d i enen   t e  worden. H e t  expe r i -  
mente le  wepk 5n d i t   p r o e f s c h r i f t  i s  geconcen t r ee rd   opdebe -  
s tude r ing   van   on tmengprocessen   i n   ce l lu lose   ace t aa t   op los -  
s i n g e n ,   C e l l u l o s e   a c e t a a t  ( C A )  membranen worden v e e l  ge- 
b r u i k t  5n commerciële membraan f i l t r a t i e   i n s t a l l a t i e s .  
Verbetering  van  de membranen i s  echter  gewenst.  Kennis  van 
h e t  vormingsmechanisme  van  asymmetrische membranen kan  ons 
e e n   r i c h t s n o e r   v e r s c h a f f e n   w a a r l a n g s   v e r b e t e r i n g e n   i n   d e  

. toekomst  bereikt   kunnen  worden.  Enke'le  benaderingen  die 
i n  de l i t e r a t u u r  gegeven z i jn   voor   de  membraanvorming 
worden a a n g e s t i p t .  Een c o n t r o v e r s i e e l   p u n t  i s  de  noodzaak 
van   een   verdampingss tap   in   he t  membraan ve rvaa rd ig ings  p r o -  

c6d6, - 

Een algemene  beschrijving  van  de  vorming  van  asymmetri-  
sche membranen wordt   gegeveninHoofdstuk 2. Z i j  i s  gebaseerd 
op t h e o r e t i s c h e  e n   e x p e r i m e n t e l e   k e n n i s   v a n f a s e s c h e i d i n g   i n  
geconcentreerde.   polymeer   oplossingen.   Geler ing  en  vloef-  
s t o f - v l o e i s t o f  ontmengLng zijn v e r a n t w o o r d e l i j k   v o o r d e v o r -  
ming  van r e s p e c t i e v e l i . j k   d e   d i c h t e   t o p l a a g   e n   d e   p o r e u z e  on- 
de r s t eunende   l aag .  De b e s c h r i j v i n g i s t o e p a s b a a r o p v e r s c h e i -  
dene  polymeren  waarvan u l t r a f i l t r a t i e  e n   h y p e r f i l t r a t i e  m e m -  

b ranen   vervaard igd   worden:   ce l lu lose   ace taa t ,   po lyacry loni -  
tril, polyphenelyeneoxide  and  polysulfon.  De vorming  van 
p e e r v o r m i g e   h o l t e n   i n   d e   o n d e r l a a g   k r i j g t   b i j z o n d e r e   a a n -  
dach t  @ 

In  Ho'ofdstuk 3 worden  de  aard  en  de  kinet iek  van  fase-  
s che id ingsp rocessen   i n   een   bepaa ld  polymeer/oplosmiddel/niet- 
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oplosmiddel  systeem  nl .   CA/dioxaan/water  onder.zocht.  De ge- 

b ru ik t e   t echn ieken   z i jn   t roebe l ingspun t   bepa l ingen ,Di f f e ren -  

t i e l e   S c a n n i n g   C a l o r i m e t r i e  en Pu l se   Induced   Cr i t i ca l   Sca t -  
t e r i n g .  

' B i j  n i e t   a l   t e  hoge  polymeer  concentratie  en  een  hoog  gehal-  
t e   aan   n i e t -op losmidde l   word t  vloeistof-vloeistof ontmenging 
waargenomen.  Gelering  treedt  op  bij   hoge  polymeerconcentra- 
t i e  en l a g e   w a t e r c o n c e n t r a t i e   i n   h e t   s y s t e e m .  

In  Hoofdstuk 4 wordt  gerapporteerd  over  de  hmeltpunt- 
bepal ingen met DSC aan  gelen  van C A  i n   d i o x a a n l w a t e r  meng- 
s e l s .  De g e l e r i n g   w o r d t   t o e g e s c h r e v e n   a a n   k r i s t a l l i s a t i e   o p  
l o k a l e '   s c h a a l .   H e t   b l i j k t   m o g e l i j k   t e   z i j n   d e   a f h a n k e l i j k -  
he id  van he t   smel tpunt   van   de   po lyrneerconcent ra t ie   ende  sa- 
mens te l l ing   van   he t  oplosmiddel/niet-oplosmiddelmengsel te 
beschr i jven  met de   theor ie   van   F lory   voor   de   smel tpuntsver -  
laging.   Kinet ische  aspecten.   worden  onderzocht .  

