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VOORWOORD 

H e t  i n   d i t   p r o e f s c h r i f t  beschreven  onderzoek is uitge- 
voerd i n  nauwe samenwerking. m e t  alle leden  van de werk- 
groep  Membraanfiltratie  van  de  Technische  Hogeschool' 
Twente. D e  werkgroep heef t   dankzi j   de  immer enthousiaste  
Kees Smolders  een  explosieve  groei  doorgemaakt  en  inklu- 
s ie f   s tudenten   en  stagiairs hebben z.eer 'velen  gezorgd 
voor  een  uitstekend  werkklimaat m e t  veel   s feer   en  kennis .  
Een d r i e t a l  w i l  i k  m e t  name  noemen en bedanken: -Marcel 
Mulder,  voor z i j n  opmerking, vele   jaren  geleden,   dat   het  

membranenonderzoek toch w e l  de  moeite.waard was.; .Frank 
Altena,   voor  de  uitgebreide  diskussies  over  de vorming 
van membranen; en  Shin-ichi Nakao, voor z i jn   b i jd ragen  
aan  de  hoofdstukken  over  koncentratie  polarisatie.  

D e  diensten  en  werkplaatsen  van  de  afdelipg Chemische' 
Technologie  bedank i k  voor   de  verr ichte  werkzaamheden en 
het  daarin  verwerkte meedenken en  meeleven. 

Tens lo t te  w a s  d i t  boek je   n i e t   t o t   s t and  gekomen zonder 
het  zorgvuldige  typewerk  van Bartie Bruggink  en J u l i a  
Ardesch. 
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CHAPTER 1 

INTRODUCTION 

SEPARATION  PROCESSES 

The Entropy  Maximization  Postulate  of  the thermodynamics 
tells us t h a t  two miscible  substances w i l l  mix spontane- 
ously i f  they are brought   together .   In   other  wor,ds: a uni- 
form d i s t r ibu t ion   o f   t he  .components i n  such a system i s  
favoured  over  the  existance  of  the two pure  substances., 
There are count less   examples   of   this   rule   to ,be found i n  
o u r   d a i l y   l i f e ,  and  one i s  the   observa t ion   tha t  sa l t  dis- 
so lves   i n  water. H e r e  t he  thermodynamics are kind  to   those 
who l i k e   t o   e n j o y  a seasoned  soup,  but  they  constitute a 
major  problem to   t hose  who r e l y  on t h e  seas f o r   t h e i r  ' 

drinking water supply.  According t o  thermodynamics again 
the  separat ion  of  ' a  mixture  into its pure 'components is 
possible,   but it w i l l  .take a certain,amount  of  energy  to 
achieve  this .   In   order   to   actual ly   perform  the  separat ion 
a device .is needed t h a t  makes use  of  one o r  more differen- 
ces , in  chemical  or  physical   nature  of  the components t o  be 
separa ted .   In   the   pas t  a whole series of'separation  pro- 
cesses has  been  developed  and i n  Table l they are classi- 

f i ed   w i th   r e spec t   t o   t he   p rope r t i e s  employed. Two substan- 
ces t h a t  are very   a l ike   in ' a lmost  a l l  propert ies  w i l l  be 
d i f f i c u l t   t o   s e p a r a t e  and i f  i,t i s  possible  a t  a l l  the  ef-  
f ic iency w i l l  be low. 



TABLE 1 

Physical or chemical  Separation  Process 
property 

S ize   F i l t ra t ion ,   Microf i l t ra t ion ,  Ultrafiltra- 
t ion ,  G a s  Separation,  Dialysis 

Vapour Pressure Disti l lat ion,   Evaporation 

Freezing  Point Crystal l izat ion 
Af f   i n i ty  

Charge 

Hyperf i lea t ion ,  G a s  Separation, Pervapo- 
ration,  Adsorption,  Absorption,  Extrac- 
t ion,   Pers t ract ion 

Ion  Exchange, Electrodialysis,   Electro- 
phoresis 

Density Centrifugation,  Flotation 

Chemical nature Complexakion 

I f  one  faces  the  necessity  to  perform a cer ta in   separa-  
t i on ,  it must  be  examined  whether  the  available  separation 
processes m e e t  the  following criteria: 

1) the   separa t ion  must  be  feasible  technically,  and 
2) the   separa t ion  must  be  feasible  economically. 

It is not  necessary  thAt  this.   evaluation  leads t o  the  use 
of  one d is t inc t   p rocess ,  a combination  of two o r  more dif-  
ferent   processes  may be more attractive.   Furthermore,   the 
resu l t   o f   the   eva lua t ion  is strongly  influenced by the cur- 
r e n t  state of  the  technology  and  the  current  market  value 
of  chemicals  and  energy  .and  not i n   t h e   l e a s t  .by the   cur ren t  
valuation of the environment as expressed in   ant2-pol lut ion 
regulat ions . 

MEMBRANE FILTRATION 

A class of separation  processes that has emerged-in the 

last  25 years is Membrane F i l t r a t i o n  Technology. T h e  word 

12 



f i l t r a t i o n '   h a s  a much longer   h i s tory  and is commonly used 
t o   d e s c r i b e   t h e  removal  of s o l i d s  from a l iqu id   o r   gas  by 
means of a s i e v e   o r   f i l t e r .   I n   t h e  case of 'membrane f i l -  
t ra t ion '   the   sys tem  to   be   separa ted  is not  a two-phase 
system  but  consists  of a true  mixture a t  the  molecular  lev- 
el. In  some cases the  membrane by which the  separat ion i s  
achieved  can  be viewed as a v e r y   f i n e   f i l t e r ,   b u t   t h e  me- 
chanism  of separat ion may a l s o   d i f f e r  from conventional 
s ieving,  

, A generalized  d,escription  of  the membrane f i l t r a t i o n p r o -  
cess i s  as follows. A feed i s  brought   in   contac t   wi th  a 

membrane and a d i f fe rence   in   chemica l   po ten t ia l   i s lappl ied  
over   the membrane. This  driving  force  causes  the compo- 
nents   present   in   the  feed  to   permeate   through  the membrane 
t o  the  permeate  side.   In  general   the membrane acts a s  a 

s e l e c t i v e   b a r r i e r  and therefore   the  trans-membrane veloci- 
t y   d i f f e r s   f o r   d i f f e r e n t  components.  Consequently the  per- 
meate w i l l  have a composition  differing  from  the  feed, see ' 

Figure .l. There are severa l  ways t o   c r e a t e  a chemical po- 
t en t i a l   g rad ien t   ove r   t he  membrane, and i n  Table 2 the  cor- 
responding membrane f i le ra t ion   p rocesses  are tabulated,  

From the  same t a b l e  it is  clear t h a t   t h e  membranes used i n  
the  var ious  processes   have  specif ic   s t ructures  and  accord- 
ingly  have  specific  properties. '  

With r e spec t   t o   t he i r   c ros s   s ec t ions   t he re  ate two'dis- 
t inc t   types   o f  membrane structures: ,  symmetric  and asym- 

f eed - 

FIGURE 1 .  Schematic  repre- 
sentation of a  membrane 
filtration process. 

permeate 

r' membrane 
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TABLF, 3 

Schematic  representation of cross  sections of membranes 

Symmetric 

cylindrical  pores  porous  dense 

Asymmetric 

porous skintned composite 

metric membranes. In  Table 3 examples  of  both  kind are 
given. The transport   through  porous  medranes  takes  place 
by convective  flow,  whereas  the  solution/diffusion mecha- 
nism  determines,the  transport  through  dense membranes. The 
development of   the asymmetric  skinned membranes w a s  res- 
pons ib le   for   the  growth  of membrane separation  technology 
s ince   t he   ea r ly   s ix t i e s .  These membranes combine the  high 
se l ec t iv i ty   o f  a dense membrane with a high  permeation 
rate. The r eason   fo r   t h i s  hi.gh  permeation rate i s  the  
th ickness   o f   the   se lec t ive   l ayer ,   the   ' sk in ' ,  which is a t  

least a hundred times smaller than  the  thickness   of   the  
t o t a l  membrane.  The res i s tance  of t h e  porous  layer  under 
the   sk in ,   t he  porous  substructure, i s  small compared t o  
the  resistance'   of  the  dense  skin.  Composite membranes. are 
(skinned) membranes on which a top  layer   of  a d i f f e r e n t  
materials i s  coated. The vast   major i ty   of   the  membranes 
are polymeric  films  with a total   th ickness   of   about  0.15 mm 
and, i f   p r e s e n t ,  a sk in  of 0 . 1  t o  0.5 microns in   t h i ckness .  

15 



WHY USE MEMBRANES? 

A s  pointed  out   previously,   the   quest ion which kind  of se- 
paratiolx  process  should  be  used t o   s o l v e  a cer ta in   separa-  
t i o n  problem,  can  only  be  answered af te r   carefu l   cons idera-  
t ion   o f  sometimes many a l t e rna t ives , ,  It is therefore   no t  
very  sensible   to   search  for   advantages  of  membrane filtra- 
t ion   p rocesses   in   genera l .  Below w e  .g ive  four   specif ic  me- 
rits of membrane f i l t ra t ion   t echnology  and   ind ica te   in  
which f i e l d   t h e s e  are useful .  

(1) The energy  consumption  of  the  process is moderate 
compared t o   d i s t i l l a t i o n .   U s e f u l   i n   d e s a l i n a t i o n  by hyper- 
f i l t r a t i o n   o r   e l e c t r o d i a l y s i s .  

( 2 )  Separation is achieved a t  a moderate  temperature. 
Useful  in  dewatering  of  temperature  sensit ive  process 
s t reams  in   the  food and s ta rch   indus t ry  by ultra-  andhyper- 
f i l t r a t i o n .  

(3) Breaking  of  azeotropic  mixtures is possible ,   Useful in  
production  of  pure  ethanol by pervaporation  in  combination 
w i t h   d i s t i l l a t i o n .  

( 4 )  Continuous  separation i s  easy.  Useful i n  continuous 
removal  of  products  from  bioreactors by means of  micro-, 
u l t r a -   o r   h y p e r f i l t r a t i o n  membranes. 

The number of membrane appl ica t ions  i s  increasing and as 
a r e s u l t   t h e  nxembrane-based industry i s  growing.  Lonsdale 
C11 e s t i m a t e d   t h a t   i n   t h i s   i n d u s t r y  sales i n  1981  amounted 
t o  a t  least $ 500 mil l ion,  It w i l l  be   c lear   tha t   subs tan-  
t i a l  improvements of membrane performance  increases  the po- 

t e n t i a l   o f  membrane technology. Worldwide the re  are nume- 
rous  research  programs C21 aimed a t  the development  of mem- 
b ranes   wi th   spec i f ic   p roper t ies ,   the   so-ca l led   Bta i lor -  
made' m e m b r a n e s  designed t o  meet the  demands of w e l l  de- 
fined  separation  problems.  Understanding  the phenomena t h a t  
determine  the membrane s t r u c t u r e  and thus  the membrane pro- 
p e r t i e s  is c ruc ia l   t o   t he   success fu l   app l i ca t ion   o f  mem- 
brane  technology.  Basic  research  into the formation of mem- 
brsnes and .the charac te r iza t ion   of   the i r   s t ruc ture  is 
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therefore  a necessi ty .  

TABLE 4. 

Major  Technologies to Emerge  in the 1990s c41 

. Microelectronics 
" .  

and  Computer s 

. New Materials +- . Fine  Structure 

. Biotechnologies Ceramics 

. Functional +- . Membranes 
Polymer s . Conductive Polymetys . Composite 
Materials . High  Crystalline 

Polymers 
. Amorphous 
Alloys , 

. Bioerodible  Polyners . 

PFSPARATIOTJ OF MEMBRANES 

There a r e  a number of  different  preparation  techniques 
of   synthet ic  membranes. The suryey  .given below i s  l imi ted  
t o  polymeric membranes and  excludes  inorganic membranes, 
dynamic membranes and  Liquid  xembranes. A t  the  moment the  
la t ter  are s t i l l  of small economical  importance,  but es- 
specLally  the  prospects  for  the  l iquid membranes and inor- 
ganic membranes are very  promising. 

Preparation  techniques of polymeric membranes' C31. 

(1) ' S i n t e r i n g .  A polymer powder (Polyteteafluorethylene, 
Polyethylene,  Polypropylene) is pressed and s i n t e r e d   t o  
form a porous s t ruc tu re .  
. (2 )  S t r e t c h i n g .  A c rys t a l l i ne   f i lm   o r   fo i&  (Po ly te t r a -  
fluorethylene,  Polyethylene,.  Polypropylene) is s t re tched  
i n   t h e   d i r e c t i , o n   t r a v e r s e   t o   t h e   o r i e n t a t i o n  of the  crys-. 
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t a l l i ne   r eg ions .   In  between these  regions  ruptures w i l l  
occur  which  form  pores  and  an  irregular  porous  structure 
is obtained. 

(3) Track e t c h i n g .  A Polycarbonate  film or f o i l  is sub- 
j e c t e d   t o  a high  energy  par t ic le   radiat ion (metal ions)  
perpendicular   to   the  f i l m .  The p a r t i c l e s  damage t h e  polymer 
matrix  and create t racks   wi th   increased   reac t iv i ty .  The 
f i lm  is  then immersed i n  an  acid  bath  and  the  polymeric ma- 
terial  i s  etched away along  these  tracks.   Cylindrical   pores 
with a very  narrow  pore  radius   dis t r ibut ion are obtained. 

( 4 )  Phase i n v e r s i o n .  The vast majority  of  the commercial- 
l y   a v a i l a b l e  membranes is made by the.phase  inversion pro- 
cess. In  Chapter 2 an  extensive  descr ipt icn of th i s   p rocess  
w i l l  be  given.  Within  the class of  phase  inversion  proces- 
ses the  immersion precipi ta t ion  technique is t h e  most im- 
por tant   one  and  the  invest igat ions  into  the mechanism of 
formation  by  immersion  precipitation  form  part I o f   t h i s  

. t h e s i s  . 
( 5 )  Coating. In   t h i s   p rocedure   an   u l t r a f i l t r a t ion  mem- 

brane is coated  with a top  layer  of a polymeric material 
t o   o b t a i n  a composite  hyperfi l tration membrane, There are 
th ree  ways t o  create th i s   t op   l aye r :  

(i) dip  coat ing;  
(ii) i n t e r f  ac,ial polymerization,  and 
(iii) plasma  polymerization. 

MEMBRANES AT WORK 

Making the   (per fec t )  membrane 'is only  one  par t   of   the  so- 
lu t ion   o f  a separat ion problem. The second p a r t  i s  t h e  de- 
s ign  of the membrane module. The t r ans  membrane permeation 
f l u x  is usual ly  small, so i n   o r d e r   t o  create an   i n s t a l l a -  
t i on   w i th  a cer ta in   capac i ty  a large  medrane.   surface area 
must be instal led.   In   . the   past   twenty 
sophis t ica ted  membrane configuraeions 
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obta in   h igh   ra t ios  of membrane sur face   a rea   to  volume oc- 
cupied'by a module. The latest configuration i s  the  hol-  
low f i b e r  membrane of which the  inner  and:the  outer  dia- 
meters may be. as s m a l l  as respect ively 70 and 1 6 5  microns, 
making it possible  to  have 6000 square meters of membrane 
area  in  each  cubic meter of a module. 

It i s  requi red   tha t   the  f l o w  condi t ions  in   the module 
are   such  that   the  phenomenon cal led  concentrat ion  polar i -  
zation i s  reduced t o  an acceptable  level,   Concentration 
polar izat ion  occurs   in   every membrane separation  process 
and the  phenomenon i s  i l l u s t r a t e d   i n   F i g u r e  2.  SupDose the  
transmembrane flux  has a value J and the  component A which 

is t o  be  rejected by the  membrane is present   in   the  feed 
with a concentration Cb' I f  t h e  membrane works properly  the 
concentration of A ,in  the  permeate, c i s  smaller  than  cb. 
This   implies   that   there  is a net  convective  flow  of compo- 
nent A towards the  membrane equa l   t o  J. (c  -c ) . This  accu- 
mulation  leads  to an increased  concentration  of A a t   t h e  

P' 

b p  

FIGURE 2. Ccmcentration  palarizatign, 
, (a) : Onset o f  separatian.  
(b) : Steady s ta te   concent ra t ion   p rof i le  : 

' cb : concentration  .in  the  bulk; cp: concentration  in  the  permeate; 
cm; concentration  at   the membrane surface; 6: boundary layer , . 
thlckness; J: permeate f lux;  . D :  d i f fusion  coeff ic ient .  
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membrane surface,  which generates a diffusive  f low  back  to  
the bulk  of  the  feed, I f  the   f low  condi t ions   in   the   feed  

, .compartment  are  such  that   the  feed  can  be  considered as 
completely  mixed-at a dis tance 8 from the  membrane and be- 
yond, a s teady-state   concentrat ion  prof i le  i s  developed 
and a constant  concentration a t  the  membrane surface,  cm, 
is reached. The values  of 8 and cm depend on the  degree  of 
mixing  near  the membrane surface.  

In   t he  case of hyper f i l t ra t ion   the   concent ra t ion   po lar i -  
zat ion,  i.e. the  increased  concentrat ion a t  the  membrane 
surface,   decreases  both  the transmembrane f l u x  and the  re- 
jection  performance  of  the membrane. I n   u l t r a f i l t r a t i o n  ap- 
plications  mainly a decrease  in   the  permeate   f lux is observ- 
ed  and  the  reduction may be a f ac to r   o f   t en  o r  worse. I n  
p a r t  I1 o f   t h i s   t h e s i s   a t t e n t i o n  w i l l  be   pa id   t o   t he  con- 
cent ra t ion   po lar iza t ion  phenonenon i n   u l t r a f i l t r a t i o n  and 
it is  discussed how to   account   for  i t s  e f f e c t  on the  mag- 
nitude  of  the  permeate  f lux.  

STRUCTURE OF THIS THES I S  

A t  f i r s t   s i g h t  two unrelated  subjects  are addressed  in  
t h i s   t h e s i s ,  Both are, however, r e l evan t   t o   t he   p rac t i ca l  
importance of membrane separation  processes,  The f i r s t s u b -  
ject is  the  preparat ion  of   the membrane, or more spec i f i -  
cal ly ' the  physico-chemical   processes   that leadtocharact-  
r i s t i c  membrane s t ruc tu res .  The second  subject is t h e  con-, 
cen t ra t ion   po lar iza t ion  phenomenon which may d r a s t i c a l l y  
reduce  the  re ject ion and  permeatfon  performance of t h e  . 

membrane s 

P a r t  I (Chapters .2   to  Q) deals   with  the mechanism of 
formation  of  phase  inversion membranes. Pa r t  I1 (Chapters 
7 and 8 )  is concerned  .with  the phenomenon of concgikration 
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po la r i za t ion   and ' i t s   e f f ec t  on t h e   u l t r a f i l t r a t i o n  permeate 

f lux.  
In  Chapter 2 the   preparat ion  of  membranes,  by the  phase 

inversion  process is discussed and the  hypothesis on the  
formation  of membranes as adopted in   our   l abora tory  is in- 
troduced. 

In  Chapter 3 the  phase  separation phenomena i n  membrane 
forming  systems  consisting  of  the polymer Polysulfone,  the 
solvent  Dimethylacetamide  and the  nonsolvent Water a re   in -  
ves t iga t ed   i n   r e l a t ion   w i th   t he   f i na l   p rope r t i e s   o f  Poly- 
sulfone membranes. I n   t h e  Appendix t h e   i n s t a b i l i t y  of  Poly- 
sulfone-solvent.solutions due to  the  presence  of  oligomers 
i s  described. 

I 

In  L'hapter 9 t he  phase  separation phenomena i n  membrane 
forming  systems  consisting  of  the polymer  Polyphenylene- 
oxide (PPO),  the   soivent   Trichloroethylene and the  nonsol- 
ven.ts  n-Octanol  and  Methanol are investigated.   Since PP0 
is a c r y s t a l l i n e  polymer, a t t en t ion  is p a i d   t o   t h e   k i n e t i c s  
of c rys t a l l i za t ion .  The r e s u l t s  are in te rpre ted   aga in   in  
r e l a t i o n   t o   t h e   f i n a l   p r o p e r t i e s  of PP0 membranes . 

In  Chapter 5 it i s  shown tha t   add i t ion   o f   so lven t   t o   t he  
coagulation  bath  changesthe  structure  of  the  top  layer  of 
the  membranes formed: the   top , l . ayer  becomes more and more 
porous. An explana t ion   for   th i s  phenomenon i s  given, which 
i s  i n  accordance  with  the  formation mechanism of membranes, 
postulated  in   Chapter  2. 

In' Chapter 6 the   e f fec t   o f  polymer concentration and non- 
solvent   concentrat ion  in   the  cast ing  s ,olut ion on the  mem- 
b rane   s t ruc ture  is inves t iga ted .   Spec ia l   a t ten t ion  is paid 
t o  t h e   e f f e c t  on the   top   l ayer .  The r e s u l t s  are i n  agree- 
ment with  the  f indings  presented. in   Chapter  5. 

I n  an Appendix t o  Part  I a model fo r   t he   d i f fus ive  ex- 
change  of so lvent  and  nonsolvent  during immersion precipi-  
t a t i o n  as put   forward   in   the   l i t e ra ture  i s  discussed and 

. .  

p a r t l y   c r i t i c i z e d .  
In  Chapter 7 it i s  advocated t h a t  osmotic  pressure  plays. 

an   impor tan t   ro le   in   u l t ra f i l t ra t ion   appl ica t ions .  Using a 

l 
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simple model it is  shown that   the   osmotic   pressure may l i m -  
it the  value  of  the  permeate  f lux and t h a t  i t s  e f f e c t  on 
the  permeate  f lux  strongly  resembles  the  effect   of  the  for- 

* 
mation  of a ge l   l ayer .  

In  Chapter 8 the   resu l t s   o f   u l t ra f i l t ra t ion   exper iments  
are analyzed. It is shown that   the   concentrat ion  polar iza-  
t i o n  boundary l aye r  creates z hydrodynamic r e s i s t ance  which 
can  be  calculated  i f   sedimentat ion and d i f fus ion   da ta  are 
ava i l ab le   and   i f   t he  mass t r ans fe r   coe f f i c i en t  is known.. 
This  so-called Boundary  Layer  Resistance Model is proven t o  
be   fu l ly   equiva len t   to   the  Osmotic Pressure Model. I n  an 
Appendix the  apparent  values of t he  mass t r ans fe r   coe f f i -  
c i e n t  are compared with  the  values   predicted by t h e  semi- 
empir ical  Deissler equation. Some comments are made.re- 
gading   the   poss ib le   o r ig in   o f   the   observed   d i screpancies .  
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CHAPTER 2 

PREPARATION OF ASYMMETRIC  MEMBRANES BY THE 
PHASE  INVERSION  PROCESS 

J.G. Wijmans and C.A.' Smolders 

SUMMARY 

The formation  of membranes by the  phase  inversion  process i s  discus- 
sed. T n  this  process a polymer solut ion i s  brought  to  phase  separation 
by an exchange  of solvent and  nonsolvent,. The s t ructure   of   the  mem- 
brane is the  resul t   of  an interplay  of  phase  separation and mass trans- 
fer.  Typical  morphological  features  of  the membrane (skin,  spongestruc- 
ture,   conical  voids) are discussed in   re la t ion   wi th   the   p repara t ion  
procedure. It i s  shown tha t  the skin  layer  i s  formed by ge la t ion  a t  in- 
creased polymer concentration,  while ' l iquid-liquid phase  separation i s  
responsible   for   the porous  sublayer. 

INTRODUCTION 

Since  the  beginning  of  this  century,  when the   f i r s tmi 'c ro-  
porous membranes w e r e  prepared by Bechold Cl], t he   po ten t i a l  
of  synthetic membranes for   the  separat ion  of   dissolved and , 

suspended so lu t e s  from the  solvent   has  been  recognized.  In- 
dus t r ia l - sca le   appl ica t ions  remained l i m i t e d   u n t i l  Loeb and 
Sourirajan C21 developed  the f i r s t  asymmetric  skinned mem- 
branes i n  1962. These membranes  'owe t h e i r   p r a c t i c a l   v a l u e   t o  
the  gresence  of a skin:  a very  thin ( O  . 1 t o  O . 5 i m )  and  very 
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dense  layer  which  possesses  selective  properties,  The sk in  
is supported by a porous  sublayer  of O o 1 t o  O, 2 mm thick- 
ness  which  gives  the membrane mechanical s t a b i l i t y .  Due t o  
the   t h in   sk in   l ayek   t he  hydrodynamic res i s tance  is low com- 
pared  with  symmetric membranes having  the same s e l e c t i v i t y ,  

Synthet ic  membranes can  be  prepared  in  various ways, In  
t h i s  article w e  w i l l  focus  on  the  so-called  phase  inversion 
process, by which the majority of the  commercially  avail-. 
ab le  membranes are produced. The concept  phase  inversion is 
introduced by Kesting t31 and it can  be  defined i n   t h e   f o l -  
lowing way: a homogeneous polymer so lu t ion  is transformed 
i n t o  a two-phase system i n  which a s o l i d i f i e d  polymer  phase 
form  the  porous membrane s t ruc ture ,   whi le  a l iquid  phase,  
poor i n  polymer, f i l l s   t h e   p o r e s ,  

The next   sect ions  include a discussion  of  the  various 
preparation  procedures  of phas'e inversion membranes and the  
phenomena which are charac te r i s t ic   o f   the   phase   invers ion  
process;   these phenomena are then  correlated  with  the re- 
s u l t i n g  membrane s t r u c t u r e   i n  a discussion o€ the  mechanism 
of membrane formation. 

PHASE IhWERSIOW PROCESS : PREP24RATION PROCEDUFSS 

The  membranes produced  by  phase.  inversion are polymeric. 
To obtain  these menbranes the  polymer is d i s so lved   i n  a 
solvent  which  can  be a s ing le  component solvent  or a mix- 
t u r e  of solvents  and  nonsolvents.   Generally  this  solution 
i S  cast on a support, i .e, a glass  o r  metal p l a t e  or a non- 
woven t e x t i l e   f a b r i c ,  and   then   t rea ted   in  a s p e c i f i c  way 
(see ' ( a l  t o  ( d ) .  below) i n   o r d e r   t o   p r e c i p i t a t e   t h e  polymer, 
I n   t h i s  way f l a t   o r   t u b u l a r  membranes are obtained,  In  an 
other  procedure  the polymer so lu t ion  i s  spun through  aspin- 
ne re t  which  has   an  extra   out le t - for   pressurized a i r  o r  liq- 
u i d   i n   t h e   c e n t r e  of the  opening;resul t ing  in   hol low  f iber  
membranes. For all these membranes the  s t ructure   fbrmation 
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phenomena a re   bas i ca l ly   t he  same. 
. With'in the  phase  inversion  process  four  different  tech- 
niques  can be dis t inguished:  

( a )  Prec ip i ta t ion  from the  vapour  phase [4,51. I n   t h i s  
very  early  developed  technique membrane formation i s  ac- 
complished by penetration  of a p r e c i p i t a n t . f o r   t h e  polymer 
in to   ' t he   so lu t ion   f i lm  from the  vapour  phase,  which is sa- 

turated  with  the  solvent   used.  A porous membrane i s  pro- 
duced without a skin  and,with  an even dis t r ibut ion  of   pores  
over  the membrane thickness.  , . 

( b )  Prec ip i t a t ion  by controlled  evaporation [6-8!, The 
polymer is dis .solved  in  a mixture  of a good and a poor sol-  
vent,  of which the  s 'olvent  mixture  shifts   in  composition 
during  evaporation  to a higher  nonsolvent  content. A skín- 
ned membrane can  be  the  resul t ,  

(c )  Immersion p rec ip i t a t ion  [5,9-121. This  technique, 
which w a s  f i r s t  used  successfully by Loeb and Sourirajan 
for   the  preparat ion  of  a reverse  osmosis membrane, has  been 
s tudied  &d exploi ted most for  the  production  of  skinned 
membranes. The cha rac t e r i s t i c   f ea tu re  i s  the  immersion of 
the  cast polymer f i l m   i n  a nonsolvent  bath. The polymer 
p rec ip i t a t e s  as a r e s u l t  of  solvent loss and nonsolvent 
penetrat ion.  

( d )  Thermal p rec ip i t a t ion  "C121. Here a solution  of  poly- 
mer i n  a mixed solvent ,  which is on the  verge  of  precipi-  
t a t i o n ,  is brought t o   s epa ra t ion  by a cool ing  s tep.  When 
evaporation  of  the  solvent  has  not  been  prevented  the mem- 
brane  can  have a sk in ,  ' 

From these  procedures w e  can infer   that   for   the  phase  in-  
version  process a t  least the  following  features are charac-, 
teris t i c  : 

(i) A ternary  system. The process  involves a t  least one 
.polymer component,  one so lvent  and  one  nonsolvent. The lat- 
te'r two must be  miscible. , 

(ii) Mass t r ans fe r .  The polymer so lu t ion  is s u b j e c t   t o  a 

' t r a n s f e r  of solvent  and nonsolvent i n  such a w a y ' t h a t   t h e .  
nonsolvent  cencentration  in  the  f i lm  increases,  .Mass t rans-  

, 
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fer starts a t  the   i n t e r f ace  between the  polymer f i lm and 
the  coagulat ion medium (vapour o r  l i q u i d ) .  T h e  -changes i n  
composition i n   t h e  f i l m  are governed by d i f fus ion .  Wo mass 
t ransfer   takesplace. intherma1  precipi ta t ionwithout   evaporat ion.  

(i;;) Prec ip i ta t ion .  A s  a r e s u l t  of  the  increase of non- 
solvent  content  the  polymer  solution becomes thermodynam- 
i ca l ly   uns t ab le  and  phase  separation w i l l  occur, So an im- 
por tan t   aspec t  of the  phase  inversion  process is formed  by 
t h e  demixing phenomena p o s s i b l e   i n   t e r n a q  polymer  systems. 
These phenomena include  not  only the phase   equi l ibr ia   bu t  
a l so   the   k ine t ics   o f   phase   separa t ion ,  as the  formation  of 
membranes is a dynamic process. 

PHASE SEPAFUiTION I N  POLYMER SYSTEMS 

Thehmo dynamica 

Information on t h e   s t a b i l i t y  of a solution  canbe  obtained 
from the  Gibbs free  energy of mixing.  For  the  system of our 
i n t e r e s t ,  a mixture  of  polymer,  solvent--and  nonsolventp w e  
w i l l  use the Flory-Huggins C131 expression  as  derived  by 
t h e  lattice nodel: 

AGm is the Gibbs free  energy of .mixing; R is the  gas  con- 
s t a n t  and T the  temperature  in  Kelvin.  The subscr ip ts  re- 
fer to   nonsolvent  (1) , solvent  (2)  and  polymer  (3) . The 
number of moles  and the  volume f rac t ion   of  component i áre 
n  and $i respect ively.  The gij  parameter i s  the  component 
i - comp,onent j interaction  paranieter.  
i 

T h e  first th ree  terms on t h e   r i g h t  hand side of eq. (1) 
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represent  the  i.deal  entropy  of  mixing  of  the  solution,  di- 
vided by R. The las t  th ree  terms describe  the  enthalpy of 
mixing  of  the  solution  (divided by RT) when only  binary 
in t e rac t ions  have  been  taken into  account.   If   eq.  '(l) has 
to   descr ibe  the '   f ree   .enthalpy  of   mixing  accurately,   then 
the   i n t e rac t ion  terms w i l l  a l s o  have to   incorporate   the  in-  
ev i tab le   devia t ions  from the  ideal   entropy terms. This is 
one  of the  reasons why the  interact ion  parameters  are as- 
sumed t o  be  concentration  dependent C l 4 1 .  

I n   t he  l as t  two decades  other  expressions  for AGm have 
been  derived  using  equation-of-state  theories C 15 1.. , These 
formulatLons are ce r t a in ly  improvements i n   t h e   t h e o r e t i c a l  
sense  but   require   the knowledge of   propert ies   of   the  com- 
ponents  which are ava i lab le   oh ly   for  a l imi ted  number of 
compounds. On the  other  hand,  information on the   in te rac-  
tion  parameters  can  be  deduced from AGm measurements easi- 
ly .  These mea.surement's have  been  compiled for   binary low 
molecular  weight  mixtures C161. For  mixtures  containing a 

polymer component some da ta  are ava i l ab le ,   bu t   r e l a t ive ly  
, simple  techniques  exist  which yield  interact ion  parameter  

values:  vapour  pressure osmometry, high  pressure membrane 
osmometry and swelling  experiments. 

From eq. (1) the  expressions  .for  the  chemical  potentials 
of  the components can  be  derived,  using 

Api = aAG,/ani ( 2 )  

In   the   d i f fe ren t ia t ion   p rocedure   the   eventua l   concent ra t ion  
dependence, o f   t he  g parameters  has t o  be  accounted  for. Eve- 
ry  system w i l l '  t r y   t o  minimize i ts  Gibbs free energy. The 
entropy terms of  eq. , (  1) w i l l  always be  negative,  whereas 
the  enthalpy terms are p o s i t i v e , i n   t h e  case of posi t ive  in-  
teract ion  parameters .   I f   the  g parameters become too la rge  
demixing w i l l  occur. The equ i l ib r ium  s t a t e  is reached when 
the  chemical  potentials  in  each  phase formed a re   equa l   fo r  
a l l  components. 
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I f  a so lu t ion  becomes thermodynamically  unstable it is 

poss ib l e   t ka t  it -can  lower i t s  f ree   en tha lpy  of mixing by 
sepa ra t ing   i n to  two l iquid  phases .  These two phases  have 
di€ferent*  compositions  but are in   equi l ibr ium with each 
other .  The reason for t h e   s o l u t i o n   t o  become unstab.lecould 
be a decrease  in  temperature,  .a loss of   solvent   or   an  in-  
crease i n  nonsolvent  content. 

In   o rde r   t o  make the  mechanism o€ l iqu id- l iqu id  &-L) 
phase  separation  clear,  we w i l l  f i r s t   c o n s i d e r  a binary 
system: a polymer  and a solvent.   Figure 1 shows thedepermd- 

ence  of AGm on concentrat ion  in   such a system  for two t e m -  
peratures .  A t  temperature Ta the  system is completely m i s -  
c ib l e   ove r   t he  whole concentration  range.  If  one lowkrs 
the  temperature  the  interaction  parameter g w i l l  increase 
and for .  a certain  temperature Tb t h e  AGm vs  concentration 
curve is ‘displayed  in  Figure  Ib.  T h e  upward bend i n   t h e  

curve is the   resu l t   o f   the   increased   en tha lpy  t e r m ,  From 
t h i s   f i g u r e  it can  be  seen  that  a l l  compositions  between .Q’ 

1 

t 
O 

i- 

19 
d 

e 

a) T=Ta 

O 

FIGURE 1 .  A% vs compositibn curves f o r  a binary,system. ‘fa->Tb= 4: 
po ymer volume f rac t ions .  
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and Cp" can  lower t h e i r  free enthalpy by demixing i n t o  two 
phases. The compositions  of  those two phases are Cpl and Cp" 

respect ively and the  phases are in   equi l ibr ium  with  each 
other   s ince  they l i e  on the  same t angen t   t o   t he  AGm curve. 

There a r e  two d i fEerent   k ine t ic  ways f o r  L-L separat ion 
to   occu r ,  see Figure 2, Within the  composition  range Cp1-Cp2 

the   curvature  i s  such t h a t  

Condition ( 3 )  impl ies   tha t   the   so lu t ion  i s  unstable   with 
r e s p e c t   t o  even the  smallest amplitude  of  certain concen- 
t r a t ion   f l uc tua t ions .  The so lu t ion  w i l l  then  separate spon- 
taneously .[: 17,181 in to   very  small, interconnected  regions 
with  compositions 4,' and Cp": the   so-cal led  spinodal  decom- 
position.  In  the  composition  regions .Cpl  < Cp Cpl and Cp2 <Cp < @ ' l  

t he '  second  derivative  of AG w i th   r e spec t   t o  Cp i s  pos i t i ve  
.which means t h a t   t h e r e  are no spontaneously growing  concen- 
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t r a t ion   f l uc tua t ions ,  so the re  i s  no spontaneous  phase se- 

paration. Demixing can  only s tar t  i f   t he   concen t r a t ion  
fluctuations  have  generated a t  least one s table   nucleus,  
i.e. the  decomposition  regions are metastable. A nucleus 
is s t a b l e   i f  it lowers   the   to ta l   f ree   en tha lpy  of the  sys- 
t e m ,  hence in   the   . range  (p'<@<@ the  nucleus must  have a 
composition  near @'l and i n   t h e   r a n g e  @ < @ c @  Ir it must  have 
a  composition  near @ l .  After  the  nucleation  of  the  'second 
phase '   the   nuclei  w i l l  grow while  the  surrounding  phase 

I 
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gradually moves towards the  composition  of  the  other  equi- 
librium  phase. The  two poss ib i l i t i e s   i nd ica t ed  above are 

i l l u s t r a t e d   i n   F i g u r e  2. I n  a r e l a t ive ly   d i lu t ed   so lu t ion  
the  dispersed  phase w i l l  have  composition +" and i n  a more 
concentrated  solution  the  dispersed  phase w i l l  have cornpo- 
s i t i o n  @ v  D 

I n  a th ree  component system'the  phenomena.are  basically 
t h e  same,, but   here  a decrease  in  temperature i s  not  neces- 
sary  to   induce L-L phase  separation, a change i n  composi- 
t i o n  is suf f ic ien t .   In   F igure .  3 t h e  AG su r face   fo r  a ter- 
nary  system i s  schematically drawn. A l l  pairs   of  composi- 
t ions  with  a  common tangent   p lane   to   the  AGm surface  to- 
ge ther   cons t i tu te   the   so l id   l ine   in   the   phase   d iagram a t  
the  bottom  of  Figure 3 .  This   l ine  i s  the'  L-L boundary, t h e  
binodal. The d o t t e d   l i n e  is the   sp inodal ,   ins ide  which a l l  
compositions are unstable,  The p o i n t   i n  which the   sp inodal  
and  binodal  touch i s  t h e  cr i t ical  composition. It is t h e  , 

loca t ion   of   the  cr i t ical  poin t   in   the   phase   d iagram  tha t  
determines  whether  the  nuclei  formed w i l l  have a composi- 
t ion  high or low i n  polyiner concentrat ion.   I f   one  wants   to  

m. 
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reach  the  spinodal  area by a change i n  composition,  the 
composition  has t o   t r a v e l   f i r s t   t h r o u g h   t h e   m e t a s t a b l e  
region  where  nucleation  and  growth  take  place.  In  our  opi- 
n ion   the  lat ter process is f a s t  compared with  the rate of 
m a s s  t r a n s f e r  and i n   t h a t  case the  spinodal  region i s  not  
reached,  Therefore we  think it is highly  improbable  that  
spinodal  decomposition  has a r o l e '   i n  membrane forma.tion. 
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FIGURE 3.  Sketch of AG, surcace and miscibi l i ty  gap for  the  system 
polymer (P) ,  solvent (S ) ,  nonsolvent (NS). C r :  c r i t i c a l  composit,ion. 

When  the  thermodynamic  quality  of  a  polymer  solution  is 
decreasing  which  may  occur  by loss  of solvent,,by lowering 
of  the  temperature  or  by  the  introduction of a  nonsolvent, 
most  polymers  ,are  able to form  ordered  agglomerates.  In 
very  dilute.  solutions  the  polymer  molecules  can  form  single 
crystals  of  lamellar  type,  being  only  a  few  hundred  Ang- 
ströms  thick  and  often  many  microns  in  the  lateral  direc- 
tion.  From  solutions 'of medium  concentration  more  complex 
morphologies  occur  i.e.  dendrites  or  spherulites.  These 
latter  structures  may  contain,  except  for  the  ordered  re- 
gions,  appreciable  amounts  of  amorphous  polymeric  material. 
In the  preparation of membranes  polymer  solutions of me-. 

dium  and  high  concentrations  are  usea.  In  these  systems  the 
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t i m e  ava i l ab le   fo r   t he   c rys t a l l i za t ion  becomes important 
s ince  this   process   takes   place  through  nucleat ion  and 
growth.  Especially i f   c r y s t a l l i z a t i o n  is %nducedbya  change 
i n  composition, i .e. by mass t r ans fe r ,   t he re  w i l l  be a com- 
p e t i t i o n  between t h e  rate of t h e  mass t r a n s f e r  and t h e  rate 
of nucleation. A t ransfer ,   s low compared with  the  nuclea- 
t ion   p rocessp  w i l l  induce   c rys ta l l iza t ion  a t  a low l e v e l  of 

supersaturation  and there w i l l ' b e ' a   l i m i t e d  number of nu- 
c le i  which w i l l  grow considerably. A rapid mass t r a n s f e r  
w i l l  l e a d   t o   c r y s t a l l i z a t i o n  a t  high  polymer  concentrations: 
many nuc le i  are present  because of the  high  supersaturat ion,  
b u t   t h e i r  change t o  grow w i l l  be   l imited,  A t  high  concen- 
t r a t i o n s   t h e  numerous microcrystal l ine  regions  act  as phys- 
ical  c ros s l inks   i n   t he .   so lu t ion  and a thermoreversible  gel  
i s  formed. 

I n  Figure 4 w e  have  given a sch.ematic  representation  of 
the  f ree   enthalpy  behaviour   in   the  region of high  polymer/ 

, l o w  nonsolvent  content of t h e   t h r e e  component system, .One 

C l  

J 
S 

N.S. 

FIGURE 4 .  Free  enthalpy  behaviour at high polymer/low  nonsolvent con- 
tent,   expldining  the  solution-crystal   transit ion. .  
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sees t h a t  a t  higher  concentrations  the  free  .enthalpy  of 
mixing.of  the  solution  can  be  lowered by the  formation of 
s o l i d ,   c r y s t a l l i n e  polymer in   equi l ibr ium-with a so lu t ion  
of a cer ta in   lower polymer content. A t  a lower (or   higher)  
temperature  the AGm surface w i l l  change i t s  shape  and t h e  
c r y s t a l l i n e  polymer w i l l  be in   equi l ibr ium  with a so lu t ion  
of  lower- (or   higher)  polymer concentration. 

As  can  be  seen from Figure 4 ,  a t  high polymer  and high 
nonsolvent  concentrations  both L-L phase  separation  and 
c r y s t a l l i z a t i o n  are possible  thermodynamically.  In  these 
regions  the  kinet ics  of t h e  two phenomena w i l l  determine 
which  one actual ly   takes   place.  

Some polymers are completely amorphous, i . e .  t he re  i s  no 
ordered  s t ructure  which  lowers the  f ree   enthalpy  with res- 
p e c t   t o   t h e  amorphous state. In  these  systems  there is no 
l i qu id - so l id   t r ans i t i on   i n   t he  thermodynamic sense,   but 
nevertheless a t  very  .high polymer con'centrations  the f lui-. 
d i t y   o f , t h e   s o l u t i o n  becómes zero. The polymer  molecules 
are so densely  packed  and'there are so many entanglements 
t h a t   i n   e f f e c t  a gel   has  formed. The solution-gel boundary 
i s  a v i scos i ty  boundary i n   t h i s  case. 

Liquid-liquid  phase  separation i s  r ead i ly ' de t ec t ed  by 
tu rb id i ty  measurements F191  and l i g h t   s c a t t e r i n g  methods 
1201. I f   the   in te rac t ion   parameters  of a system are avai l -  
able,  one  can ca l cu la t e   t he  L-L demixing  gap,  using  the 
thermodynamic equilibrium  expressions.  Altena C211 has 
shown t h a t   f o r .  most  systems  consisting  of a polymer, a 
solvent and a nonsolvent, L-L phase  separation  should  be, 
expected. 
' C r y s t a l l i n i t y   i n   g e l s   i s ' h a r d   t o   d e m o n s t r a t e  when d i f -  
f ract ion  techniques are used ,   s ince   t he   c rys t a l l i ne   en t i -  
ties are of submicroscopic  order. I f a  sur face   e f fec ts  are 
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not   too  large,   calor imetr ic  measurements can  be  used C2210 
Data on t h e   k i n e t i c s  of c rys ta l l iza t ion   can   be   ob ta ined  
from Pulse  Induced Cri t ical  Sca t t e r ing  C2310 

FORMATION OF A S Y " E 2 R I C  MEMBRANES 

The o r ig in   o f   t he  asymmetric s t r u c t u r e  of membranes, i , e ,  
the  presence  of  the  skin,   has  received much a t t e n t i o n   i n  
membrane research.  There are th ree  views  on the  formation 
of   the  skin:  

a )  The asymmetry i s  a l ready   present   in   the  cast f i l m  of 
the  concentrated polymer so lu t ion   before   p rec ip i ta t ion  
takes   place,  due to   su r f ace   t ens ion   e f f ec t s .   Fu r the r   s t eps  
in   the  preparat ion  process ,   such as coagulation and hea t  
treatment,  w i l l  on ly   f i x   t he   a l r eady   ex i s t ing  asymmetry, 
Representatives  of  this  approach are PanarcC241 (nodular 
morphology)  and Tanny 1121. Since it is poss ib l e   t o   ob ta in  
both  skinned and  nonskinned membEanes from one  and t h e  same 
polymer so lu t ion  1251, w e  t h i n k   t h i s  view cannot  be  true,  

b )  The sk in  is formed through  evaporation from the  upper 
l aye r   o f   t he  cast fi lm. The durat ion and the  condi t ions  of  
the  evaporat ion  s tep  determine  to  a great ex ten t   t he  re- 
su l t i ng   p rope r t i e s  of t h e  membrane. This  approach i s  fo l -  
lowed  by Sourirajan C261 and  Kunst C291 (so lu t ion   s t ruc ture-  
evaporation rate concept),   Kesting C31 and  Anderson  1281. 
W e  do hot   agree   tha t   so lvent   evapora t ion   in   genera l  i s  a 
necessary  step  to  induce  the  formation of t h e  asymmetric 

s t r u c t u r e s  The following  objections  can  be made: 
- one  can  prepare  excellent asymmetric membranes from 

polymer/solvent/nonsolvent systems i n  which evaporation of 
t he   so lven t  is negl ig ib le ,  e.g. polysulfone/DMF/water  and 
cellulose  acetate/dioxane/water.  