In  Hoofdstuk 5 i s  een  numerieke'  methode  beschrevenvoor 

de   berekening   van   de   b inodaa l   in   een   t e rna i r   sys teem  poly-  
meer/oplosmiddel/niet-oplosmiddel. Gebruik i s  gemaakt  van 

de  Flory-Huggins  theorie  voor  drie  componenten.  Het  ontmeng- 
gebied  wordt  berekend  voor  twee  membraanmaterialen  nl .   cel-  
l u lose   ace t aa t   en .po lysu l fon .   In   de   be reken ing   word teen  con- 
c e n t r a t i e   a f h a n k e l i j k e  op losmidd .e l /n i e t -op losmidde l  i n t e r -  

ac t i epa rame te r  meegenomen. De g r o o t t e  van  deze  parameter  be- 
paa l t   voornamel i jk   de   p l aa t s  .van he t   on tmenggebied   in   he t  

. systeem  CA/oplosmiddel/water.  In  het  syst.eem met po lysu l fon  
b l i jk t   de   g ro te   waarde   .van   de  polymeerlniet-oplosmiddel pa- 
r ame te r   de   i nv loed   van   ve rande r ing   i n   de   ande re   i n t e rac t i e -  
parameters  t e  overheersen.  

E r  i s  n i e t   v e e l   b e k e n d   o v e r   d e   g r o o t t e  van  de  interac- ,  
t i eparameters   in   sys temen,  me't d r i e  componecten. Met behulp 
van  osmometrie  worden  in.Hoofdstuk 6 de  osm.otische  druk  en . 

d e   p r e f e r e n t i e l e   a d s o r p t i e   b e p a a l d  van  matig  geconcentreerde 
CA oplossingen  in  mengsels  van  dioxaan:  en  water.   Depolymeer/  
n i e t -op losmidde l   en   de   t e rna i r e   i n t e rac t i e   pa rame te r sworden  . . 

berekend u i t  de  verge.l i jking  van  waarden  van  experimentele 



grootheden   en   de   voorspe l l ing   h ie rvan  met  de  Flory-Huggins 
t h e o r i e ,  De oplosmiddel/niet-oplosmiddel .parameter   (ui t   de  

. l i t e r a t u u r   g e g e v e n s   a f g e l e i d )  en,   de  polymeer/oplosmiddel  in- 
t e r ac t i e   pa rame te r   (u i t   e ena fzonde r l . i . - Jk   expe r imen t   bepaa ld )  
worden  bekend  veronders.teld.. Met d e   b e r e k e n d e   i n t e r a c t i e p a -  
r ame te r s  i s  ge t racht   he t   on tmenggebied   te   voorspe l len .   Het  
gevonden  gebied i s  n i e t   i n  overeenstemming met experimente- 
l e  gegevens u i t  Hoofdstuk 3. 

In Hoofdstuk 7 word t   de   d i f fus i e  van  oplosmiddel  en 
n ie t - .op losmiddel   t i jdens  membraanvorming nader   onderzocht .  
Metingen  vandeoplosmiddel   dif fu$iestroom  geven  aan  dat   de  
hu id  i n  wording  geen  grote   barr isre   vormt v0o.r het   oplosmid- 
d e l   t r a n s p o r t   u i t   d e   p r e c i p i t e r e n d e  film. D i f f u s i e c o e f f i -  
cienterm i n  ternaire   CA/oplosmiddel /water   systemen  z i jn   af-  
zonder l i jk   bepaa ld .   In   een   modelbeschr i jv ing   wordt   de   ver -  
a n d e r i n g   v a n   d e   p l a a t s e l i j k e   s a m e n s t e l l i n g   i n   d e  film i n   v e r -  
band-gebrach t  met de   g rad ien ten   i n   de   chemische   po ten t i a l en  
van  ppfosmiddel .en  niet-oplosmiddel .   Het   quot ient   vandewa- 
te r -   en   op losmiddels t room  bepaa l t   de   rzcht ing   van   de   veran-  
d e r i n g  van d e   l o k a l e   s a m e n s t e l l i n g   i n   h e t   t e r n a i r e   d i a g r a m .  
De v e r s c h i l l e n   i n   h e t   f a s e s c h e i d i n g s   g e d r a g   v a n  CA i n o p l o s -  
m i d d e l e n   a c e t o n e   e n . d i o x a a n   i n   r e l a t i e  t o t  membraanvorming 
worden  besproken. De waters t room  bi j   membraanvormingui teen 
CA o p l o s s i n g   i n   a c e t o n e   b l i j k t   v e e l   k l e i n e r   t e   z i j n  dan b i j  
e e n   o p l o s s i n g   i n   d i o x a a n ,  De zi.ch.-vorm.ende.  huid  van  het mem- 
braan   u i t   de   CA/ace tone   op loss ing   gedraagt   z ich   kennel i jk  
s e l e c t i e f   t e n   o p z i c h t e  van  oplosmiddel-   en  water t ransport .  

T o t  s l o t  wordt  fn  een  Appendix  ingegaan op een  gasper- 
mea t i e   me thode ,   gepub l i cee rd   i n   de   l i t e r a tuu r ,  waarmee een 
gemiddelde   por ies t raa l   van   een  membraan bepaald zou kunnen '  
worden., Er word t -aange toond   da t   de  methode n i e t   g e b r u i k t  
kan  worden v o o r - u l t r a f i l t r a t i e   e n  omgekeerde osmose mem- 
branen o 
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SPOOKBEELD VAN  MEMBRAANTECHNOLOGEN 

AtoomvE-ije  schuilkelder:  Hyperfiltratie, 
gasscheiding em  pervaporatie. 