- also  systems  with a v o l a t i l e   s o l v e n t  (CA/acetone-for- 
mamide , /wa te r )  cast and  coagulated  under  circumstances t h a t  
t h e  atmosphere i s  saturated  with  the  solvent   acetone  give 
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excellent  asymmetric membranes (Sarbolouki C 2 9 1 ) .  
- asymmetric  hollow f ibers   wi th  a skin a t  t h e   i n t e r i o r  

can  be made which  have  had no contact  with a i r  during  the 
preparation  (Strathmann E 3 0 1 ) .  

c )  The coagulation  process i s  respons ib le   for   the  forma- 
t i on   o f   t he  asymmetry. Skin  formation  and  formation  of  the 
porous  sublayer are t h e   r e s u l t  of a complex in t e rp l ay  of 
'phase  separation  and  diffusional  processes.  Authors who 
have made important  contributions are Frommer C311, 
Strathmann E51 and Koenhen C111. 

The formation  of  asymmetric membranes according  to  ap- 
proach C l  i s  described below. 

Mechanism 0 6  dokmaZtictn 

I n   t h e  immersion precipi ta t ion  process  a polymer solution, 
cast on a support, i s  immersed i n  a bath  containing a non- 
solvent.  A s  w a s  f i r s t  suq'gested by Koenhen Cl11 w e  assume 
t h a t   t h e   s k i n  formed  by gelation  and;that  the  porous'sub- 
l aye r  is the  resul t   of   l iquid- l iquid  phase  separat ion  bynu-  
c l ea t ion  and  growth. The factor   determining  the  type  of  
phase  separation a t  any p o i n t   i n   t h e  cast f i lm i s  the l o c a l  
polymer concentration a t  the'moment  of p rec ip i t a t ion .   In  
t h e   f i r s t   s p l i t  second a f t e r  immersion the re  i s  a rapid de- 
plet ion  of   solvent  from t h e   f i l m  and a r e l a t i v e l y  small pe- 
netration  of  nonsolvent.  This means t h a t   t h e  polymer  concen- 
t r a t i o n  a t  the  f i lm/bath  interface  increases  and t h a t   t h e  
g e l  boundary i s  crossed (see Figure 4 ) .  The t h i n  and dense 
ge l   l aye r   ' t ha t  i s  formed i n   t h i s  way, the   sk in ,  w i l l  act  
as a res i s tance   to   the   ou td i f fus ion   of   so lvent  and a t  the  
positions  beneath  the  top  layer  demixing w i l l  occur a t  l o w -  
er polymer  and higher  nonsolvent  concentrations. So here 
the  typ.e of demixing w i l l  be  liquid-liquid  phase  separation 

. (see Figure 4 ) .  The demixing  gap i s  entered a t  t h e  polymer- 
r ich   s ide   o f   the  c r i t i ca l  poin t ,  so the  nuclei   consis t   of  
t h e  polymer-poor phase  and  the ' resul-t  i s  a porous s t r u c t u r e ,  
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thepore& of which  are  filled  with  the  d.ilute  solvent/non- 
solvent  phase.  The  porous  structure  will  be  fixed  by  gela- 
tion of the  concentrated,  continuous  polymer  phase, 
The  approximate  changes of composition for the  top  layer 

and  the  substructure,  the  so-called  'coagulation pathsur 
are  given  in  Figure 5. A more  detailed  description of the 
concentration  profiles  in a precipitating'  casting  solution 
can  be  found  in  the  paper  by  Bokhorst e t  'aZ. C321. 

FIGURE 5. Schematic  course of the composition  for  the  skinlayer (1) 
and the  bottom  layer (2) of a polymer film with initial  composition A 
upon immersion In a nonsqlvent bath. 
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MEMBRANE STRUCTURES IN RELATION TO PREPARATION PROCEDURES 

The  polymer  solution  is  subject  to  a  nonsolvent  inflow, 
while  the.solvent  saturated  vapour  phase  prevents  the  out- 
flow  of  solvent:  the  polymer  concentration  decreases  gra- 
dually.  The  only  possible  demixing  mechanism  is L-L phase 
separation  and  a  microporous  membrane  without  a  skin  is 
the  result.  The  mass  transfer  at  the  solution/vapour  inter- 
face  is slow compared  to  the  diffusion  in  the  polymgr  solu- 
tion,  so  the  Concentration  profile  inside  the  film  is  very 
flat.  This  implies  that in the  whole  polymer  film  demixing 
takes  place. at approximately  the  same  time  and  at  the  same 
polymer  concentration.  The  result  is  an  even  pore  distri- 
bution  over  the  cross-section  of  the  membrane:  they  are es- 
sentially  symmetric. 
The  size  of  the  pores can'be controlled  by  the  prepara- 

tion  variables,  In  general  the  pore  radius  will  increase 
when  the  temperature  is  increased  (gelation  at  higher  con- 
centrations)  or  when  the  polymer  concentration  of  the  cas- 
ting  solution  is  decreased.  The  polymer  content  should  not 
be  too  small,  however,  since  for  a  porous  structure  it  is 
necessary  that  the L-L demixing  gap  is  entered  at  the  po- 
lymer  rich  side of the  critical  point. 

When a. polymer-solvent  solution.,  without  nonsolvent, 
loses  solvent  through  evaporatLon,  the  polymer  concen- 
tration  gradually  increases.and  gelation  will.  take 

place, In this  manner  dense  polymer  films  are'  obtained 
which  are  useful  in  pervaporatlon C331. If  gelation  occurs 
through  crystallization,  the.  properties  of  the  film  depend 
on the  rate of evaporation  and  diffusion,  i.e.  th.e  degree 
of  supersaturation. 
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Porous s t ruc tu res  are formed when one o r  more nonsol- 
vents are added to   t he   so lu t ion .   In   t h i s   ca se   t he   p rec i -  
p i t a t i o n  i s  determined by t h e   v o l a t i l i t y  of t he  compounds 
used ,   the   i ln i t ia l   concent ra t ions   in   the   so lu t ion   and   the  
phase  boundaries  of  the  system,  Kesting t 3 4 1  has   u t i l i zed  
controlled  evapo'ration  to  produce  asymmetric membranes 
with  reverse   osmosis   propert ies :   the  'Dry-RO'  membranes. 
In   th i s   p rocedure   the   so lvent  must  have a boi l ing  tempe- 
r a t u r e  which lies a t  l e a s t  30°C under  the  boil ing tempe- 
r a tu re s  of the  nonsolvents  used.  In  order  to  obtain  high 
f lux  membranes more than  one  nonsolvent  must  be  present 
i n   t he   ca s t ing   so lu t ion  C341. The asymmetry of   the mem- 
branes is t h e   r e s u l t  of t h e  fast evaporation  of  the 
solvent  from  the  upper  layer  of  the polymer solutioli .  

I n  the sec t ion  on the  formation  of  asymmetric membranes 
t h e  phenomenon immersion precipi ta t ion  has   been  dis-  
cussed.  Because th i s   p rocess  ,is used in   t he   p roduc t ion  
of the majority of t h e  asymmetric membTanes w e  w i l l  focus 
here  t o  some extent  on  the  variables  determining  the 
membrane morphology . 

T h e  ult imate  determining  factor  for  the  skin  formation 
i s  the  loca l  polymer concen t r a t ion   i n   t he   t op  layer i n  
t he  polymer so lu t ion  a t  t h e  moment of   p rec ip i ta t ion .   In  
the  immersion  technique  the  solvent  depletion  from  the 
top  layer   of  the so lu t ion  f i l m  i s  extremely  fast .  An in- 
c r e a s e   i n  polymer concent ra t ion   in   the   top   l ayer  is t h e  
resul t .   This   increase improves' the   condi t ions   for  ge- 
l a t ion   t o   occu r .  The ge la t ion  w i l l  be  favoured by t h e  
penetration  of  nonsolvent. The higher   the polymer  concen- 
t ra t ion   has  become before   nucleat ion  in   the  skin sets i n ,  
t he  more  numerous and t h e  smaller w i l l  be   the  nuclei  be- 
cause of higher   supersaturat ion.  
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It  will  be  clear  now  which  factors  favour  the  formation 
of  a  mOre  finely  structured,  i.e.  denser  skin  and  there- 
fore  a.  more  selective  membrane: 

- a  higher  iriitial.polymer  concentration  of  the  solu- 
tion  will  favour  the  conditions  for  a  large  supersatura- 
tion  in  the  top  layer  before  nucleation  sets  in; 

- a  lower  tendency of the  nonsolvent to induce L-L 
separation  in  the  system  or  to  penetrate  the  cast  film 
will  delay  the  onset  of  gelation  until  sufficient  solvent 
depletion  has  been  obtained  and  again  supersaturation  is 
favoured. A proper  choice  of  nonsolvent  type  and  the  use 
of  certain  additives  to  the  coagulation  bath  (salt,  gly- 
cerin,  etc..)  will  serve  these'purposes; 

l 

- lowering  the  temperature  of  the  coagulation  bath  will 
increase  supersaturation  while  decreasing  growth  kinetics 
for  the  nuclei. 
The  skin  is  formed  due  to  a  high  outflow  of  the  solvent. 

When  the  solvent  used  is  added  to  the  nonsolvent  bath  this 
outflow  is  decreased  as  well  as  the  rate  of  penetration  of 
the  nonsolvent. It appears  that  in  every  ternary  system, 
which  yields  skinned  membranes  when  the  coagulation  bath 
is  pure  nonsolvent,  microporous  membranes  without a skin 
are  obtained  if  sufficient  solvent  is  added  to  the  coagu- 
lation  bath  C251. Each'system.has its  own  minimum  solvent 
concentration,  which  can  be  more  than 80 percent  by  weight 
of,solvent. On  the  basis of thermodynamic  evaluations  it 
seems  plausible  that  the  addition  of  solvent  to  'the  bath 
relatively  'favours  the  penetration  of  nonsolvent  into  the 
polymer  solution  C251  and  thus  favours L-L phase  separa- 
tion  in  the  top  layer. 
Under  the  skin we find  a  porous  substructure,  see  figure 

6. It  will be  clear  that  the  pores  in  this  sponge  struc- 
ture  are  the  grown-out  nuclei  of  the  dilute  phase  dis- 
persed  within  the  matrix  of  the  polymer  solution,  and  that 
the  ma,trix  has  solidified  by  gelation  at  a  certain  stage. 
If  the  cancentration  of  the  polymer  at  the  locus'where 
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FIGURE 6 .  Cross section of a BSf membrane, showing .voids whith open 
walls ,, 

L-L phase  separation sets i n  does  not  vary  too  muchwiththe 
depth   o f   the   so lu t ion   layer ,   the   nuc lea t ion   dens i ty   wi l la l -  
so not  vary  very much across   the  f i lm and a uniform  pore 
s t r u c t u r e  w i l l  be   t he   r e su l t ,   I n   o rde r   t o   ob ta in   an  'open 
poreu  sponge  structure,  a certain-amount of coalescence of 

the  drops  should  occur  before  the w a l l s  of concentratedpol- 
ymev so lu t ion  between the   pores   so l id i fy  by gelation.  This 
can  be  monitored by choos ing   the   p roper   in i t ia l  polymer con- 
cent ra t ion   (no t   too  high) , or by adding a nonsolvent  to  the- 
polymer solution.  Bokhorst C327 has  obtained membranes with 
an  open,  very  regular  sponge  structure by adding maleic 
ac id , to   t he   Ce l lu lose  Acetate - Dioxane cas t ing   so lu t ion ,  
The absence of very small pores   direct ly   under   the  skin  lay-  
er makes these membranes wet-dry  reversible  ( in small pores 
the   cap i l la ry   forces  are l a rge  upon drying) .  

A very  important  feature  in  immersion-coagulated membranes 
( i n  U F  .membranes as w e l l  as i n  R0 types) i s  the  presence of 
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the   large  voids   with a length from several  microns  to, some- 
times, the   to ta l   th ickness   o f   the  membrane.  The c a v i t i e s  , 

were f i rs t  observed i n  wet-spun f i b r e s  [35-391. The absence 
of t h e   v o i d s   i n  dry-spun f i b r e s  C381 and in   d ry  RO-membranes 
C341 indicates   that   t .heir   formation  only  occurs   in   the case 
of immersion p rec ip i t a t ion .  

, A t  f i r s t  it w a s  assumed that   the   formation w a s  associated 
with volume changes i n   t h e   p r e c i p i t a t e d  polymer phase C 361 . 
L a t e r  Graig C351 proposedthe mechanism of  penetration ,of 
nonsolvent  through  defects  (cracks) on the   sur face   o f   the  
spinning  filament. The same mechanism i n   t h e  case o; immer- 
sion-coagulated.'membranes w a s  proposed by Strathmann C301. 

I n  a systematic  study of the   k ine t ics   o f   vo id   format ion   in  
PAN' f ib re   sp inning ,  Gröbe 5371 came to   the   conclus ion   tha t  
diffusion  of   both  solvent   and  nonsolvent   to   cer ta in  areas 

was the  basis   for   void  formation.   In   our   opinion  the  avai l -  
able  experimental   data are cons i s t en t   w i th   t h i s  mechanism. 

. .  

Some.typica1 facts remain i n t e r e s t i n g  f o r  further  conside- 
ra t ion :  

- through  optical  microscopy one' observes  that   the  voids 
move inward fas te r   than   the   d i f fus ion   cont ro l led ,   coagula-  
t i on   ' f ron t  ; 

- t h e  boundary  of the   vo ids .does   no t   so l id i fy  by ge la t ion  
during i t s  growth,  since  coalescence  with small pores re- 
mains possible   (Figure '  6 )  ; 

- of ten   the  growth of the  voids  slows down and t h e  coagu- 
l a t i o n   f r o n t   f o r  L-L separation  passes beyond t h e  lower  end 
of  the'  cavity. 

Smolders 'C401 has  proposed  the  following mechanism f o r  
. the  appearance  of  the  conical  voids:  

- When the   sk in  i s  formed,  nonsolvent  penetrates  into  the 
underlying  polymer  solution faster a t  ce r t a in   spo t s   i n   t he  
skin,  e.g. a th inner .   par t   o f   the   sk in   o r  a loca l   loose  ar- 

rangement  of t h e   s t r u c t u r a l   u n i t s   i n   t h e   s k i n ,   g i v i n g  a 
more favourable pathway for   diffusion.   Only ' in   systems  with 
a large  driving  force  for  solvent/non-solvent  mixing i s  t h i s  
heterogeneous  type of nucleus  formed; 
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- Solvent i s  expelled from the  surrounding polymer  solu- 
t i on   ( syne res i s )   t o   t hese   s t a t i s t i ca l ly   sp read ’   l oc i  and a 
gradient   in   nonsolvent   concentrat ion i s  set up i n   t h e   v o i d ,  
ranging  from a r a the r  low va lue   near   the   in te r face .wi th   the  

. polymer so lu t ion  t o  a high  value  near   the  skin  surface.  
There i s  a f l u i d . i n t e r f a c e  between t h e  polymer so lu t ion  and 
the  void; 

- Because of the syne res î s   e f f ec t  and ‘the more rap id   d i f -  
f u s i o n   i n   t h e   v o i d   i n  comparison  with  the  polymer  solution 
phase,  the  void may grow f a s t e r   i n i t i a l l y   t h a t   t h e  coagula- 
t ion  f ront   proceeds.  When the   syneres i s  becomes less effec- 
t i v e   t h e  growth of the  voids  depends so le ly  on the  diffiz- 
Sion  of   solvent   over   larger   dis tances   to   the  voids ,  so t h a t  
t h e  growth of the  voids  may slow down and the  coagulation 
f r o n t  may proceed beyond the void. 

U p  t o  t h i s   p a r t  w e  have  focussed on the  preparation  pro- 
cedures  rather  than on t h e  compounds used ‘in. the  procedure- 
There are  countless  combinations  of a polymer, .a   solvent .  
and a nonsolvent  which  consti tute a membrane forming  systemp 
but  only some w i l l  y i e l d  membranes with  commercially  inter- 
es t ing   p roper t ies .  For a typ ica l  polymer  widely  used i n  mem- 
brane  fabr icat ion,   Cel lulose Acetate, the   in f luence  o€ t h e  
choice  of   the   solvent  on membrane proper t ies  is i l l u s t r a t e d  
in   Table  1. 

TABLE 1, Influence  of  solvent  used ?n membrane preparation on mem- 
brane  properties:Polymer:  Cellulose Acetate. Nonsolvent: 
Water D 

~ ~~ ~ ~~ ~ 

Solvent Membx-aue.structure  and proper t ies ,  
~ ~~~ 

Dioxane. Skinned,  Reverse Osmosis 
Acetone Homogeneous, Dense 
Acetone;/Fomamide  Skinned,  Reverse Osmosis 
Triethylphosphate Homogeneous, Finely  Porous 
N,N Dimethylformwide , . Skznngd, . Ultraf i l t r a t % o n  
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The polymer i s  dissolved a t  a high  temperature  in a mix- 
tu re   o f  a solvent and a nonsolvent. Upon lowering  the t e m -  
pera ture   the   so lu t ion  becomes unstable   with  respect   to  L-L 

phase  separation  and a porous   s t ruc ture   i s . formed.   I f  a t  
the  solution/vapour  interface  concentration  of  the polymer 
through  evaporation  takes  place, a skin  layer  might  be.  the 
r e s u l t .  A mixture  of a polymer  and l o w  molecular  weight 
compounds i s  not always  employed.  Polymer blends,   miscible 
a t  high  temperatures, w i l l  a l so   y i e ld   po rous   s t ruc tu res   i f  
the  temperatur,e i s  decreased .   In   tha t  case one  polkmer com- 
ponent,  which i s  d ispersed   in   the   mat r ix ,  i s  washed away. 
This  procedure i s  used in  the  dry-spinning  of  porous  hollow 
f i be r s  . 

CONCLUSIONS 

I t  has  been shown t h a t   i n  membrane forming  systems the  
sk in  is formed  by gelat ion  of   the  top  layer ,  a t  increased 
polymer concentration  due  to  solvent loss, whereas  liquid- 
l iquid  phase  separation i s  responsible   for   the  formation 
of  the  porous  sublayer. The ,diffusive exchange  of  solvent 
and nonsolvent  determines a t  which p l ace   i n   t he  polymer 
so lu t ion  and a t  what t i m e  these  demixing  procesS.es  take 
piace.  Although in   d i f fe ren t   sys tems  the  membrane struc- 
t u r e  and  properties may differ ; the  basic  phenomena res- 
pons ib l e   fo r   t he  membrane formation are t h e  same. 
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CHAPTER 3 

PHASE  SEPARATION  PHENOMENA IN SOLUTIONS OF 

NONSOLVENT:  RELATIONSHIP WITH MEMBRANE FORMATION* 
POLYSULFONE IN MIXTURES OF A SOLVENT AND A 

J.G. Wijmans, J. Kant, M.H.V..Mulder and C.A. Smolders 

SUMMARY 

The phase  separation phenomena. in  ternary  solutions  of  Polysulfone 

i n  mixtures  of a s.olverit and a nonsolvent (N,N-dimethylacetamide and 

water, i n  most cases) are investigated.  The 'liquid-liquid demixing gap 
. .  

i s  determined and it  i s  shown t h a t  its locat ion i n  the  ternary  phase 

'diagram  í.ç".mainly  determined by the PSf-nonsolvent in te rac t ion  param- , 

e t e r .  The c r i t i c a l   p o i n t  i n  the PSf/DMAc/water system l i e s  a t  a high 

po1yrne.r concentration of about 8% by weight. 

Calorimetric measurements with  very  concentrated PSf  /DMAc/water so- 

lutïons  (prepared  through  liquid-liquid demixing,  polymer  concentra- 

t i o n  of  the polymer r i c h  phase up t o  60%),showed no heat   effects  i n  

the  temperature  range  of -20 'C t o ,  50 OC. It is suggested  that  gela- 

t?on i n  PSf systems i s  completely amorphous, 

1' . . 

The results  are '   incorporated  into a discussion  of  the  formation  of 

Poiysulfone membranes : 

"A p a r t  of t h i s  wo'rk was presented a t '  the ,Fo_urth Symposium on. Synthetic 
Membranes i n  Science and Industry, Tübingen, FRG, September 6-9, 1983. 

. .  . .  
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i . INTRODUCTION 

The f i e l d   o f  Membrane .Fi l t ra t ion  covers  a broad  range  of 
different  separation  techniques  such  as:   hyperfkltration 
reverse   osmosis ,   u l t raf i l t ra t ion,   in icrof i l t ra$ion,  gas G e -  
paration  and  pervaporation. Each process makes use of spe- 

c i f i c  membranes which  must  be su i ted   for   the   des i red   sepa-  
ra t ion.   This   implies   that  many different‘membranes  with op- 

t imized  properties  have  to  be made and  consequently  itmeans 
t h a t   t h e r e  is a s t rong  interest .among membrane manufactur- 
ers in   the  parameters   that   govern  these membrane propert ies .  

In   our   laboratory w e  t r y   t o   o b t a i n  a coherent  view  on  -the 
formation of membranes. I n   t h i s  mechanism of.formation  an 
important   role  i s  played by the   phase   t rans i t ion  plieqomena 
(gelat ion  and.   l iquid- l iquid  demixing)   in   ternary polymer so- 
lu t ions .  An int roduct ion  into  the  formation mechanism w i l l  
be   given  in   the  theory  sect ion.  

. The phase  separation phenomena i n  jzhe.membrane forming 
system  consis t ing’of   cel lulose acetate,- dioxane  and water 
have  been  studied by Altena Cll. In  the  present  work,we 
. w i l l  focus on systems  which  contain  the polymer Polysulfone. 
Polysulfone i s  an  important  polymer i n  commercial membrane 
fabr ica t ion ,   esQecia l ly  as an Ultrafiltration.membrane and 
a s  a support  for  composite membranes. The system  studied 
most thoroughly  consists‘of  Polysulfone, N,N-dimethylacet- 
amide (a solvent)  anZf water (a nonsolvent].’. . W e  w i l l  deter-  
mine the  l iquid-liquid  demixing gap  and w e  w i l l  inves t iga te  
whether   the  t ransi t ion from a f l u i d  t o  a s o l i d  state (gela- 
t i on )   i n   t h i s   sys t em i s  accompanied by c rys t a l l i za t ion .  , - 

Membkpne 2jokma.tian 

I n  the  phase  inversion  process-a  membrane i s  mad-é by 
cas t ing  a’ polymer so lu t ion  on a support  and  then  bringing 
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the  solution  to  phase  separation  by  means of solvent  out- 
flow  and/or  nonsolvent  inflow.  Thus,  in  most  cases atleast 
three  components  are  involved: a po1ymer;a  solvent  and  a 
nonsolvent.  Exchange  of  the  latter  two  leads  to  a  phase 
transition  in  the  at:  first  homogeneous  polymer  solution  and 
the  membrane  structure  is  formed. The.cross section ofthis 
structure is asymmetric  in  many  cases:  a  thin  and  dense 
skin 1ayer.is supportea  by  a  porous  sublayer. In our  view 

' two  different  types of'phase separation  are  responsible  for 
these  two  layers Cl-51 : 

- gelation  (possibly  induced  by  crystallization) f o r  the 
formation of the'  skin  layer; 

- liquid-liquid  phase  separation  followed  by  gelation of 
the  concentrated phase.for  the formation  of  the  porous  sub- 
layer. , 

Gelation wkll take  place at.high polymer  concentrations 
whereas  liquid-liquid'phase  separation is expected  to  occur 
at low'polymer concentrations.  In  Figure 1 the  phase  bound- 
aries  are  schematically  drawn in. a  ternary  phase  diagram. 

P P 

FIGURE 1 .  Schematic  representa- 
t i o n  of a ternary  phase diagram. 
I , : homogeneous solution; 
I1 : l iquid-liquid denhixing;, 
111: gelation. 
The arrows are possible coagu- 
la t ion   pa ths ,   see   t ex t  ..- 

FIGURE 2.  Liquid-liquid demixing 
gap. i n  a ternary  phase diagram. 
The s t ra ight   l ines   in   . the  demix- 
ing  gap 'are  t i e  l ines .  C i s  the 
cri t i ca l   po in t .  
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The arrows I and 2 represent  the  change  in  composition  €or 
respect ively  the  skin  layer   and  the  sublayer  L€ a polymer 
f i lm  wi th   in i t ia l   composi t ion  A is immersed i n  a nonsol- 
vent   bath.   In   this   approach it is  assumed t h a t   t h e   r a t i o  
of solvent  outflow  to  nonsolvent  inflow is l a rge r   €o r   t he  
skin  layer   ( in   direct   contact   wi th   the  coagulat ion  bath)  
than €or the   sublayer .  

Liquid-Liquid phad e A epakaxian 

Altena C63 has shown tha t   i n   v i r tua l ly   eve ry   sys t em con- 
s i s t i n g  o€ a polymer, a solvent  and a nonsolvent  liquid- 
l i q u i d  demixing  can  be  expected. The exact   ldcat ion of t h e  
demixing  gap i s  determined  by ' the  interact ions between t h e  
th ree  còmponents. The liquid-liquid  phase  boundary is t h e  
so-called  binodal.  Every  composition  inside  the  binodal 
w i l l  demix i n t o  two l iquid  phases  which d i f f e r   i n  composi- 
t i ons   bu t  which a r e   i n  thermodynamic equilibrium  with  each 
other .  The l i n e  which  connects a p a i r  of equilibrium' com- 
posi t ions  in   the  phase  diagram is cal.led a t ie  l i n e ,  see 
Figure 2. The  two compositions are i d e n t i c a l   i n   t h e . c r i t i -  
cal point.  Liquid-liquid  demixing is reasonably w e l l  des- 

cr ibed by t h e  Flory-Huggins  thermodynamics C 71  €or   ternary , 

systems.   In   this   descr ipt ion  the  interact ions between t h e  
components are represented by three binary   in te rac t ion  pa- 

i 

rameters : Xpoiper/solvent ,. Xsolvent/nonsolvent and . 

~ p ~ ~ ~ ~ ~ / ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  These  inte-raction:.  parameters  incorporate 
50th  enthalpy  and.entropy  contributions.. 

There are t h r e e   d i f f e r e n t  ways, €or l iqu id- l iqu id  demix-. 
ing  'to set in:  i-1 by nucleation and  growth of t h e  concen- 
t r a t ed   phase   ( r i ch   i n  polymer.), ii) by nucleation  and 
growth of the  diluted  phase  (poor  in  polymer) r and i<<) by 
spinodal  decomposition. The second phenomenon is t h e  most 
important   to  membrane formation. 'It l e a d s   t o  a continuous 
polymer.matrix i n  which  spheres f i l led with the d i lu t ed  

. .  



phase  (in  general  w.ith  an  extrenely  low  polymer  Content) 
are  dispersed.  For  an  eEfective  membrane  the  dilute  Phase 
forms  also  a  continuous  phase  (by  coalescence of the 
spheres) . 

GeCuXio n 

At  high  polymer  concentrations  polymer  solutions areable 
to  form  a  three  dimensional  network  and  in  that  case  the 
'fluid  system is .transformed  into  a  gel.  The  nature of the 
cross 1inks.which form  the  network  may  differ  from  system 
to  system C81. For  crystalline or semicrystalline  polymers 
the  cross  links  are  micro-crystallites  and  the  thermore- ' 

versible  gelation  can  be  described  by  the  theory  of  melting 
point,depression C71:Gelation  in the  membrane  forming  sys- 
tem  Cellulose  Acetate/Dioxane/water.  has  been  analyzed in 
this  way E l l .  

\ 

Recently  attention  has  'been  paid  to  gelation  phenomena  in 
'solutions  of  noncrystalline  polymers  by  Tan e t , a Z .  C9,lOl. 
Both  in  solutions  of  akactic  Polystyrenes C91 and  of  some 
chlorinated , Polyethylenes [;l0 1, thermoreversible  gelation  is 
observed.  The  melting of these gelS.is even  accompanied  by 
a  very small endothermia peak.in DSC experiments.  These 
findings  raise'interesting  questions  regarding  the  nature ' 
of  the  interchain  connections  in  gels of amorphous  polymers 
and'  these  are  addressed  in  the  papers  by  Tan e t  a l .  They 
.suggest  that  chain  overlap  is'  a  necessary  condition  for  gel 
formation  and  that  the  network  junctions  are  stabilized 

.' L 

through  local  ordening.  The  physical  picture of. the  latter 
process  is  not  clear  at  the  moment. 
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EXPERIMENTS 

The polymer  Polysulfone P3500 (PSf) i s  purchased from 
Union Carbide. It is  character ized by Mn = 1 4 , 0 0 0 ,  MW = 

46,000 and MZ = 75,000 (determ.ined  with HPLC).  The sol- 
vents  and  nonsolvents  used are of reagent  grade  and w e r e  
used  without   fur ther   purif icat ion,   except  for drying on 
molecular  sieves,  

The cloud  points i n  ternary  systems  are  determined  in 
two ways: 

. 11 By a r a p i d   t i t r a t i o n  method and 2) by t u r b i d i t y  meas- 
urements upon cooling a ternary  solut ion.  The second meth- 
od is t h e  more accurate  one. 

1) A so lu t ion  of t h e  polymer .in the   so lvent  is brought 
i n  a vesse l  which is kept a t  a constant  temperature (25  OC 

normally). To this  solut,ion  the  pure  nonsolvent o r  a mix- 
t u r e  of the   so lvent  and the  nonsolvent i s  slowly added, see 
Figure 3 .  This is continued  unti l   permanent  turbidity i s  

nonsolventl f solvent 

polymer l 
solvent 

thermostate 
jacket ’ 

magnetic 
-stirrer 

FIGURE 3. Determination of cloud points by the  titration  method. 



detected  visually.  The  composition of tWsolution in  the 
vessel  at  that  moment  is  computed  from  the  total  amounts 
of  polymer,  solvent  and  nonsolvent  present.  The  addition 
of mixtures  containing  a  considerable  fraction  of  solvent 
is  favoured  over  the  addition  of  pure  nonsolvent  since  in 
the  latter  case  every  drop  added  will  cause  local  coaqula- 
tion  in  the  polymer  solution.  To  allow  the  solution  to  be- 
come  homogeneous  again  may  take  a  long  time. 

2)  A method  described  earlier  by  van  Emmerik [ll] has 
been  modified  to  make  the  procedure  less  laborious.  The 
experimental  setup  is  shown.inFigure 4. The  temperature  of 
the  thermostate  bath  is  decreased  by  an  external  doolinq 
unit  with  a  constant  rate  of 1 OC per 10 minutes. In the 
bath  a  slowly  rotating  wheel  is  placed,  on  which  a  number 
of  capillary  tubes is attached.  Each  tube  is  filled  with 
a polymer/solvent/nonsolvent mixture  of  a  certain  composi- 
t,ion.  The  tubes  have  been  sealed  under  vacuum  at  liquid 
nitrogen  temperature.  Due  to  the  rotation  of  the  wheel 
each  tube  intersects the,laser beam  every 5 minutes.  The 
intensity of the  transmitted  laser  light  is  continuously 

FIGURE 4.  Detection of cloud  point  temperature by turb id i ty  measure- 
ment s. 
1: laser 5: motor 9 : cryos tate 
2: thermostate  bath 6 : thermis t o r  
3: capillary  tubes 7: detèctor .  
4 :  ro ta t ing  wheel 8 : recorder 



1 2 3 4  1 5 1 6  l 2 3 4  

c t 

temperature time 
5 5 5 5 5 5 5  

, 

temperature  Tcloud  point ' time 

FIGUEU3 5. (a) Trace  of  recorder  output of'turbidity experiment. Num- 
bers  identify  separate .tubes. 

5 through interpolation. 
(b) Determination of the cloud  point  temperature of tube no. 

monitored on a recorder  together  with  the  temperature of 
the  bath.  The a t  first homogeneous so lu t ions   i n   t he   t ubes  
wil l .demix as a resul t   of   . the   decrease  in   temperature   and 
t h i s  is observed in   the   recorder   ou tput  as i l l u s t r a t e d   i n  
Figure 5 . Part a) of. th i s   f igure   d i sp lays .   the   , reeorder  
ou tpu t .   I f   t he re  i s  no tube between t h e  laser and the  de- 
tec tor   the   t ransmiss ion  is  100%. A t  t he  moment the w a l l  of 
a tube   i n t e r sec t s   t he  laser beam, a l l '   t h e   l i g h t  is '  r e f l ec t -  
ed  and  the  transmission' is   zero. 'One moment later the' la- 
ser beam passes  through  the  center of the  tube  and í€ t he  
so lu t ion  is clear the  transmission is 1 0 0 %  or a l i t t l e  b i t  1 

less'. The transmission is  zero again a t  the moment t h e  
tube leaves t h e  beam. After  a sho r t  t i m e  the  next   tube ap- 
pears,  etc.* I n   p a r t   b )  it is shown how the  c loud  point  
temperature of a cer ta in   tube  is determined by interpola-  
t i on .  The  compositions i n  the  tubes  belong  to a homologous 
series:These series can  be made i) by adding  different  
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FIGURE 6 .  Pseudo-binary series of compositions. 

amounts  of  polymer  to  a  certain  solvent/nonsolvent  mixture 
(see  Figure 6 a.), or iil by  mixing  a  solution  of  the  po- 
lymer  in  the  solvent  in  different  ratios  with  a  solvent/ 
nonsolvent  mixture,  see  Figure 6 b. For  each  series  the 
cloud.  point  temperatwTes are. plotted as a  'function of. the 
polymer  concentration  and  through  interpolation  the  compo- 
sitions  whi.ch  demix  at  a  dertain  temperature (25 O C nor- 
mally)  are  det.ermined.  The  choice  of  the.concentration 
range  to  be  examined  is  facilitated  if  some  titration  ex- 
periments  as  described.above  are  performed  previously. 

If  the polymer/solvent/nonsolvent mixture  in  a  tube  has 
.been.subjected to  liquid-liquid  phase  separation,  it  is in. 
principle'possible  to  separate  the  two  equilibrium  phases 
from  each  other  by  centrifugation.  Problems arise.if gela- 
tion o €  the  concentrated  phase  occurs.  This  is  not  the 
case  in PSf systems  and  centrifugation (2000 rpm)  'yields 
two  completely  clear  phases  with a distinct  interface.  The 
more  viscous  the  Concentrated  phase  the  more  tedious  t.his 
procedure  will  be.  The  tube  is  then  placed  vertically  with 
the  concentrated  phase  in  top.  The  dïluted  phase  flows to 

. .  
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t h e  bottom of the  tube,  whereas  the  concentrated  phase re- 
mains i n   t h e  upper  part. Upon breaking  the  tube,  from  both 
phases a sample  can  be  taken  and  the polymer concentrations 
can  be  determined by evaporat ion  of   the  solvent   and  the 
nonsolvent. 

The apparatus  used is a Perkin  Elmer.DSC.mode1 11, equip- 
ped with  an  external   cool ing  uni t   ( l iquid  ni t rogen)   to  make 
experiments  possible a t  subambient  temperatures. The DSc 
samples  can  be  prepared i n  two d i f f e r e n t  ways. 

2 )  The appropriate  amounts of PSf (powder) -and  solvent/  
nonsolvent  mixture are weighed i n t o   t h e  aluminium  sample 
p.ans. The  PSf granules w e r e  converted  into a powder as des- 
c r ibed   recent ly  C121. The pans are sealed and ,are s tored  a t  
a temperature of -90 OC or 120 OC for  several   days.   After 
t h i s   pe r iod   t he  sample is weighed agajn and  only  sample 
pans t h a t  showed no weight loss are used in  the  experiments.  
For the  present  purpose  of the DSC experiments,  this  prepa- 
r a t i o n  method has  the  following  disadvantages: C )  PSf con- 
centrat ions  higher   than 35% by weight are d i f f i c u l t   t o  ob- 
t a i n ,  and ii) t he re  is no d i r e c t  proof t h a t   t h e  samples 
have become completely homogeneous dur ing   the   wai t ing  pe- 
r iod  a t  elevated  temperatures,  molecular  diffusion  being 
the  sole   mixing mechanism. 

2)  During the  determinat ion  of   the t i e  l i n e s ,  see t h e  
Resul t s   sec t ion , ,  ît became clear tha t   the   concent ra ted  
phase  of  liquid-liquid demixed  s.ystems  had  high to   very  
high PS€ concentrations.   This  has  been  used  to  prepare con- 
centrated  samples for t h e  DSC experiments. 

As. in   the  determinat ion of t h e  t i e  l ines ,   the   concentrat-  
ed  phase  of a demixed PSf/DMAc/water i s  i so la ted .  From t h i s  
phase a s m a l l  amount (abcut 10 mg) is put  i n  a samALe pan 
and  another  part is used t o  determine  the PSf  concentra- 
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t i o n .   I n   t h i s  way it is possible  to  prepare  samples  with 

I. PSf concentrations up t o  608'by weight  of which it i s  cer- 
t a i n   t h a t   t h e y  are homogeneous a t  room temperature. A l l  

DSC .experiments  presented  in  this  paper  have  been  carried 
out  with  samples  prepared by method 2. 

The samples are cooled  from 50 C t o  -20 OC o r  -70 OC 

with a rate of 10 OC per  minute.  After a waiting  period a t  

the  lower  temperatu~e  (varying from O t o  20  hours)  the 
sample i s .  rehea ted   to  50 C a t  a rate of 1 0  OC per  minute. 
During the  heat ing  run  the DSC s igna l  is  recorded  in   order  
t o   d e t e c t   h e a t   e f f e c t s .  

O 

O 

RESULTS AND DISCUSSION 

The solvent .DMAc is a,, good solvent: for  Polysulfone, so 
it i s  expected  that   binary PSf/DMAc mixtures are thermody- 
namically  stable  upto  high PSf concentrations.  Contrary t o  
t h i s  i s  the   f ac t   t ha t   so lu t ions  of PSf- i n  DMAc and i n  oth- 
er  solvents become t u r b i d   a f t e r  a ce r t a in   t ime .and   t ha t  a 
whi te   p rec ip i ta te  i s .  formed. I n  a recent  publication C121 

w e  have shown t h a t   t h i s   i n s t a b i l i t y  i s  'due t o   c r y s t a l l i z a -  
t ion   o f  a small 'oligomer'fraction  of  the  Polysulfone. Once 
t h i s   f r a c t i o n  is ,removed, the   so lu t ions  are, s t a b l e  a t  

; least longer  than ' 6  months. In   ' solut ions of PSf i n  DMAc 

1' . ' 

t h i s  oligomer  crystall ization  does  not set in   w i th in  one 
day i f  the'  'PSf concentration i s  lower  than 15.%. 

The cloud  point  temperatures  of,  h?molog~us series of . 

PSf/DMAc/water mixtures  have  been  determined by the   tu rb i -  
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FIGURE 7. Cloud point  temperatures of  three pseuso-bcnary series. 
e H20/DMAc r a t i o  = 4.42/95.58; 1 H2OIDMAc r a t i o  = 4.27/95.73; 
A H20/DMBc r a t i o  = 4.22/95.78. 

1 d i t y  method. In   F igure  7 the  demixing'  temperatures are dis-  
p l ayed   fo r   t h ree   d i f f e ren t  series. Through in te rpola t ion  
the  compositions  which demix a t  25 O C ' a r e  obtained  andthese 
compositions are shown in   the  phase  diagram of Figure 8. 
The w a t e r  concentrat ion  var ies  from 3.0%- t o  4.2% when t h e  
PSf concentration  goes fkom 25% t o  1%. In   t h i s   r ange   t he  
cloud  points l ie  on a s t r a igh t   l i ne   w i th   ve ry  l i t t l e  devia- 
t ion .  A t  PSf concentrations  lower  than 1% the  binodal  bends 
sharply  towards  higher w a t e r  concentrations and  vanishes i n  
t h e  water-DMAc ax i s  €or w a t e r  concentrat ions  larger   than 5%. 
The s ix   c loud  points   with  very low PSf concentrations.have 
been  determined by t h e   t i t r a t i o n  method cand the-compositians 
are   g iven   in   Table  1. A t  such low polymer concentrations 
the   de t ec t ion  of the  c loud  point  is not  very  accurate  and 
the  'values of Table 3 are t h e  mean values of i n   t o t a l  24 

expeaiments . 
Polysulfone is a very  hydrophobic  polymer, so t h e  PSf- 

water interaction  parameter w i l l  have a l a rge   pos i t i ve  
value.  This  parameter  has  been  determined by swelling ex- 



FIGURE 8. Cloud points in 
the  system  consisting of 
Polysulfone,  DMAc  and 
water at '25' OC. ' 

TABLE 1 

Cloud  points at.low: PSf concentrations 

% PSf % Hi0 . % DMAc 

O. 042 , 5.10 ' 94.86 
0.024 5.30 94.68 . 
O. 015 5.50 94.49 
O. 0095 5.70 ' 94.29 
O. 0060 6.00 93.99 
0.0018 '6.45 ' 93.55 

, .  

periments  and 'a' value of 5.9 was obtained C131. The theo- 
retical phase  diagrams, as calculated by Altena E61 €or 
ternary  systems  with a l a r g e  -polymer-nonsolvent  interac- 
t ion  parameter,   display a binodal  located  close to.' t h e  I 
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FIGURF, 9. Binodals in  five  different systems with  Polysulfone and 
varying  solvents and p.onsolvents. T =' 25 OC. 

polymer-solvent  axis,  regardless of the  choice  of  the Sol- 
vent. The experimentally  determined  binodal  is  in  agree- 
ment  with  this  observation. 
Next  to  the  PSf/DMAc/water'system  the  binodals  in  other 

Polysulfone  systems  have  been  determined  by  the  titration 
method.  The  binodals  are  shown  in  Figure 9 (a:  PSf/DMAc/ 
water  or  ethanol,  and b: PSf/CHC13/methanol  or  ethanol or 
iso-propanol).  Figure 9 has  previously  been  published  by 
Mulder e t a Z. [r 1 4 1  in their study  of ' the  preparation of 
asymmetric  pervaporation  membranes.  The  binodals of the 
systems  PS€/DMAc/EtOH  and  PSf/CHC13/EtOH  are  almost  iden- 
tical.  This  once  again  shows  that  the  polymer-nonsolvent 
interaction  is  very  important  in 
mologous  series of nonsolvents, 
higher  nonsolvent  concentrations 
gropanol. In the  same  series  the 

these  systems. In the  ho- 
the  binodal  shifts  to 
going  from  water  'to +so- 

Polysulfone-nonsolvent 
repulsion,  and  thus xpSf,nonsolvent , decreases (x PS f /EtOH . 

2.5 . [ 1 3 1 ) .  From  these  observations  it is clear  that  in 
ternary  systems  with  strong  polymer-nonsolveit  repulsions' 

the of X polyme+onsolvent 
the  location of the  liquid-liquid  demixing  gap. 

- - 

determines  to a large  extent 

. Q4 



The  determination of the  polymer 
concentrated  and  diluted  phases  it 
is  illustrated  by  the  fact  that  an 

concentration  in  the 
not  very  accurate.  This 
increase  in  the  PSf 

concentration  in  the  concentrated  phase  is  not  always  ac- 
companied  by  a  decrease  in  the PSf concentration  in  the 

' diluted  phase. In a,truly ternary  system  this  should  be 
the  case.  The  presence of a  polymer  component  makes  our 
'system  a  pseudo-ternary system,.but at  present wefeel that 
the  molecular  weight  distribution  of  the  polymer  is  not 
very  relevant.  The  uncertainty  in  the  experiments'is Dro- 
bably  due  to  the  fact  that  during  the  centrifusation  step 
no  temperature  control  was  possible. 
In  Fiqure. 10 the  PSf  concentration  in  the  concentrated 

phase  is  plotted as a  function of the  PSf  concentration  in 

1 O0 

10 

1 

o .l 
0.1 l '  O/O PSf. l0 1 O0 

FIGURE 10. PSf concentration  in  the  concentrated  phase as a function 
of the  PSf concentration  in  the  cor.responding  diluted  phase. The 
points on e i the r   s ide  of the  diagonal  are ' identical .  
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the   di luted  phase  for   f ive  different   experiments .  The points  
above  and  under the   d iagonal  are ident ica l .   F igure  1 0  shows 
i) t h a t   t h e  PS€ concentrations  in  the  concentrated  phase 
are very  high upto 60%, ii) t h a t   t h e  t i e  l i n e s  are extreme- 
l y   s t e e p ,  i.e. they are a lmos t   pa ra l l e l   t o   t he  PS€-DMAc 
axis ,  and iii) t h a t   t h e  critical point ,  where t h e  two con- 
cent ra t ions  are identical ,   probably lies a t  a PS€ concentra- 
t ion  around 8%. 

I n   t h e   f i r s t   p a r t  of this  secticm,  attention  has  been 
pa id   t o   t he  .oligomer c rys t a l l i za t ion   i n   concen t r a t ed  PSf 
so lu t ions .  The concentrated  phase.of   a ' l iquid- l iquid 
demixed system  does  not show this   behaviour ,   s ince  the 
oligomer  fraction  accumulates i n   t h e  PSf poor  phase C123. 

Samples with PSf concentrations  ranging from 40% t o  60% 

have  been  examined.  Dueto the  preparat ion method these  sam- 
p les  are known t o  be f l u i d  a t  25 OC and they  contain a small 
percentage  of water. Extrapolation of the   b inodal   to   h igh  
PS€ concentrat ions  suggests   that   the  water concentration 
i s .  about 2%. 

A l l  samples'were  cooled  from 50 OC t o  -70 OC and  then im- 
mediately  reheated  to 50 OC. In   the  heat ing  run  mel t ing en- 
dotherms were de tec ted   in   the   range  o€ -40 OC t o  -25 OC, 

see Ffgure 11. The melting  peak i s  . la rger  and sharper  than 

expected  for   the  mel t ing of a polymer  and t h i s   r a i s e s - t h e  
question  whether low molecular  weight components are res- 
ponsible   €or   this   t ransi t ion  .energy.   That   this   indeed i s  
the  'case is  proven by the  following  -experiment: the cor- 
responding  diluted  phase is cooled   to  -70 OC and  then re- 
hea ted   t o  50 OC. A very   l a rge   mel t ing   e f fec t  is observed 
i n   t h e  same temperature  range as  t h e  endotherm of . the  con- 
centrated  sample. The fact that the melting effect-is  lar- 
g e r   f o r ' t h e  polymer  poor  phase  indicates that not  the Poly- 
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FIGURE 1 1 .  DSC thermogram of a  concentrated phase and of the  corres- 
ponding diluted phase. The PSf concentration in  the concentratedphase 
i s  about 60%. 

sulfone  but   the  DMAc/water'mixture c rys ta l l izes .   This  con- 
clusion i s  supported by the  observat ion  that   the   mel t ing 
point  of a binary DMAc/water  mixture  with a DMAc concen- 
t r a t i o n  of 95% is about. -30  OC. The two peaks in   F igure  11 

coincide  in, temperature  becaus,e, the two samples are i n  
thermodynamic equilibrium  with  each  other. 

In   o rde r   t o   avo id   t he .   c rys t a l l i za t ion 'o f   t he   so lven t  and 
the  nonsolvent  the  lower  temperature  boundary is  set  a t  
-20 OC i n   t he   nex t  series of  experiments. The samples are 
cooled t o  -20 OC and  reheated t o  50 OC a f t e r  a waiting pe- 
r iod   o f  O t o  2 0  hours.   In none of  the  heating  runs  heat 
effects  could  be  detected  and  there .is no s igni f icant   in -  
f luence  of  the  waiting t i m e .  

Thus,  according t o   t h e  DSC experiments no c rys t a l l i za -  
t ion  or   loca1,ordening  has   been  demonstrated  in   the concen- 
t r a t e d  PSf so lu t ions .  To our knowledge no evidence  of 
crysta.llini$yt has been  reported i n  t h e ' l k t e r a t u r e  . . I  f a r  khe 

class of  the  Polysul 'fones,   with.the  exception of solvent- 
induced  crystal1iza;tion of Poly(ethersu1phone) C151 . Nev- 



ertheless,  in a certain  concentration  range  there  must  be 
a solution-gel  transition  since  there  do  exist  PSf  films 
and  membranes.  Apparently  in  PSf  solutions  this  gelation 
is  not  induced  by-crystalline  regions.  The  possibility  of 
amorphous  local  ordening,  as  proposed  by  Tan et aZ. C9,lOl 
will  not  be  addressed  here  since  this  concept  is  not  yet 

' described  in  physical  terms,  Another  possibility  is  to  view 
the  solution-gel  boundary  as  a'viscosity'boundary. In very 
concentrated  solutions  the  overlap  between  the  polymer mo- 
lecules  is  large  and  the  entanglements  are  numerous,  This 
drastically  reduces  the  fluidity of the  solution and.as 
disentanglement  will  be  slow,  the  system  has  viscoelastlc 
properties,  In  this  case  the  solution-gel  transition  is 
not a thermodynamic  equilibrium  and  one  does  not  expect a 
sharp,  thermoreversible,  gel  point, 

PREPARATION AND PROPERTIES OE' POLYSULFONE MEMBRANES 

The  most  important  result  in  relation  to  membrane  forma- 
tion  is  the  observation  that  gelation  in  the  PSf  system  is 
not  accompanied.by  any  large  scale  ordening.  This  means 
that  the  molecules  in a gelled  PSf  film  are  evenly  distrib- 
uted  and  that  transport  through  such a layer  must  take 
place  via  molecular  diffusion  using  the  free  volume of the 
PSf  molecules.  Thus,  in  asymmetric PSf membranes  with a 
skin  layer  formed by gelation  the  transport  mechanism  will 
be  the  solution-diffusion  mechanism. 
In Table 2 the  characteristic  properties  of  some  Poly- 

sulfone  membranes  are  collected.'Coagulation of a 15% PSf- 
DMAc,solution in  water  yields a typical  ultrafiltration 
membrane  with a reasonable  permeability  for  water.  Consid- 
ering  the  hydrofobic  nature of the  polymer, we assume  that ' 
in  the  skin  layer  there  must be pores  present  through  which 
a convective  flow  is  possible.  This  is  supported by+ the 
pervaporation  experiments:  the  permeability  is so high  that 

68 ' 



TABLE 2. 

Properties  of  Polysulfone membranes. The data  have  been taken from the  
reference 14 (pervaporation) and  from an   i n t e rna l   r epor t   (u l t r a f i l t r a -  
t i o n )  . 
No. solvent % PSf nonsolvent a J b c 

aA20 

(cm/hr ) ( 1 O'2 cm/hr ) 

I DMAc 15 water 18 (3 a t m )  d - 
I1 DMAc 35 , water O(40 a t m )  1.5 3.0 
I11 DMAc 15 ethanol 7.0 1,. o 
IV CHC13 15 ethanol o. 1 58 

apure water flux,  pressure  indicated i s  trans membrane difference 
:pervaporation  permeate flux,  feed: 50% water/50%  ethanol 
d se l ec t iv i ty   fo r  water 
permeability i s  too  high; no proper vacuum i s  a t ta ined  

no vacuum on the  permeate  side of t h e  membrane i s  a t ta ined .  
I f   t h e  PSf concent ra t ion   in   the   cas t ing   so lu t ion  i s  in- 
c reased   to  35% t a pressure  dr iven  t ransport   of  water. through 
the  membrane i s  not  possible.  In  pervaporation  experiments . 
t h i s  membrane  shows a reasonable   f lux and a moderate selec- 
t i v i t y   f o r  water. In   our   op in ion   th i s   po in ts  a t  t r anspor t  
by d i f fus ion  and ce r t a in ly   no t  by convection.  There are two 
reasons why i n   t h i s  case t h e   f i l t r a t i o n  water f l u x  i s  zero 
and the  pervaporation'   f lux i s  not: i) a cancentration  gra- 
dient   represents  a much larger   gradient   in   chemical   poten-  
t i a l  ( the   t rue   d r iv ing   fo rce )  compared t o  a pressure  gra- 
d i en t ,  and ii) the ,water   uptake by the  Polysulfone i s  fa- 
c i l i t a t e d  by the  presence of the  e thanol  C131. 

The d i f f e rence   i n   s t ruc tu re  of the   sk in   1ayer .of   the  mem- 
branes I and I1 (see Table 2 )  can  be  explained  with  the 
ternary  phase  diagram  given'in  Figure .12, ,In t h e  sk in  
layer  of membrane I1 no pores are present,  so the  coagula- 
t ion  path  responsible   for .   the   skin  formation  does  not   cross  
the  binodal .  Lowering  of t h e  PSf concentrat ion  in   the  cas-  
t i ng   so lu t ion   . i nc reases   t he   poss ib i l i t y  of l iquid- l iquid 
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PIGUN3 12. Ternary  phase  diagram. The ge l  PSf 
region is  a rb i t ra r i ly   def ined  to start a t  
a PS€ concentration  equal t o  75%, Tke bin- 
odal i s  extrapolated ‘from Figure 8 f o r  
PS€ concentrations  higher  than 25%, 
I and 11 i n d i c a t e   t h e   i n i t i a l  com- 
posit ion  of  the  casting  solution 

, i n   t h e  membrane forming sys terns 
I and 11 (see Table 2)  . The 
coagulation  paths drawn in  
the phase  diagram are pos- 
sible  paths  they  have 
not  been  calculated 
nor measured. 

DMAc 

demixing i n   t h e   s k i n   l a y e r ,  i f  w e  assume tha t   t he   d i r ec -  
t ion   o f   the   coagula t ion   pa th  is unchanged. The coagula- 
t i on   pa th  for t he   sk in   l aye r  of hembrane I crosses   the  
binodal a t  a very  high  polymer  concentration  and  this 
leads  to  pores  with  very small r a d i i .  

From the  analysis  given  above F t  is clear t h a t   t h e  lo- 

ca t ion  of the  binodal  i s  important   with  respect   to   the 
formation  of  the  skin  layer.  In  the  Polysulfone  systems 
discussed  here   the  binodal  is  determined  mainly by t h e  . 

polymer-nonsolvent  interaction,  Nevertheless,  the  choice 
of the  solvent  remains  crucial . .The  nature of t he - so lven t  
may inf luence C) t h e   r a t i o  of the  solvent  outflow and of 
the  nonsolvent  inflow, i.e. the  direct ion  of   the  coagula-  



t ion   pa th ,  and til t h e   s t r u c t u r e  of t h e  formed gel. This 
i s  i l l u s t r a t e d  by t h e  two last columns  of  Table 2. The mem- 
brane  forming  systems I11 and I V  have  almost  the same loca- 
t ion   o f   the   b inodal ,  see Figure 9 ,  bu t   t he  membranes I11 

and I V  c l e a r l y ' d i f f e r   i n   p r o p e r t i e s ,   t h e   s k i n   o f  membrane 
I V  obviously  being much denser. 

CONCLUSIONS 

The experimentally  determined  binodals  of  Polysulfone/ 
solvent/nonsolvent  systems a r e ' i n   q u a l i t a t i v e  agreement 
wi th   the  Flory-Huggins la t t ice  theory  for  polymer solu- 
t i ons .  No evidence  for  crystall ization  has  been found i n  
concentrated  solutio,ns  of  Polysulfone, so ge l a t ion   i n  
these  systems i s  considered  to   be amorphous. 

Gelation i s  responsible  for  the  formation  of  the  skin 
of  asymmetric  Polysulfone.  pervaporation membranes, where- 
as liquid-liquid  demixing creates the   po res   i n   t he   sk in  
of   Polysul fone   u l t ra f i l t ra t ion  membranes. 
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APPENDIX. TO CHAPTER 3 

REMOVAL OF A LOW  MOLECULAR  WEIGHT,  CRYSTALLIZABLE 
POLYMER FRACTION FROM  SOLUTIONS OF POLYSULFONE 

JIG. Wijmans and C.A. Smolders 

SUMMARY 

The  olïgdmer  fraction of  poly[wy-  1,4-phenylenesulphonyl-  1,4-phenyl- 
eneoxy- 1 , 4-phenylene ( 1 -me  thyle  thy  lidene) - 1 , 4-phenylene 1 (Polysulphone j 
with  molecular  weight  between 450 and 900 daltons  is  responsible  for 
the  precipitation  in  conqentrated  solutions  of  polysulphone in N,N- 

' dimethylformamide  and  other  solvents.  The'  precipitate  is  of  a  crystal- 

line  nature  and  consists  mainly  of  the  oligomers.  These  oligomers 

differ  from  the  higher  molecular  weight  molecules  not  only  in  crystal- 
lization  properties.  Tn  a  liquid-liquid  phase  separated  system  con- 

sisting  of  .polysulphone,  N,N-dimethylacetamide  and  water,  the  oligo- 

mers  accumulate  exclusively'  in  the  polysulphone-poor,  dilute  phase. 
The  solubility  parameter  concept',is.u'sèd  to  illustrate  the  origin  of 

this  difference in behaviour.  The  removal  of  the  oligomers  from  the 

dissolved  polysulphone  can  be  achieved  by  a  crystallization  process. 

This  appendix has'beeq published in %urt .P.o'liym, J. , 13 (1983). 1143, 

7 3  



INTRODUCTION 

Concentrated  sölutions Qf polysulphone  (PS€).  in  various 
solvents  tend to become  turbid  and  produce a white  solid 
mass  upon  sedimentation.  The  deposit  is  believed  to  be of 
a crystalline  nature C1-37 and  also  the  existence  of 
crystalline  entities in PSf  films  has  been  reported;  the 
only  evidence  presented i s  that.of microscopic  obser- 
vation. 
In QUT laboratory,  research on the  mechanism  of forma- 

tion  of  synthetic  membranes i s  carried  out  and.therefore 
we  are  interested  in  the  properties  of  casting  solutions 
in  relation to membrane  structure  and  performancei PS€ 
asymmetric  ultrafiltration  membranes,  prepared.from 
identical  solutions,  may show a wide  variation of flux 
and  rejection  properties Cal; this  effect  could  be  con- 
nected  with  the  fact  that  the  casting  solution  itself is 
thermodynamically  unstable,  Therefdre  an  investigation 
into  the  precipitation  phenomencm  has  been  made  and a 
method  to  -eliminate  it  has  been  sought. 

EXPERINENTAL 

PoRcj.&uRph~.ne:- P350.0 i Union .Ca~bide,; characterized.  by 
Mn = 14,000, MW = 46,000 and EZ = 75,000 (determined 
with MPLC) . Referred  to  as  PSf . a. r. (as  received) . 
- 

The paRy~uRphane  pheckpiZaZe (Psf  precipitate)  was . 

kindly  supplied bp Dr. H.C.W.M. Buys  (TNO  Research  In- 
stitute,  Utrecht,  The  Netherlan'ds)  and  was  prepared  in . 

the  following  way. A 15% solution  by weight.of polysul- 
phone P3500 in N,N-dimethylformamide (Dm) was  allowed  to 
stand  for 3 months.  The  solution  became  turbid  and slowly 
separated  into  two  phases,'viz. a clear  solution  above a 
whkte  solid  .deposit.  The deposit' was  filtered' off and 
washed  with DMF and  petroleum  ether 60/80 successively, 

74 



and  was  dried  at  room  temperature.'The  yield  was  about 
1 g of precipitate  from 150 g  of  PSf. 
N,N-dimekhyR~o~mamide ( D M F ) :  p.a.,  ex.  Fluka AG. 

N,N-dkmet~~R4cetamide (DMAc 1 : "analyzed  reagent" , ex. 
J.T.  Baker. 

Na&%: demineralized  and  ultrafiltrated. 
' Mij~RecuRah, weight  diAL4ibuLi.unA (MWD ) were  determined 
by means af a  Waters  .High  Performance  Liquid  Chromato-* 
graph.  The  eluent  was  tetrahydrofuran  (THF) . 

Chyhkak&iniky was  examined  with  a  Philips 1310 Röntgen 
Diffractorneter, Por the  diffraction  experiment,  where  a 
powder was needed,  the  P$f  a.r,  granules  were  treated  as 
follaws. A salution  of 3 g' Psf  a,r.  in 100 g DMAc was 
added  to  a  well  stirred  ethanol  bath of 1.5 1. The  pre- 
cipitated  PSf  was  filtered  off  and  washed  three  times 
with  isomeric  hexane.,  The  residue  was  dried i n  vacuo at 
llO°C.The MWD of  this P S f  powder  showed  that  the  low 
molecular  weight  fraction  up to 9 0 0  daltons  had  dis- 
appeared  during  this  procedure, 

F~(hahed.npeckha were  obtained  with  a  Perkin-Elmer 257 
apparatzls.  The,spectrurn  of  the  PSf  precipitate  was  taken 
from  a  KBr  platelet  containing  the  precipitate.  The  spec- 
trum of the  PSf  a.r.  was  obtained  from  a  thin  PSf  film, 
which  was  made  by  cqsting a solution  of  PSf  a.r.  in 
DM&c on a glass  plate  and  evaporation of the  DMAc  in a 

t '  . 

N2.atmosphere. 
'Pidbe&enkiaR Scanning  CaRohirnekny was  performed  with  a 

Perkin-Elmer DSC 2B  apparatús. 
M a A A  ApecLhurnekny was  performed  with  a  Varian  .Mat 311A 

apparatus. 

RESULTS AND DISCUSSION 

The  molecular  weight  distribution (MWD) of  the  poly- 
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FIGURE 1, Molkcular  weight  distributions of polysulphone: 1. The 
polymer as received; 2. The PSf precipitate. .  

sulphone  (PSf)  as  received  from Union Carbide shows t h a t  
a c e r t a i n  amount of low molecular  weight  material i$ 

present  (Fig.  1) . According. t o   A l l i son  C11 these  oligo- 
mers a.re  responsible €or t h e  PSf p rec ip i t a t e ,   bu t  no 
experimental  evidence w a s  given, 

The  PSf p r e c i p i t a t e  is insoluble '  a t  room temperature 
i n   t h e   l i q u i d s   t h a t   a r e  good so lven t s   fo r   t he '  PS€ a.r. , 
but it can  par t ly   be  dissolved a t  elevated  temperatures,  
A so lu t ion   o f   t he   p rec ip i t a t e   , i n  THF was  made i n  an 
autoclave, The MWD of  the  dissolved  fraction  of  the  pre- 
c i p i t a t e  i s  bimodal (s& F i g .   1 ) ; t h i s  MWD shows t h a t  most 
of the  mater ia l   has  a molecular  weight  between 450 and 
900 da l tons .   In  Fig. 2 the  l inear   ol igomers   with mole- 
c u l a r w e i g h t s   i n   t h a t   r a n g e  are. given. The inso luble   par t  
of the P$€ p r e c i p i t a t e  was i so l a t ed  by f i l t r a t i o n  and was  
d r i ed  ht vacua a t  llO°C.The y i e l d  w a s  about 10 mg from 

-2 g PSf p rec ip i t a t e .  From th i s   i n so lub le   f r ac t ion ,  a mass' 
spectrum  has  been  obtained  and.the  spectrum shows a 
parent  peak a t  884 da l tons-  This value  corresponds  with 
the  molecular  weight  of a cyc l i c  Pg€ oligomer, i - e ,  t h e  
oligomer D of  which t h e  end-groups  have  joined,  leading 
t o  a cyc l i c   s t ruc tu re .   S ince   t h i s   i n so lub le  component is 
no t   p re sen t   i n  the P$f a r r . p  we.conclude tha t  t h i s  cyclic 
P$f oligomer has been  formed during the p rec ip i t ä t ion  and 
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FIGURE 2. Olígomers of polysulphone.  Polysulphone is the  polycon- 
densation  product of 2,2,bis(4-hydroxyphenyl)propane and 
4,.4,dichlorodiphenyls,ulphaxide. The  molecular  weights  are 
478.5' (A), 670.0 (B),  ,729.0 (C) and  920.5  daltons (D) 

sedimentation  step  which produced'the PSf  precipitate. 
The  X-ray  diffraction  pattern of the  PSf  precipitate 

demonstrates  the  presence  of  crystal1,ine  material  (see 
Fig. 3 ,  graph TI) . Since  it was impossible  to  perform 
diffraction  experiments on the PSf a.r.  granules,  the 
granules  were  converted  into  powder  as  described  in  the 
Experimental  Section.  The  ,diZf.raction  pattern of this 
powder  shows  amorphous  scattering only' (see  Fig. 3 ,  

graph 1) . It  should  b6 noted'that the  oligomer  fraction 
up  to 900 daltons  has  disappeared  during  the  coagulation. 
We  tried  several  ways  to  grind  or  pulverize  the  granules 
and  thus  preserve  the  oligomers in  the  powder,  but we 

' were  not  successful.  The PSf granules  have  too  high 
elastic-mechanical  strength,  even  if  cooled  to.  liquid 
N2 temperature. 

An i.r.-spectrum  was  taken to prove  that  the  precipi- 
tate i s  indeed  a  polysulphone  fraction.  From  Fig. 4 &t 
can  be  seen  that  the  preci.pitate  has  an  additional  ab- 
sorption  at. 6.1-1 compared to the  spectrum of the PSf a.  r. 
Upon'heating  the  precipitate fa'r 2 hr  at l l O ° C  i n  V U C U o ,  

this  particular  absorption  disappears,.whereas  the 
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FIGURE 3. Diffraction  patterns  of  polysulphone. I. PSF; 11. PS: 
prec ip i ta te ,   f resh  and a f t e r   hea t ing  itn vacuo a t  110 o 

c r y s t a l l i n i t y  of t h e  sample is not   a f fec ted  (see Fig. 3 )  

Since D m ,  i n  which so lvent   the   p rec ip i ta t ion   has   t aken  
place,  has a C=O s t re tch   absorp t ion  a t  6 w e  conclude 
t h a t  D m  was p r e s e n t   i n i t h e   p r e c i p i t a t e  and t h a t   t h e  
p r e c i p i t a t e   i t s e l f  is a f r a c t i o n  of the  polysulphone 
sample a 

The p r e c i p i t a t e  w a s  heated  from 60 t o  43OoC i n  a 
Differential  Scanning  Calorimeter (DSC) i n   o r d e r   t o  de- 
termine  the  melting  temperature.   Surprisingly,  no endo- 
therm was observed  but  there w a s  an  exotherm  between 280 

and 34O0c. The h e a t   e f f e c t  amounts t o  about 20  J/g.   After 
cool_ing t o  60°C,. no hea t   e f f ec t s  are observed upon re- 
hea t ing   t o  430°C. Inspection of t h e  'sample showed t h a t  
the  ,precipitate  changed from a powder' i n t o  a hard  plate-  
l e t  with some mechanical  strength,  According  to the i. r. - 
,spectrum,- no s t r u c t u r a l  changes  .occurred  during the DSc 
run, T t  seems t h a t   t h e  exotherm is t he   r e su lk  of a sin-  
ter ing  pxocess ,  i.e. a decreaseaof   . the   to ta l   c rys ta l l ine  



surface.  Recrystallization,  another  phenomenon  producing 
an  exotherm,  is nQt considered  here  since  in  that  case 
an  endotherm  should  be  expected  shortly  after  the  exo- 
therm. 
It is  concluded  that  the  phase  separation  found  in  con- 

centrated  solutions of P$f  in DMF is a crystallization 
process,  in  which  mainly  the  oligomers  of  the  PSf  take 
part.  The  same  explanation  is  expected  to  hold  for  the 
precipitation  phenomena  in  solutions  of  PSf  in  other' 
solvents  such  as  N,N-dimethylacetamide  (DMAc)  and  dichlo- 
romethane. It should  be  noted  here  that  the  precipïtation 
process  shows  a  different  time-scale  in  different sol- 
vents. 

The  reason  why  the  oligomers  have a specific  tendency 
to  crystallize  is  nat  clear.  From  the  standpoint of ' 

equilibrium  thermodynamics,  crystallization  is  more  fa- 
vourable  for  larger  mplecules  in  a  homologous  series. 
On  the  other  hand,  crystallization  will  be  faster  for 
smaller  molecules. 

:. , . 

' Wavelength ( g m )  ' 

6 . 7 8 9 10 12 14 16 

' l800 1600 1400  1200 1000 800 625 
Wavenumber cm-') 

FIGURE 4 .  i.r. Spectra af  palysulphone. 'L. PSf a.r. and PSf 
pi ta te   a f te r   hea t i ,ng  An V ~ C U O  at 100'C'for 2 hr.  
IR. P S f  precipitate,   fresh. .  

preci- 
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FIGURE 5 .  

There 

M PSP in the 
0.3 x-X PSf in the 

I --- PSf Q.T. 

concentrated  phase 
diluted phase 

Molecular  weight  distributions of polysulphone, a l iquid- 
liquid  phase  separated  system,  consisting of PSf, DMBc and 
H 0, The PSf was isolated  from  the  phases by a raped dis- 
t l l l a t i o n  method described by Patat [SI. The volume r a t i o  
o f  the  two equilibrium  phases was about 1. 

2 

is evidence  that   the  oligomers  of PSf do not  have 
the  same thermodynamic proper t ies  as the  higher  molecular 
weight  molecules.  Figure 5 shows the  MWD of PSf i n   t h e  
two phases  of a liquid-liquid  phase  separated  system con- 
s i s t i n g  of PSf,  DMAc and w a t e r , .  The oligomers  have  accu- 
mulated in   the   phase   wi th   the   h igh  w a t e r  and  low polymer 
content.   Although  fractianation  during  l iquid-liquid 
phase  separation i s  not  uncommon, the  complete  dfsappea- 
rance of the  oligomers  from  the  concentrated'phase is .re- 
markable and i n   ou r   op in ion   t h i s -   r e f l ec t s  a h igher   a f f i -  
n i t y  of the  ol igomers   for  water i n  comparison  with  the 
high  molecular  weight  molecules. 
- The hydroxy  and the   ch lor ide  end-groups inf luence  the . 

s o l u b i l i t y   p r o p e r t i e s  of PS€ and th i s   i n f luence  w i l l  be 

l a rge r  f o r  the oligomers  than  €or  the  higher  molecular 
weight  molecules-  Table I gives   the-so lubi l i ty   parameters  
of t h e  BS€ molecules  with  different  molecular  weights. 
The parameters  have  been  calculated  with  the  aid of t h e  
molar   a t t ract ion  constants  of character is t ic   groups  as  
l i s t e d  by van  Krevelen 167. The molar   a t t rac t ion  con- 
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TABLE i .  Solubility parametew of components in the  system 
PSP-PMAc-water o r  ethansl 

l,. Polysulphone 
2.  Oligoiei. A" 

3.. Oligomer B" 
4. Oligomer C" 
5.  Oligomer D* 
6.  DMAc+ 

7. ' Ethanol 
8. Water' 

+ 

Water +f 

9 .o 
9 .o 
9.3 

8.7 

9 .o 
8.2 

7.3 

6 .O 
7.6 

2,3 
2 * 1  

1.8 

2.5 
2.1 
5.. 6 

4.3 
15.3 

7.8 

2*7 
4.2 
4.7 

2.7 
3.5 

5 .O 
9.5 
16.7 

20.7 

9.3 
9.2 
9.5 

9.1 
9.2 

9.9 
8.5 
16.4 

10.9 

" 
See  Fig.  2.  Taken  from  Ref.. C81. Taken from Ref. C l O l .  

+ ++ 

O 5 10 15 

FTGURE 6. Solubility  parameters for PSf (polymer and  oligomers) , 
DMA,c,  ethanol  and H20. The  numbers  indicated  correlate  with 
those in  Table 1. 

stants ~f t h e  ,sulphone  grsup, wh&ch are n a t  included by 
van Krevelen, are calculated 'from' the   Folubi l i ty  parame-. 
ters of dimethylsblphdne 'E71. In Fig .  6 the ' so lub i l i t y  pa- 
rameters ~f PSf,  DPkc; ethanol  ,and water are 'repres'erited, 
using a. two dimensional  solubility  parameeer  plot '   follow- 



i ng  BayLey c8 1 : 

2 242 
'phys . = + 6 1 

P 

where &d = solufiility  parameter,  due t o  di 'spersion  forces, 
= solubi l i ty   parametkr  due t o  dipole   forces ,  B h= solu- 

b i l i t y  parameter  due t o  hydrogen  bonding,' Gphys *= solubi- 
l i t y  parameter  due to   phys ica l   forces  and .bchem, = solu- 
b i l i t y   pa rame te r  due to   chemical   interact ions.  

From Fig. 6 it can  be  concluded  that  the  oligomers A, 

B and D d i f f e r  from the -  PSf polymer  mainly i n   t h e i r  ca- 
p a b i l i t y   t o  form hydrogen  bonds (i. e. the  sulphone  and 
hydroxy  groups) . This  indicates  indeed a h ighe r   a f f in i ty  
of the  oligomers for water and  ethanol compared t o   t h e  
PS f polymer. 

In   o rder   to   p revent   p rec ip i ta t ion   in   so lu t ions  of poly- 
sulphone,  'Allison CII pzoposed a process,  involving t w o  
coagulat ion  s teps ,   to  remove the  oligomers.  This method 
ís laborious  and consumes large  quantit ies  of  chemicals 
i f  car r ied   pu t  on a scale larger-  than  laboratory  experi- 
ments. A bet ter   procedure  to   obtain  an  ol igomer  f ree  
so lu t ion  i s  the  following. 

produces a f t e r  a suf f ic ient ly   long  sedimentat ion  per iod 
a c lea r   so lu t ion  above a whi te   p rec ip i ta te .  The resul-  
t i ng   so lu t ion  .remains homogeneous for months i f  t h e  
p r e c i p i t a t e  is removed.. The  same observations  have  been 
made by Buys C103. T h e  concentrat ion. :of   the  solut ion is 
scarcely  affected by the   p rec ip i t a t ion .  , .  

W e  d id   no t   e labora te  on an .opt imiza t ion   of   the  pirocess 
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by studyin9 t h e  crystaLUzat&an kinetca,  Once the   k ine t i c s  
axe ,kncmn, one could   inves tLgate   the   feas ib i l i ty  af an 
improved sedimentation  step  (e.q,  by centr ì fugat ion)  a f te r  
a certain c rys ta l l iza t ion   pereod  and thus accelerate t h e  
process. 
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CHAPTER 4 

PHASE SEPARATION PHENOMENA IN SOLUTIONS OF 
POLY (2,6-DIMETHYL-l,4-PHENYLENEOXIDE) IN 
MIXTURES OF TRICHLOROETHYLENE,  1-OCTANOL AND 
METHANOL: RELATIONSHIP WITH MEMBRANI3 FORMATION* 

J.G. Wijmans, H.J.J. Rutten  and C.A. Smolders 

SUMMARY 

The  phase  boundaries.  in  the  quaternary  system  consisting of the  'po- 

lymer poly(2,6-dimethyl+l,4-phenyleneoxide) (PPO"") , the  solvent  tri- 
ctiloroethylene  (TCE)  and  the,  nonsolvents  l-octanol  (OcOH)  and  methanol 

(MeOH)  are  determined.  The  kinetics of crystallization  are  investigated 

by  Pulse  Induced  Critical  Scattering.  .The  formation  and  propert'ies of 

PP0 membranes  are  discussed  in  relation  to  the  phase  separatcon  phe- 

nomena. . 

INTRODUCTION 

Polymeric  synthetic membranes;are usually made by the  
phase  inversion  process. The typ ica l   f ea tu re  of this   process  
is  the  induction of phase  separat ion  in  a .polymer so lu t ion  
through a change i n   t h e  composition of the   so lu t ion .  The 
interplay of the  phase  separation phenomena and, t h e  rate of 
change i n  composition  determines  the membrane s ' tructuue.  In 

m w t  cases. an asymmetric s t r w t u r e  'is obtained: a very t h i n  

(0.1 t o  0 = 5  pm) and dense.top Layer i s  supported by a porous 

"A part of 
on  Membranes, 

'"PPO i s  a 

this  work  was  presented  'at  the- F i r s  t. Europe-Japan  Congress 
and  Membrane  Processes,  Stresa;  Italy,  June  18-22, 1984. 
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sublayer  of 0.1 to 0.2 mm thickness,  The  relationship  be- 
tween  the  preparation  procedure  and  the  ultimate  membrane 
structure  has  been  investigated  by a number  of  research 
groups,  and  the  approach  adopted  in  our  laboratory  was  ex- 
tensively  discussed  in  two  reviews C1,21. This  mechanism  of 
formation  will  be  recapitulated  in  short  here  in  the  theory 
section, 
In  the  past a study  was  carried  out  by  Broelis e..t~aR.L31 

to  prepare  ultrafiltration  membranes  from  the polymer'p~ly- 
. (2,6-dimethyl-1,4-phenyleneoxide) (PPO). The  polymer PP0 was 

selected  s5nce  it  has  good  chemical  and  physical  properties. , 

It  appeared  that  membranes  with  promising  ultrafiltration 
properties  are  obtained  if a casting  solution  of 10% PP0 in a 
78%/22% mixture of trichloroethylene  (TCE)  and  1-octanol (OcOH) 
is  immersed  in a coagulation  bath  containing  methanol  (MeOH). 
The  concentrations  are  expressed  as % by  weight.  The  addition 
of OcOH  to  the  casting  solution  is  essential  to  obtain.mem- 
branes  with  an  acceptable  water  permeability. If the  TCE/OcOH 
mixture  contains  less  then  18%  OcOH,  the  membrane  is  not  per- 
meable  to  water. It was  suggested L31 that  the  addition of 
OcOH  increases  the  ability  of  khe PP0 molecules  to  crystallize 
and,  thus  leads  to a more  grainy  structure  in  the  top  layer 
and  that  the  water  permektion  during  ultrafiltration  occurs 
through  the  voids of the  densely  packed  crystalline  nodules, 
In this  paper  we  will  determine  phase  equilibria  of  the 

quarternary  system  consisting  of PPO, TCE, OcOH  and  MeOH,,  and 
the  kinetics  of  the PP0 crystallization  in  this  system.  These 
data  will  be  discussed  $n  relation  to  the  formation  and  pro- 
perties  of PP0 membranes. 

Two different  types of phase  separation  are  .thought to be 
responsible  for  the  asymmetry of the  membranes: 
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- gelation  (possibly  induced  by  crystallization)  for  the 
formation  of  the  skin,  and 
-'liquid-liquid  demixing  followed  by  gelation  of  the  po- 

lymer  rich  phase,  for  the  formation  of  the  porous  substruc- 
ture. 
The'two different  types  of  phase  separation  are  the  re- 

sult  of  different  changes  in  composition  characteristic  for 
each  layer. In Figure 1 a  schematic  ternary  phase  diagram 
is  presented  and  the  changes  in  composition  are  visua'lized 
by  so-called  coagulation  paths. 
If  gelation  occurs  by  formation  of  crystalline CYOSS 

links,  the  solution/gel  transition  is a true  thermodynamic 
equilibrium  and  in  combination  with  liquid-liquid  demixing 
it  will  create  a  three-phase  region  in  the  phase  diagramas 
shown  in  Figure 2. .Within  the  three-phase  region  all  compo- 
sitions  'will  split  up in,the three  compositions  which  form 
the  corners of the  three-phase  triangle,  that  is  if  the 
equilibrium  state  is  reached.  The  entry  of  the  three-phase 
region  is  a  dynamic  process,  i.e..a  change  in  temperature 
or in  composition,  and  the  kinetics of both  gelation  and 
liquid-liquid  demixing  will  be  important.  Except  for  high 
polymer  concentrations,  liquid-liquid  demixing  will  in  gen- 
eral  be  faster  than  gelation. 

P 

FIGURE 1. Ternary  phase  diagram. 
I: homogeneous solution; 'LI: liquid-liquid demixing; 111: gel   area.  
The arrows 1 and 2 are possible coagu1.ation -paths  'characterist ic for 
respectkvely  the  top  -layer and the porous substructure.  
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FIGURE 2. Phase  diagram of a ternary system  with a s o l u b i l i t y  gap i n  
the  l iquid  phase and a c r y s t a l l i n e  component P. The solubi l5ty gap 
(diagram  on the   r igh t )  intersects the melting  curve  (diagram  on  the 
l e f  t) and a three-phase  region i s  formed. 

Crys ta l l iza t ion   takes   p lace  by formation of s t ab le   nuc le i  
and  subsequence  growth of these  nuclei :   the   so-cal led nu- 
c l ea t ion  and  growth mechanism. An equation  widely  used  to . 

descr ibe  the  kinet ics   of . isotherma1  growth is  t h e  Avrarni 
equation C 4 1 .: 

X = 1 -exp(-a . t  ) n (1) 

where X is the  degree of conversion, a is  the.growth con- 
s t a n t ,  t is the  t i m e  and n is th.e Avrami exponent.  In  the 
ea r ly   s t age   o f   c rys t a l l i za t ion  when the  degree  of  conver- 
s i o n  i s  small w e  can w r i t e :  

X = a , tn  dg 

Vn = b. tn  
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where V is  the  volume  of  a  nucleus  which  was  formed  at 
time  t=O  and  b  is  the  growth  constant  of  the  nucleus.  If 
all  nuclei  are  formed  at  t=O  and  if  their  number  remains 
constant  during  the  growth  period,  the  value  of  the  Avrami 
exponent  is  determined  by  the  mechanism  of  growth  and  the 
shape  of  the  nuclei.  In  the  case  of  spherical  nuclei,  n  has 
a value of 3/2 for  diffusion  controlled  growth  and a value 
of 3 for  interfacially  controlled  growth C 5 3 .  Generation  of 
nuclei  during  the  growth  period  will  shift  the  apparent 
value  of  n  in  equation  (Za)  to  higher  values. 

n 

. -  

If  crystallization  is  induced  by  a  change  in  the  Stabili- 
ty  conditions at time  t=O,  the  number  of  nuclei  at  that  mo- 
ment  will  b.e  zero.  There  is  a  transient  period  in  which  the 
steady  ,state  nucleus  concentration  is  reached.  A  relation 
proposed  to  describe  the  nucleation  frequency  in  this  pe- 
riod  is C61 

Ft = F.exp(-~/t) 

where Ft is the  nucleation  frequency  at  time  t=t  (Ft =,F at 
t=,) and T is  the  time  constant'  characteristic  for  the 
transient  period.  The  time  constant  is  related  to  the  driv- 
ing  force fo r ,  crystaliization. in the  'following way L51: 

T at AGi4 

or 

where..AGv  is  the  standard  free  energy  of  crystallization, 
C  is  the  solution  concentration  of  the  crystallizing  com- 
ponent  and C '  is the  equilibrium  or  saturation  concentra- 
tion.  Equation  (4b)  is  derived  from  equation  (4a)  with  the 

O 
e 

assumption  that  the  activity  coefficient is independent  of 
the  concentration.  The  driving forceBG can  also  be  ex- 
pressed  as  the  degree  of  undercooling: 

V 
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where T is  the  actual  crystallization  temperature  and Te is 
the  equilibrium. or melting  temperature. In equation (5)  the 
effect of the  temperature on  the  diffusion,  which  plays a 
role in the nucleation fr'equency , is ignored. This implies 
that  equation (5) will  hold f o r  limited  temperature  ranges 
only. 
A simplification of the  Ft-fun&tion of equation ( 3 )  is- a 

step  function  in  which  the  nucleation  frequency  jumps from 
zero  to F at  time  t=t'.  The  volume of each  nucleaus at time 
t in  that  case  is  given  by: 

Vn = b. (t-tu)n (Q) 

It is  obvious  that  the  so-called  induction  time  t'  is  rela- 
ted  with  the  time  constant T. Equation ( 3 )  describes  the 
transient  period  with a dimensionless  time  scale  t/r. We 
w+li  therefore  assume  that t'  is  proportional to T and  thus 
that : 

The  light  scattering of nuclei  with  diameters  small  com- 
pared  to  the  wavelength .of.: &:he' lightz..is  given by the  equa- 
tion of Rayleigh C71: 

I* = 

9 0  

constant.Io. 
n2 -n2 

n 
P 2 0 j  

O 

2 2  ..Vn.Nn. (I + COS e )  2 



where I, i s  t h e   i n t e n s i t y   o f   t h e   l i g h t   s c a t t e r e d  a t  an 
angle 8 ,  I. i s  t h e   i n t e n s i t y  of t he   i nc iden t   l i gh t ,  nn and 

no are the   re f rac t ive   index  of respectively  the  nucleus and 
the  surrounding medium, and Nn i s  t h e  number of nuclei   per  
u n i t  volume. 

I f  w e  restrict the   ana lys i s   to   the   ear ly   s tage   o f   c rys-  
t a l l i z a t i o n ,  i .e.  t h e   n u c l e i  are assumed t o  be small and t o  
exhibit   Rayleigh'scattering,  combination  of  the  equations 
( 6 )  and (8) gives: 

Ie K. (t-t') 2.n 

where K is the  growth o r  rate constant.  The in tens i ty   ver -  
sus time curves are i n   t h i s  way characterized by t h e  expo- 
nent n ( the  mechanism of growth),   the  induction t i m e  t '  
(formation of s t ab le   nuc le i )  and the  growth constant K (de- 
termined by t h e  growth rate and t h e  number of nuc le i ) :  

EXPERIMENTS 

MakteniaRn 

PP0 w a s  kindly  supplied by General Electric Plastics, 
Be'rgen op Zoom, The Netherlands. The sample i s  character-  
ized by Mn = 21 ,000  and MW = 44 ,000  (measured  by High 
Performance  Liquid  Chromatography) . The solvents and non- 
solvents  used are of reagent  grade  and were used  without 
fur ther   pur i f ica t ion .  

CRoud p o i n k n  

Cloud points  were, measured,using a method described ear- 
lier [ S I .  The location  of  the  demixiny  gap w a s  determined 
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at a temperature  of 25 OC in  pseudo-ternary  systems  with 
fixed  ratios  of  OcOH  and  MeOW. 

Appropriate  amounts of PP0  and of the  'nonsolvent/solvent 
mixture  were  weighed  in  aluminium  sample  pans  and the,pans 
were  sealed.  The  solutions  were  homogenized at a tempera- 
ture of 90 OC €or at  least  two  days.  Only  sample  pans  which 
showed  no loss of weight  during  that  period  were  used in- 
the  experiments.  The DSC employed is a Perkin  Elmer DSC 2 
apparatus. 

This  method  has  been  developed  by  Gordon  and  coworkers 
19,101 to  investigate  spinodal or critical  demixing  in  po- 
lymer  solutions.  The  experimental  setup is also suited  to 
investigate  crystallization  kinetics  in  its  early  stage 
after a sudden  change  in  temperature,  as  'was  demonstrated 
by  Roenhen  1117..The  experiments  are  carried ouk'in the 
following  way. 
A polymer.mixture  is  brought  into a very  thin  capillary 

glass  .tube  with  an  inner  and  outer  diameter of respectively 
1.0 and 1.5 mm. The  tube  is  sealed  and  its  content is.homo- 
genized  at  an  elevated  temperature (90 C normally). The 
tube  is  brought  into a themostate bath (25 OC normally)  .by 
means of a steppermotor  and  is  thereby  positioned  exactly 
in a laser  beam,  see  Figure 3 .  The  formation of crystalline 
entifies  in  the  polymer  solution  causes  scattering of the 
laser  light  and  the  scattering  intensity  at  an  angle o€, 30° 
is  measured  in  time.  Temperature  'controll,  the'  inikiation 

O 

of the  steppermotor,  the  storage  and  the  analysis of the 
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FIGURE 3.  PICS apparatus. 
The capi l lary  tube i s  at tached  to  a steppermotor axis and i s  ploved at  
time t = O  from the  'up' posit ion  (hot a i r  heat ing)   to   the 'down' posi- 
t ion  ( thermostate  bath).  The sca t t e red   l i gh t  is  guided  through  an op- 
tical f i b e r  t o  a l ight   sensi t ive  diode  ots ide  the  bath.  

, in tens i ty   da ta  are performed  with  'the  'help  of a mìcrocom- 
puter.  

Mernbhanea 

Membranes w e r e  prepared  by.cast ing a so lu t ion  on a g lass  
p l a t e  and then' by immersing t . h i s   f i lm   i n  a coagulation 
bath  containing  methanol. The top   sur face  of t h e  Fembranes 
( the   ba th / f i lm  in te r face)  is examined with a Jeol JSM 35CF 
scanning  electron  microscope  after  washing  with water and 
ai>r drying  of,   the membranes. 

. .  

RESULTS AND.. DISCUSSSON I 

Figure 4 dEsp'lays t h e  DSC 'thermogram upon heat ing of t h e  
PP0 polymer as received  (run I) and t h e  DSC thermogram ' 
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FIGURE 4 .  DSC themnogram of the PP0 as  received  (run I) and  upoh re- 
heating (run 11). Heating range: 20 OC per minute. 

upon reheating  (run 11) , Run I shows a broad  melting  peak 
with a maximum at  245 C ,  which is preceeded by an  exotherm 
. a t  220 OC. The exotherm is bel ieved  to   be a r ec rys t a l l i za -  
t i o n  phenomenon.  The sample i s  cooled  rapidly from 300 OC 

t o  50 OC and is then  reheated  again,  Run I1 exhib i t s  no en- 
dotherm or exotherm,  but  only a ,g l a s s   t r ans i t i on  a t  220 OC. 

This   impl ies   tha t   th i s  t i m e  t h e   s a m p k ' i s  Completely amor- 

phous  and the  same observation is made i€ the  cool ing rate 

is slow. These r e s u l t s  are i n  agreement  with  the  findings  of 
Karasz  and O'Reilly C l 2 7 ,  al though  they  did  not  detect   such 
a pronounced,-recrystall ization  ef-fect  , From these  experi-  
ments w e  conclude  that  PP0 a.r. is pa r t ly   c rys t a l l i ne   bu t  

O 

does   no t   c rys ta l l ize   eas i ly  from the  m e l t .  

Phaa Q diagham 

The cloud  point  compositions a t  a temperature of.25 C 

have  been  determined  €or  f ive  different  ratios  of OcOH and 
MeOH, see Figure 5 ,  T h e  rate of cool ing   in  the ' turb2di ty  
experiments w a s ,  1 OC per 10 minutes , It is  clear &at  MeOH 

O 
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FIGURE 5. Cloud  point  compositions  at 25 'C for  five  pseudo-ternary 
sys terns. 

is  a  stronger  nonsolvent  for PP0 than.  OcOH.  Cloud  point 
measuremen.ts  usually  yield  the  location' of the  liquid-liq- 
uid  demixing  gap  in  the  phase.diagram.  However,  in  the  bi- 
nary  PPO/TCE  system  no  liquid-liquid  demixing  but.crysta1- 
lization  takes  place, so.the phase  boundaries  displayed 
in  'Figure 5 are of a  miscellaneous  nature. It is  expected 
.that ' crystallization  is  responsible  €or  the  boundaries  at 
high PP0 concentrations  and  liquid-liquid  demixing  for  the 
boundaries  at  high  nonsolvent  concentrations. The'exact de- 
termination of the  two  regions is not  possible as liquid- 
liquid  demixing  in  this  system  is  immediately followed by 
crystallization  in  the  concentrated  phase.  This  implies 
that i) al1.cloud'point.compositions display  a  crystalliza- 
tion  exotherm  upon  cooling  in  'DS.C  experiments,  and  that ii) \ 

separation  'of  demised'  systems  into  two  liquid  equilibrium 
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phases (a .proof  of  liquid-liquid  phase  separation) i s  not  
possible-  

To i l l u s t r a t e   t h a t  a t  least a t  lower PP0 concentrations 
liquid-liquid  demixing  occursr  the  following  experiment was 
conducted.  Ternary  solutions  of PPO, TCE and OcOH w e r e  pre- 
pared  and w e r e  cast on a . g l a s s   p l a t e  and subsequently  eva- 
po ra t ed   i n  a nitrogen  atmosphere  containing OcOH vapour. I f  
it is assumed t h a t   i n   t h e   f i r s t   s t a g e   o f . e v a p o r a t i o n  only 
the  TCE leaves   the   f i lm  (boi l ing .poin ts   o f  TCE and OcOH be- 
ing  respect ively 74 OC and 194 OC) r we can  evaluate   the 
change i n  composition  for  each  solution. as is shown &n  Fig- 
ure  6. After  one  day  the  films are completely  .dried i n  8 

vacuum stove and the   s t ruc tu re  of the   sur faces  is examined 
with  the  electron  microscope, see Figure 7 for   the.micro-  

TC€ 

PP0 

OcOH 

FIGURE 6 .  I n i t i a l  cornpositdons ( O )  of  ternary  casting.  solutibns . The 
straight 1ines.represent the.change in composition i€. only TCE evapo- 
rates. The experiments are numbered 1 t o  12, see a lso   the  text. 
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graphs, Going from  experiment  no. 1 t o  no. 1 2  t h e  PP0 con- 
cent ra t ion  a t  t h e  moment the  phase  boundary is crossed,  in- 
creases.  W e  s e e . t h a t   i n   t h e  first four  experiments  liquid- 
l iquid  phase  separat ion a t  t h e  polymer poor   s ide  of   the 
critical point  has  taken  place (i.e. more or  less densely 
packed so l id i f i ed   nuc le i  of the  concentrated polymer phase).  
In  experiment  no, 6 t h e  demixing  has  taken  place on the  po- 
lymer r ich  phase of t h e  critical po in t , .  i .e, . s o l i d i f i c a t i o n  . 

of the  concentrated polymer  phase  surrounding the nucleated 
d i l u t e  phase. Going from  experiment no 6 t o  1 2  t he   s t ruc tu re  
becomes denser  although  there i s  some'variation. ThLs re- 
s u l t   s u g g e s t s   t h a t   t h e  cri t ical  p o i n t   i n   t h i s   t e r n a r y  Sys- 
t e m  is a t  a PP0 concentration of about 1 0 % .  

The k ine t i c s  of c r y s t a l l i z a t i o n  a t  25 OC has  been  investi- 
ga t ed   fo r   e igh t   d i f f e ren t   r a t io s  of TCk, OcOH and MeOH, with 
PP0 concentrations  varying from 30% t o  40%, see Table 1. The 

OcOH and MeOH content is kept i o w  i n   o r d e r . t o   a v o i d   t h e  pos- 
s i b i l i t y  of l iquid-liquid.demixing  in  the  samples,  An ex- 
ample  of a l i g h t   s c a t t e r i n g   c u r v e  is given in   F igu re  8. The . 

TABLE '1 

Compositions of TCE/OcOH/MebH mixtures used i n .   t h e  PICS experiments - 
-PP0 concentrations vary from 30% to 40%. 

lOO/O/O 99/0/1 98/0/2 

98/1/1 

% OCOH 9a/2/0 97/2/1 96/2/2 

95/5/0 

. % MeOH , 
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FIGURF, 8. Intensity of scattered  laser  light (30' angle) as followed 
in time in a PIGS experiment. 

\ 

graph  displays  a  dist.inct  induction  time  before  scattering 
is  observed,  The  maximum  in, the.curve is  probably  due  to  a 
change in'the mode of scattering  as.  the  crystallization 
proceeds.  The  scattering'intensity  may  decrease  with  in- 
creasing  particle  diameter  if  the  diameter is large  com- 
,pared  with  the  wave  length  of  the  light. If ,one  uses  equa- 
tion (9 )  in  the  analysis of the  scattering  curves,  one  must 
be  sure  th.at  the'  degree of copversion  is low and  that  Ray- 
leigh  scattering  occurs. To ascertain  this,  the  point  of 
inflexion  in  the I versus  time  curve  is  identified,  and 
equation ( 9 )  is  applied  to  the  first  part  of  the  curve 
where I is  less  than  one  third of the  intensity  at  the 
point of inflexion  c'111. 

All intensity  versus  time  plots  were  analyzed  to  obtain 
values,  for K, t'  and  n.  The  value  of  n  is  close  to 3/2 for 
all  experiments,' so the  growth  of  the  nuclei  is  diffusion , 

controlled, The same  observation  was  made  by  Koenhen  C111 
for  crystallization  in  the'.system  'consisting of PP0 and ' 
toluene,  Setting  n  equal  to 3/2 , the  value of K and  t' is 
computed  using a least  squares  method. In each  homologous 
series  the  growth  constant  increases  and  the  induction 
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time  decreases  with  increasing PP0 concentration.  This i s  

expected  as  the  driving  force  for  crystallization  increases 
with  increasing PP0 concentration,  Using  equation  (7a)  the 
induction  time  .data  yield  information  on  the  equilibrium 
(saturation) PP0 concentration  in  each  system  at 25 OC. An 
example of a t'-0'25 versus Ln (C ) plot  is  given  in  Figure 
9 and  the  obtained  values €or Ce  are  listed  in  Table 2. The 
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FIGURE 9. Induction  time, t' (in seconds), as a fuqction of the PP0 
concentration. T = Z5 OC. 

PPO saturatlon  concentrations  obtained  from  induction  times (eq. (7a)) 

TCE/OcOH/MeOH . Ce (x PPO) TCE/OcOH/MeóH C,(% PPO) 

100/0/0 
99/0/ 1 
98/0/2, 
98/2/0 

28.0 2 2 
26.3 2 0.3 

28.0 2 2 
23.3 2 0.5 

95'/5/0 

97/2/1 
96/2/2 

98/1/1 , , . 

26.5 f 1.5 
'26.0 f -1 
25.3 2 0.5 
22.4 f - 0.5 
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saturation  concentrations  are 4 to 5 percent  lower  than  the 
cloud  point  compositions.  if  the  rate of cooling  is 1 OC per 
10 minutes,  Agreement  between C and  the  cloud  point  compo- 
sition-is reasonably  well  if  the  cooling  rate  is  decreased 
to 1 OC per  24,h'ours. 

e 

In figures 10 and 11 the  growth  constant K and  the  induc- 
tion  time  t'  are  plotted  as  a  function of the  percentage 
supersaturation,  i.e.  the  actual PP0 concentration  minus Ce. 
In this  way we correct  for  the  change  in  equilibrium  concen- 
tration  and we are  able  to  evaluate  the  effect of OcOH  and 
MeOH on  the  kinetics  of  the PP0 crystallization,  The  data 
are  considerably'  scattered  in  the  Figures 10 and 11, but it 
seems  that  no  solvent/nonsolvent  system  deviates  systemat- 
ically from.the others.  Consequently  it  is  concluded  that 
no  systematic effect'of OcOH  and/or  MeOH on the  nucleation 
and  growkh  process of? PP0 crystallization  is  observed.  The 

o 5 10 15 20 
PP0 supersaturation (%) 

FIGURE 10. Growth constant, K ( in  arbiXrary  units) ,  as a function of 
the PP0 supersaturation, (Co-C,). T = 25 OC. 
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FIGURE 1 1 .  Inductior: time, t' (in seconds), as a function of the PP0 
supersaturakion, (C  -C ). T = 25 0C. O e  

growth  constant K i s  determined by t h e ' r a t e  of growth  of 
the  nuclei   and  the number of nuc le i   p resent   per   un i t  vol- 
ume, see equations (8) and (9 ) .  To be   ab le   to   d i s t inguish  
these.two  quantit ies,   one.needs  an  independent method t o  
determine  the number of nuclei.  Preliminary  experiments 
with  an  optical  microscope were n o t   s u c c e s s f u l   i n   t h i s  
respect .  

For two compositions  the  crystall ization  kinetics  have 
been  studied as a function of  temperature. An i n c r e a s e ' i n  
temperature wik1 decrease the  dr iving  force  €or   cryskal l i -  
zation  and  thus w i l l  decrease K and increase t ' .  On the  
other  hand the   d i f fus ion   coef f ic ien t   increases   wi th   in -  
creasing  temperature  and  this  favours  both  the  nuc.leation 
and  growth of . the   nuc le i .  The da ta   d i sp layed   in   F igure  l2 
show t h a t   t h e   e f f e c t  on the   d r iv ing   force  is dominant: K 

and t '  respectively  decrease  and  increase  with  increasing 
temperature. The s t r a i g h t   l i n e s  bn the t' -O. 25 versus T 

p l o t  are drawn according to   equat ion  (7b). Analys5s  of 
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FIGURE 12. Growth constant K (a)  and-  induction time t' (b) as a func- 
tion of the  crystallization temperature. t '  i s  expressed in  seconds. 

data  published  previously by Koenhen C111 shows t h a t   t h e  
dependence of t '  on T is very w e l l  described by equation 
(7b)   (c rys ta l l iza t ion   in  PPO-toluene so lu t ions)  . 

P P 0  membkanea 

In  previous work  PPO'membranes have  been  prepared by 
Broens e t  al. C31 and by  Buys et a l .  C131 by immersing a 
PPO/TCE/OcOH f i l m   i n  a MeOH coagulation  .bath. A t  a con- 
s t a n t  polymer concentration of 1 0 %  the  amount of OcOH i n  
the   ca s t ing   so lu t ion  i s  var ied and t h e   r e s u l t i n g  membranes 
are examined on t h e i r   u l t r a f i l t r a t ï o n  C31 and  gas. separa- 
t i o n  E131 proper t ies .   In   the   next   sec t ion   these   resu l t s  
are discussed. 

In   addi t idn  to   the  experiments   of  Broens and,Buys, we 

prepared.membránes  from cast ing  solut ions  with a constant  
TCE/(OcOH r a t i o  of 7,8/22 and  with  varying PP0 concentra- 
t ions :  6 ,  8, 9 and 10%. The micrographs  of the   top   sur face  
of t he  membranes, a r e  shown in   F igu re  13. Ik i s  c l e a r   t h a t  
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FIGURE 13. Micrographs  of the  top  surface  of PP0 membranes. Code re- ' 

veals  composition of casting  solution.: %PPO(%TCE/%OcOE) e Coagulation 
bath: MeOEE. 

the   poros i ty  of t he   t op   l aye r  decreases i f   t h e  PP0 concen- 
t r a t ion   i nc reases  and t h a t   t h e  porous s t r u c t u r e  is t h e  re- 
s u l t  of liquid-liquid  demixing. A t  a PP0 concentration  of 
1 0 %  no poves could  be  detected a t  a magnification of 

1 0 0 , 0 0 0  times, ind ica t ing   tha t   the   pore   rad ius  is smaller 
than 50 Angstroms. 

PECEPARATION AND PROPERTIES OF PP0 MEMB€tANES 

T h e  permeabi l i ty   data  of t h e  PP0 membranes prepared by 
Broens C31 and by  Buys C131 are summarized i n  Table 3, It 
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TABLE 3. 

Permeation  characteristics of PP0 membranes. Casting solution: 10% PP0 
in OcOH/TCE. Coagulation bath: MeOH 

% OCOH/%TCE J a  w 
( cmlhr ) 

a c 
02/N2 

o/ 500 
,5/95 
10/90 
15/85 
18/82 
20/80 
22/78 

O 
O 
O 
o 
0.5 
1-2 
5-25 

10 
20 
270 

> 10000 

4. O 
2.9 
1.8 
1.0 

“Steady  state,  pure  water  f  lux  at  a  pressure  difference of 3 atmos- 
bpheres..  Source: reference 3. 
c Oxygen  permeability.  Source:  reference 13. Selectivity  for  oxygen in oxygen/nitrogen  separation.  Source: refer- 
ence 13. 

is  clear  that  an  increase  ïn  initial  OcOH  content  of  the 
casting  solution  leads to’membranes  with  a  more  open  struc- 
ture.  For  OcOK/TCE  ratios  lower  than 18/82 the  membranes 
have  gas  separation  properties  and  no  water  flux  is  ob- 
tained.under ultrafiltration  conditions.  The  ideal or 
highest  attainable 02/N2 separation  factor  with PP0 mem- 
branes  is  about 5.0 C143, so  the  gas  separation’membranes 
are  not  completely’tight:  convective  transport  takes  place 
through  defects  or  very  small  pores.  At  a  OcOH/TCE  ratio 
equal  to 18/82 the  membrane  becomes  permeable  to  water  and 
shows  no  selectivity  in 02/N2 separation.  Upon  increasing 
the  OcOH/TCE  ratio  to 22/78 the  water  permeability  increas- 
es and.since PP0 is  a  hydrophobic  polymer  the  transport  of 
water  must  take  place  through  distinct  pores. 
Broens C31 formulated  a  hy.pothesis  in  which  the  addition 

of  OcOH  favours  the  crystallization of the PP0 and  leads 
to  a  more  open  structure  of  gelled PP0 layers.  However, 
the  results  of  the  PPCS  experiments  do  not  show  a  signifi- 
cant  effect  of  OcOH  on  the  crystallization  kinetics.  This 
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poses  the  question  whether  another mechanism can  explain 
the   d ra s t i c   i n f luence  of OcOH on t h e  membrane propert ies .  

I n  Figure 1 4  the   loca t ions  of t he   ca s t ing   so lu t ion  com- 

pos i t ions  are drawn i n   t h e   t e r n a r y  PPO/TCE/OcOH phase  dia- 
gram. The points  a t  t h e   l i n e  of constant  PP0 concentration 
( 1 0 % )  represent   the   cas t ing   so lu t ions  employed by Broens 
and Buys. An i n c r e a s e   i n  OcOH content   br ings  the composi- 
t i on   nea re r   t o   t he   l i qu id - l iqu id  demixing  gap. I n  fact, a, . 

cas t ing   so lu t ion   wi th  OcOH/TCE r a t i o   e q u a l   t o  22/78 is 
thermodynamically  unstable a t  22 OC and t h i s  may account 
for the   l a rge   var ia t ion   in   waterpermeabi l i ty   as   repor ted  
by Broens C31 f o r   t h e   r e s u l t i n g  membranes (cast a t  'room 
temperature I ) . 

Upon immersing a cas t ing   so lu t ion   . in   the  MeOH batb,  TCE 

and OcOH d i f fuse   i n to   t he   ba th  and the  PP0 concentration 
increases .  The penet ra t ion   o ' f . the  MeOH i n t o   t h e   f i l m  moves 
the   l i qu id - l iqu id  demixing  boundary t o  t h e   l e f t  iri t h e  
phase dTagram, as can  be  seen  from  Figure 5. A s  w e  dea l  
with a quaternary  system it is v e r y   d i € f i c u l t . t o   v i s u a l i z e  
the  coagulat ion by coagulation  paths,   but w e  think it i s  . 

p l a u s i b l e   t h a t   a n   i n c r e a s e   i n   i n i t i a l  OcOH content  favours 

FIGURE 14; Composition of  cas t ing  solutions drawn in the  ternary PPO/ 
TCE/OcOH phase  diagram, see text. 
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the  occurence of liquid-liquid  demixing in.the film.  Eval- 
uating  'the  permeability  data  of  Table 3, we suggest  that 
for  initial  OcOH/TCE  ratios  upto 1 8 / 8 2  the.top layer  is  a 
dense.gelled  layer  of  which  the  thickness  decreases  with 
increasing  OcOH,  concentration.  If  the  OcOH/TCE  ratio  is 
1 8 / 8 2  or  higher  small  pores  are  present in the  top  layer 
due  to  liquid-liquid  demixing  and  the  pore  radius  probably 
increases  with  increasing  OcOH  concentration.  The  micro- 
graphs  of  Figure 1 3  support  the  hypothesis of liquid-liq- 
uid  demixing  in  the  top  layer  if  the  OcOH  concentration 
is  high. 
A question  not  yet  addressed  is  whether  crystallization 

plays  a  role in the  fofmation of Pp0 membranes. It is  clear 
that  'gelatkon  in PP0 systems is accompanied  and  probably 
induced  by  crystallization.  However,  the  increase  in PP0 

concentration  in  especially  the  top  layer  is so rapid  that 
the  crystalline  entities  are  probably  'not  larger  than  the 
size  of  a  stable  nucleus: a dried PP0 ultrafiltration  mem- 
brane  shows  no  or  a  very  sinal1  melting  peak  upon  heating 
in  a  DSC  experiment. In  the  case  of  homogeneous PP0 mem- 
branes  the  interplay  of  precipitation  rate  and  crystalliza- 
tion  kinetics  determined  the  mechanical  stability  of  the 
film. A solution  of 10% PP0 in.TCE cast  with  a  thickness 
of 0.1 mm yields.  upon  evaporation  of  the  TCE  a  film  with 
excellent  mechanical  properties:  flexible  and  strong.  If 
the  evaporation  rate  is  slowed  down  or  if  the  casting 
thickness  is  increased  the  film  becomes  stPff  and  brittle 
due  to  a  higher  degree  of  crystallinity. 

\ 
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CHAPTER 5 

THE MECHANISM OF FORMATION OF MICROPOROUS OR 
SKINNED  MEMBRANES PRODUCED BY THE IMMERSION 
PRECIPITATION PROCESS 

J.G. Wijmans, J.P.B. Baaij  and C,A. Smolders 

SUMMARY 

Cellulose acetate an.d po'J,ysulfone. castring  solutions were coagulated 

in  water/solTent &xtures w&th differing  solvent  content.  Precipita- 

t ion   in   pure  water yielded  skinned membranes. P rec ip i t a t ion   i n  water/ 

solvent  mixtures  with  solvent  .concentration  exceeding a cer ta in  mini- 

mum value (which i s  d i f f e ren t   fo r   d i f f e ren t  systems)  resulted  in 

mic~oporous,membranes.  This phenomenon has  been  explained i n  terms  of 

the model descriptrion  for  the  formation of  asymmetric membranes as 

adopted i n  our  laboratory.  In  this ,model, the  skin  formation i s  re- 

la ted   to   ge la t ion  and the  formation of the  porous substructure   to  

liquid-liquid  phase  separation. 

It is  made plausible  that  the  addition  of  solvent  to  the  coagulation 

This  chapteF has .been puhLished i n  J, 'Membrane Sc$, , . l 4  c1'983.) 263. 
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INTRODUCTION 

The majority of commercially  available  synthetic mem- 
branes  are  produced by the  so-called  phase  inversion.pro- 
cess. I n  th i s   p rocess ,  a homogeneous polymer so lu t ion  is 
brought  to  phase  separation by means of a penetrat ing 
nonsolvent  and/or a solvent  outflow. 

The concept  "phase  inversion  processfp  covers' a range  of 
different   techniques,   each  leading  to  a s p e c i f i c  membrane 
s t ruc ture .  The  two techniques  that  w i l l  be   d i scussed   in  
th i s   paper  are ( i )  prec ip i t a t ion  from the  vapour  phase, 
and (ii) immersion prec ip i ta t ion .   Prec ip i ta t ion  from t h e  
vapour  phase  yields  symmetric  microporous membranes where- 
as the  immersion p rec ip i t a t ion   p rocess   u sua l ly   r e su l t s   i n  
asymmetric u l t r a -  o r  hype r f i i t r a t ion  membranes, These mem- 
branes  are   cal led  asymmetr ic   s ince  their   cross-sect ion.  
reveals an  asymmetric  struçture: a very  dense  and  thin 
skin  supported by a porous  sublayer. 

Recently it w a s  discovered  in   our   laboratory C 1 3  t h a t  
with immersj.on p rec lp i t a t ion  It i s  a l so   poss ib l e   t o   ob ta in  
microporous membranes; to   ach ieve   th i s ,   so lvent  w a s  added 
to   the  coagulat ion  bath,   This  is a very   in te res t ing  phe- 
nomenon s ince  knowledge about ways to   avoid  the  formation 
Qf .a sk in  may le3d t o  a 'bet ter   understanding  of   skin  for-  
mation, 

Examples of this type  of membrane formation  for  various 
polymers w & l l  be.given  and  discussed  in terms of   the  for-  
mation mechqnism, espec ia l ly   cons iderhg  how the   addi t ion  
of solvent   to   the  coagulat ion  bath  prevents   skin forma- 
t ion .  



THEORY 

Several  authors  have  tried  to  explain  the  formation  of 
'asymmetric  membranes  in  terms  of  phase  separation  pheno- 
mena  in  polymer  solutions C2-92.  Tn recent  years,  expe- 
rimental  evidence  was  gathered  in  our  laboratory [6,7,10, 
111 that  two  different  types of phase  separation  phenome- 
na  are  responsible for the  asymmetric  structure of the 
membranes ., 

I 

In  a  spFtem  cons5sting  of  .a  polymer,  a  solvent  and  a 
ncmsolvent,.  &he  dernixhg  types  that  can  be  distinguished 
are  (see  Fig. 1) : 

\ 

(L) , Liquid-liquid  .phase  separatkon i 
The  solution  lowers  its  free  enthalpy by separating  into 
two  liquid  equilibrium  phases.  There  are  two  ways for this 
demixing  to  occur:  by  nucleation  and  growth  of  droplets of 
the  secQnd  phase  and  by  instantaneous  spinodal  dernixing. 
The  spinodal  dem%xing.gap  is  surroqnded  by  the  composi+ 
tion  area:  where  phase  separation  by  nucleation  and  qrowth 
takes  place;  ,si'nce  this  latter  phenomenon  is  a  relatively 
fa8t  process,  spinodal  demixing  is  not  very  probable in 
polymer  so3,utions. 

( L i )  Crystallization or gelation: 
The  polymer  molecules  decrease  the  free  'enthalpy of the 
solution  by  forming  ordered  structures.  At low polymer 
concentrations  single  crystals  will  be  formed,,  but  at 
higher  cqncentrations  the  usually  very  small  crystalline 
regions  can  act  as  physical crosslknks between  the  polymer 
molecules and the  result  is  a  thermoreversible  gel.' . ' 

. .  
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Fig. 1, Ternary  phase  diagram; P: polymer; S: solvent; NS: nonsolvent; 
C: critical point; I: gelation; 11: liquid-liquid  phase  separation; 
111: homogeneous  solution. 

MeChaKihm 06 duhrnaLLan 

I n  th.e  immersion prec ip i ta t ion   p rocess  a' polymer solu- 
t i on ,  cast on a support, is immersed i" a .ba th   conta in ing  
a nonsolvent. A s  w a s  f i r s t  suggested by Koenhen C61, w e  
assume t h a t   t h e   s k i n  is formed by ge la t ion   and . tha t   t he  
porous sublayer is t h e   r e s u l t  of l iquid-liquid  phase sepa- 
ra teon by nucleation and  growth. The factor  determining 
the  type  of  phase  separatfon a t  any p o i n t   i n   t h e  cast 
f i lm  is t h e   l o c a l  pol.ymer concentratiqn a t  t h e  moment of 
prec ip i ta t ion .  Tn t h e  first s p l i t  second a f t e r  immersion 
t h e r e  is a rapid  deplet ion of solvent  from the   f i lm  and a 

r e l a t i v e l y  small penetration  of  nonsolvent.  This means 
t h a t  the'  polymer concentration a t  the  €i lm/bath  interface 
increases   and  that  the ye1 boundary. is   crossed,   ( t ransi-  
t i o n  III t o  I in   F ig .  I ) .  The t h i n  and  dense  gel-layer 
t h a t  is formed I n   t h i s  way, t he   sk in ,  w i l l  a c t  as a re- 
s i s tance   to   so lvent   ou td i f fus ion ,  and a t  posit ions  beneath 
t h e , t a p l a y e r ,  .demixing w i l l  occur a t  lower  polymer  and 
higher  nonsolvent  concentratlons. Sd here  the  type of de- 
mixing  wi2.l   be  l iquid-liquid  phase  separation  ( transit ion 
T I X  t o  i n  Fi~y. I ) .  The dem&:xlng gap i s  entered a t  the  
polymer-rgch sfde of . . t h e  crit ical  pa in t ,  so the nucle i  
cons i s t  of the  polymer-poor  phase,  and the res .ul t  ls a 
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Fig. 2. SFhematic  course of composition f o r  skinlayer (1) and  bottom- 
layer (2) of a  polymer  film  with  initial  composition A upon  immersing 
.int.o-.a nonsolvept  bath. 

Fig. 3. Coagulation  path of a  polymer  film  with  initial  composition' 
A when  brought  in  contact  with  a  nonsolvent  vapour  phase  saturated 
with solvent: 

. .  , , 

porous  structure,  the  pores of which  are  filled  with  the 
dikke: s6Pvkn%/lmnsolkenk  phase . .. . 

The  approximate.  changes of compositiQn  for  the  toplayer 
and  the  substructure,  the  so-called  llcoagulation  paths", 
are  given  in Fig. 2. A more  detailed  description  of  the 
concentration  prQfiles  in  a  precipitating  casting  solu- 
tion'can be  found  in  the  paper  by  Bokhorst  et  al. Cg]. 
In the  case of precipitation  from  the  vapour  phase,  the 

cast  polymer  solution is,in contact  with  a  nonsolvent  va- 
pour  phase,  saturaked  with  the  solvent  used. In this 
process  there  is no solvent  outflow  but  only  a  nonsolvent 
inflow.  The  change of composition  in  the  film  is  illustra- 
ted'in Fig. 3:  the  only  possible  demixing  mechanism  is 
liquid-liquid  phase  separation  and  the  result  is  a  micro- 
porous  membrane  without  a  skin. 

From the  model  description  presented  here, we ca.n  infer 
that  the  direction  of  the  coagulation path'and thus  the 
ratio of the  nonsolvent  inflow  and  solvent  outflow  is of 
the  utmost  importance for the  resulting  membrane  struc- 
ture .. 
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EXPERIMENTAL 

For membrane preparat ion  the polymer solut ions w e r e  
handcast (0.15 mm) on a g l a s s   p l a t e  and immersed i n  a non- 
so lvent   ba th   conta in ing   d i f fe ren t  amounts of solvent.  The 
temperature of the  coagulation  bath w a s .  about 23OC- After 
30 minutes i n   t h i s  first ba th ,   the  membranes'were t rans-  . ' 

€ e r r e d   t o  a pure water bath. The s t r u c t u r e  of t h e  mem- 
branes was s tudied   wi th   a id  of a J e o l  JSM U3 electron 
microscope.  Micrographs w e r e  taken  from  the  topside;  the 
bottomside  and  the  cross-section  of-the membrane.  The top- 
layers   o f   the  membranes w e r e  examined €or the  presence  of 
pores. The  membranes w e r e  considered. to   be  microporous  i f ,  
a t  a magnification of 3000 t i m e s ,  pores  could  be  detected 
i n   t h e -   t o p l a y e r  (i. e. pore  radius > O. 1 Fm) . 

The  membranes w e r e  made from a va r i e ty  of polymer/sol- 
vent/nonsolvent  systems. The nonsolvent  used was water i n  
a l l  cases (demineral ized  and  ul t raf t l t ra ted)  . -The polymer- 
so lvent   pa i r s  are listed i n  Table 1. The solvents  w e r e  of 

reagent  grade and w e r e  used wikh0u.t fur ther   pur i f ica t ion ;  
t he   ce l lu lose  acetate (CA) was obtakned k o m  Eastman Ko- 
dak ' ( E  398-3)  and the  polysulfone -(PS€) was. ' the P 3500 

type from Union Carbide. The polyvinylpyrrolid9ne (PV?) , 
used as an   add i t ive   t o   t he  PSf solut ions,  had a molecular 
weight of 360,000 dalton  and w a s  purchased  from  Fluka AG. 

TABLE 1 

P o l y m e r - s o l v e n t   p a i r s  used  in the e x p e r i m e n t s  
. .  

Polymer  SoEvent  Polymer Solvent 

CA DWC RSf WMP 
CA dioxane 

CA acetone 



RESULTS '11ND DISCUSSIQN 

The  addition of solvent  to  the  coagulation  bath  slows 
down  the  rate of precipitation:  it  takes  more  time  before 
the  cast  film  becomes  turbid.  The  same  observations  have 
been  made  by  Strathmann C121. At  too  high  solvent  concen- 
trations,  precipitation  does  not  take  place  and  the  poly- 
mer  slowly.dissolves  in  the  coagulation  bath. 
Xn  all  cases  which we studied,.  see  Table 1, it  appears 

that  it  is  'possible Co produce  microporous  membranes  by 
adding  solvent  to  the  coagulation  bath,  each  system  having 
its  own  minimum  solvent  concentration  (see  Tab.le 2)  re- 
quired  for  a  porous  toplayer. In  Fig, 4 micrographs of po- 
rous  structures in the  toplayer  are  given. 

\ 

It seems  that  this  method  to  obtain  microporous  mem- 
branes  can  be  applied to every  membrqne-forming  ternary 
system.  For  instance, we.also .know from preliminary  ex- 
periments  in our laboraeogy  that  the  systems  polyvinylli- 
dene-flusride/N-methylpyrrolid,me/water and  poly-2,6-di- 
~ethyl-l,4,-phenyleneoxide/trichloraethylene/methylene/methanol yield 
a  microporous  struçture  if  sufficient solvent.is added  to 
the  coagulation  bqth.  Further,  it  is  interesting  to  focus 
the  attentLon  on  the  paper,published  by  Strathmann C121 I' 

on  the  Nomex/DMAc/water  system,  and  to  look  at  the  micro- 
graphs cm p. 199 and  &he  figure  that  displays  the ' time  to 
turbidity' as a  function of the  DMAc  concent of the  coa- 
gulation  bath Qn p. 191. Tn our  opinion  the  membrane  pre- 
cipitated  in  a  bath  containing .75% DMRc could  very  well 
be a microporQus  One. 
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TABLE.. .2 

Minimum  solvent  concentrations ( X  by wt.) in the  coagu- 
lation  bath, if microporous  .toplayers  are  desired. 

Casting solution Minimum  solvent X Nonsolvent  at  liquid- 

Polymer  Solvent Pol. (X) coagulation  bath  phase .diagrama 
content (X) in liquid  boundary in 

-~ ~ ~~ ~~ ~~~~ 

PS€ DMAC 15 80 

PS f w 15 65 

CA DMSO 15 60 

CA DMAC 20 55 

CA dioxane 20 40 

CA acetone 20 30 

4 

9 

13 

15 

30 

28 

a Obtained from turbidity  measurements 

Figure 4 shows- the.   effect ,  &?-.an inereasing.  solvent con- 
cent ra t ion  on the   top layer  of t h e  membranes  made froril a 

cas t ing   so lu t ion  of CA i n  dioxane.  The-radius .of the   pores  
gradually  increases from.0.2 pm t o  I prn.When the   so lvent  

. content  increases  from 3 0  t o  50% by weight. 
A w e l l  known  mekhod t o  increase khe p o r e   r a d i l   i n   t h e  

porous  substructure of a polysulfone  asymetrPc membrane 
i s  t o  add a high  molecular  weight component t o  t h e  cas- 
t i ng   so lu t ion  C131. Figure 5 shQws the   topsur face  and the  
bQttomsurface of a membrane -precip;Ltated from a PSf/WP/ 
DMac ca s t ing   so lu t ion   i n  a mixture of 11% by weight of 
w a t e r ' i n  DMac. Upon increas ing   the  water content to ,16%,  
the  pores  in  both  the  topsurEace  and  bottomsurface become 
smaller, e spec ia l ly   i n   t he   t op laye r .  From these  micro- 
graphs i t . c a n   b e  seen (Table 3.). that   the  microporous mem- 
branes  have a .gradient   in-   pore   radius . :   the   pores   in   the . 

toplayer  are smaller than  the  pores   In   the  bot tomlayer .  
Furtherrnoxe, it appears  Chat changing the   solvent .  .con- 

cent ra t ion  An the  bath  has  a grea te r   in f luence   on . the   pore  
s i z e  in. t he   t op laye r  compared t o   t h e  bo.ttmmlayer e - This 
means that  w i t h  a i d  of two var ighles ,  &.e. . the   so lvent  
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Fig. 4. Micrographs of tQpsurface of membranes precipi ta ted from a 
cast ing  solut lon of 20% by w t .  CA i n  dioxane ìn  a  water/dioxane co- 
agulat im  bath,   containing (a): 30%, (b):  40%, (c) : 45%, and (d): 
50% dioxane. 

TABLE 3 

PQre r a d i i  o f  microporous F S E  n e m b r a n e s .   ( s e e   m i c r p g r a p h s ,  
F i g .  5 )  

Water', (X by w t . )  Topsurface BB t tcmsurface 
i n  water/DWc (PD). (Pd 
cqagulation  .bath 

11 8 .  10 

16 o. 1 6 
. . .  . . . . . _  . , ,  

. .  
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Fig. 5.  Micrographs of membranes precipitated from a PSffPVP/IMAc 
casting solution (13/12/75% by wt.)' in  a water/;MAc coagulation bath 
containing 11% (a .t. b) and 16% (c f d) water. a + c: bottom surface 
(glass side) e b i. d: topsurface (bath side). 

concentratian of the  bath and the  compositian of the cast- 
ing solution, microporous membranes  wAth &nost every w m -  
bination of average pore  radius  and pore radius.gradient 
can  be obtained. 
In this way it should be possible to make  rnicropor~us 

films  that  can be used in microfiiltration and in biomedi- 
cal applAcations. 
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The  interesting  question is haw  the  addition  of  sQlvent 
to  Che  coagulation  bath.  prevents  the  formation  of  a  skin. 
To ans~er this, we will  restrict  ourselves  to  the  ternary 
system. 
As appeared  from  the  model  for  the  mechanism  of  forma- 

tion  given  in tb.e  theoretical  section,  the  ratio  of sol-  
vent  outflow  to  nonsolvent  inflow  is  important  for  skin 
farmation.  We  calculated  the  difference  of  chemical  poten- 
tial at the  film/bath  interface  for  solvent  and  nonsolvent 
QS a functton of solvent  content  in  the  coagulation  bath 
(see  Fig'. 6 . ) .  For  the  chemical  potentials,  the  Flory- 
Hzlyqins f 1 4 1  expressions  for a ternary  system  were  used: 



INTERFACE 

COAGULATION BATH CAST POLYMER SOLUTIOll COAGULATION BATH CAST POLYMER SOLUTIOll 

Fig. 6. Fluxes of nonsolvent (J. .) .an&.solvent (J ) , respectively,  at 
the interface of coagulation bakh and cast polper filmd 2 

tion  in  the  casting  solution,  the  volumë fracti0n.h the 
coagulation  bath  and  the molar volume of component i res- 
pectively. R is  the  gas  constant  and T is ,the temperature 
in  Kelvin,  The gi. parameter is the interaction  parameter 
between  components Z and j ;  g I 2  is aasumed to be a func- 
tion  Of u2 = @2/ (9, + @2) in  the  notation  of Zivnp and  pouch- 

ed, 
C151. Only  binary  interaction  parameters  are  consider-' 

The  interaction  parameters,  characterfstic  for  the 
three  ternary  systems for.which calculations  have  been 
nade,  are  listed  in  Table 4 and are taken  from  Altena [16le 

TABLE 4 

Interaction  parameters 

.a .b c d  .e 

water dioxane CA 1.4 0.4 0,92 -0.69 7.15 -12.91 8,17 

water DMF CA 1.4 0.4 0.50 0,04 0.8 -1-2 0.82 

water DMF E'Sf 3.7. .0,4 0-50 0,04 0.8 -1.2 0.82 

Prom Pig- 7 &k appears khat the ratio of cheniicall po- 
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tential,  difference of the nonmlvent and  the  solvent  in- 
creases  upon  increasing  the  solvent  concentration  in  the 
bath.  The  composition  taken  for  the  casting  solution  is 
20% by  weight'0.f  polymer,, 79.99% of solvent  and 0.01% of 
nonsolvent. We have  to  assume  that  some  nonsolvent  is  pre- 
sent  in  the  casting  solution,  otherwise  the  calculated 
dhemical  potential  difference  will  bec'ome  infinite  (see 
eqn. (X)). Since  the  ponsolvent  concentration is very 
small,  the  calculated  ratio  is  characteristic for  the' 
first  moment  of  the  coagulation  process,  i.e.  the  forna- 
tion  of  the  toplayer.  The  absolute  values  of Au in  the 
various  systems  differ,  but  the  ratio of A p l l A p 2  appears 
to  be the'same.  The chemical  potential  difference AVi, is 
the  driving  force  for  the  mass  transport  through  the  film/ 
bath  interface J as  can  be  seen  from  the  simplified  phe- 
nomenological  relation  (cross  terms  neglected) : 

.t 

i' 

where L.,? is  the  permeability  coefficient  of  component i, 
which  may  be  a  functiqn of and v If we disregard  the 
influence of Li (on  which  no  data  are  available),  then  the 
outcome o f  the  calculation  on Ap,*/Ap2 (see  Fig. 7 )  indi- 
cates  that  the  nonsolyent  inflow  increases  relatively  to 
the  solvent  outflow if the  solvent  content of the  bath  is 
increased.  Qr, in other  words,  the  nOnsOlvent  Inflow  de- 
creases.less rapidly  compared  to  the  decreasing  solvent 
outflow,  as  it i s  obvious  that  mass  transfer  is  reduced 
by  adding  solvent  to  the  bath. 

2 

2 '  

In,our opknion  this  means  that cmditims are  created 
such  that  denixing  in  the  toplayer  will  take  place at 
lower  polymer  concentrations  and  at  higher  nonsolvent  con- 

' centrations. As a consequence)  at a certain  solvent  con- 
centration  in  the  bath,  liqukd-liquid  phqse  separation 
will  be  possible  An  the  toplayek, and the  result i a  a  top- 
hyex with  pQres.. 
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CASTING  SOLUTION : 20.00% POLYMER 

79.99% SOLVENT 

0.01% NONSOLVENT 

% SOLVENT I N  COAGULATION BATH - 
Fi?. 7. The ratio -Ap2/Ap as a functian of solvent  concentkation by 
werght ín the coagulatron  gath;  calculated for the  systems  CA/dioxane/ 
water,  CA/DMF/water  and  PSf/DMF/water. 

In   Table  2,  experimental  data on some micropomus mem- 
branes are gathered.   In   the last column, the  ternary  sys-  
tems are character ized by the  approximate water copcentra- 
t i ons  needed €or l iquid-liquid  phase  separation. X t  ap- 
pears  that   systems €or which a small amount of w a t e r  i s  

enough,to  bring  about  l iquid-liquid  phase  separation need 
a high  solvent  concentrakion i n  t h e  bakh '(see column 4 Q €  

Table 2 )  i€ microporous membranes a re   des i red .  &t f i r s t  
s i g h t   t h i s   r e s u l t  may s e e m  s t range s ince  it should,be  easy 
i n  such  systems to reach  the  liquid-liquid  demixing  gap, 
as is - i l l u s t r a t e d   i n   F i g .  8 .  However, it is known t h a t   t h e  
systems  which a r e   s e n s i t i v e  ko water show a rapid  coagu-- 
l a t ion   w i th  a high  solvent  Qutflaw L171. Apparently a high 
so lvent   concent ra t ion   in   the  bath is needed in   ' t hose  cases 
to   dec rease   t he   sg lven t   ou t f low  to   a . su f€ ic i en t ly  low 
va lue   in   o rder   to   p revent   sk in  formatAcm. 

TQ -give a quantktive  explqnation, . 9ne needs daka on sal-  
vent   sv t f low  wd  nwsQkvent  Lnfkm dvr&?g c9aguLGL~n Zar 

. .  
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P P 

Fig. 8. Influence of the  position  of  the liquid-liquid  demixing  gap 
on the  type  of  phase  separation at a fixed  coagulation path. 

l i shed   i n   t he   fu tu re .  

CONCLUSIONS 

Cast ing  solut ions,  which  immersed in   pqre  nawolvent  
give  asymqetric u l t r a -  or:hyperfiJ.tratj.Qn membranes, will 
y ie ld  mickoporous membranes i f   s u f f i c i e n t   s Q l v e n t  i s  add- 
ed to   the   coagula t ion   ba th .  

This phenomenon'can  be e x p l a i n e d   w i t h   t h e   a i d   o f t h e  
mechanism of  forrnation.of  asymetrj.c membranes which has 
been put  forward i n  our laboratary,   This model pred ic t s  
t h a t   t h e   r e l a t i v e  magnitude of nQnsQlvent infLow and sol- 
vent  outflow  during  the  coagulation  process  has a s t r sng  
inf luence on the  ult imate membrane s t ruc ture .  

. .  
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CHAPTER 6 

THE FORMATION OF MEMBRANES  FROM TERNARY SYSTEMS: 
VARIATION OF PREPARATION PARAMETERS 

J . G .  Wijmans, R . J .  Johanns  and C.A. Smolders 

SUMMARY 

Within  ternary membrane forming  systems three  variables  are used t o  
\ 

change the  structure  of  the  top  ' layer of the membrane: i) the poly- 

mer concentration and i$) the  nonsolvent  concentration,  both i n   t h e  

casting  solu6ion, and iii) the  s 'olvent  cowentration  in  the coagu- 

la t ion  bath.  These variables do not  influence  the phase equi l ibr ia  

i n   t he   t e rna ry  system, so the  observed  effects are discus'sed i n  re- 

la t ion   to   the  exchange of  solvent and nonsolvent'. A model i s  pro- 

posed to  give a qual i ta t ive  descr ipt ion of the  solvent/nonsolvent 

exchange at  the   f i r s t   i n s t ance  o f  coagulation. 

INTRODUCTIO'N 

Synthetic polymer membranes are usually made  by cas t ing  a 
polymer so lu t ion  as a .f i lm on a su i tab le   suppor t  and  then 
immersing t h i s   f i l m   i n  a coagulation  bath  containirig a non- 
solvent.  The exchange of solvent and  nonsolvent,  which  must 
be  miscible ,   causes   precipi ta t ion  of   the polymer f i lm  and a 
membrane w.ith a s p e c i f i c   s t r u c t u r e  i s  formed. The s t r u c t u r e  
depends  on the  compounds used  and  the  exact  preparation pro- 
cedure.  In many cases t h e   s t r u c t u r e  i s  asymmetric: a t h i n  
and  dense  top  layer, formed a t  the  f i l rn/bath  interface,  is 



supported.by a porous  substructure.  There are two d i s t i n c t  
fac tors   tha t   de te rmine   the  membrane s t ruc ture :  C )  t h e  ma- 
ter ia l  t r a n s f e r  between the   f i lm  and the  bath,  i.e. t h e  ex- 
change of the  low-molecular  weight  components,  since the 

polymer is assumed n o t   t o   l e a v e   t h e  f i l m ,  and CC) the   ther -  
modynamic properties  of  the  multicomponent (at least ter- 
nary)  system, i .e. the   phase   equi l ibr ia  and t h e   k i n e t i c s  of 
phase  separation, 

In   the   inves t iga t ion   descr ibed . in   th i s   paper  w e  restri-ct 
ourse lves   to   t e rnary  membrane .forming  systems  consisting  of 
a polymer, a solvent  and a nonsolvent.   Within  such  a. ternary 
system  there  are  several   parameters which  can  be v a r i e d - i n  
order t o  change t h e  membrane s t ruc ture :  

- t he  polymer concent ra t ion   in   the   cas t ing   so lu t ion ;  
- the   so lvent   concent ra t ion   in   the   coagula t ion   ba th ;  
- the   nonsolvent   concentrat ion  in   the  cast ing  solut ion,  

and 
- the  temperature  of the  cast ing  solut ion  and  the coagu- 

la t ion   ba th .  
I n  a previous  publication L 1 7  it w a s  shown tha t   the   p re-  

sence of so lvent   in   the   coagula t ion   ba th   s t rongly   in f luen-  
ces t h e  membrane s t ructure .   Cast ing’   solut ions,  which when 
immersed in  pure  nonsolvent  produce asymmetric u l t r a -  o r  
hype r f i l t r a t ion  membranes, y i e ld  membranes with a micro- 
porous  top  layer i f  s u f f i c i e n t . s o l v e n t  i s  added t o   t h e  co- 
agulation  bath.  In  the  present   s tudy w e  w i l l  extend  the 
previous work L11 t o   t h e   v a r i a t i o n  of t h e  polymer concen-. 
t ra t ion   and   the   nonsolvent   concent ra t ion   in   the   cas t ing  
solution,  Although  the  eemperature is known t o   a f f e c t   t h e  
membrane s t ructure ,   the   temperature  is  not  used as a param- 
eter i n   t h i s   s t u d y .  The objec t ive  is to   vary  only  those pa- 
rameters  which do not   change  the  phase  equi l ibr ia   in   the 
membrane forming  system.  In  this way the  changes i n  themem- 
brane  s t ructure   can  be  ascr ibed  to   changes  in   the  magni tude 
of  the  exchange of solvent  and  nonsolvent, 
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THEORY 

The  analysis  of  the  formation  of  membranes  in  terms of 
phase  separation  phenomena  and  rates  of  precipitation  start- 
ed  in  the  early'seventies  with  work  by  Strathmann C2,31 and 
Frommer C41. Koenhen,  Mulder  and  Smolders C51 took  the  same 
approach  and  formulated  a  mechanism  of  formation  of  asym- 
metric  membranes  in  which  the  formation  of  the  top  layer  is 
related  to  gelation  and  the  formation  of  the  porous  sub- 
structure  to  liquid-liquid  phase  separation  followed  by  ge- 
lation  of  the  concentrated  phase.  This  mechan,ism  has  proven 
to  be  a  fruitfui  basis  for  the  interpretation of,membrane 
preparation  procedures  of  which  a  recent  review  has  been 
given  by  Wijmans  and  Smolders [61. The  mechanism  is  a  wor- 
king  hypothesis  as  no  direct  proof  of  its  correctness  hith- 
erto haS.been presented.  The  role of liquid-liquid  demixing 
in  the  formation  of  the  porous  substructure is generally  ac- 
cepted, but,the formation of the  skin  by  gelation  and  the 
existence  of  different  coagulation  paths  for  different  lay- 
ers  of  the  membrane .are not. 
In  the  formulation  of  Koenhen et aZ. the  local  polymer 

concentration  at  the  moment  of  precipitation  is  different 
for  the  top  layer  and  for  the  substructure. It is  assumed 
that  the  ratio of solvent  outflow  and  nonsolvent  inflow  is 
large  for  the  top  layer,  leading  to  a  local  composition 
which  is  concentrated  in  polymer and,where gelation  takes 
place.  The  exchange  ratio is smaller  for  the  substructure, 
so the  local  polymer  concentration  k'emains  lower  than  in 
'the  top  layer;and,the  phase  Boundarybreached is the  llquid- 
liquid  demixing  bpundary. In Figure: 1 a  very  schematic  pic- 
ture  of  this  process  is  given.  In  the  ternary  phase  diagram 
the  approximate  changes  in  composition,  the  so-called  coa- 
gulation  paths,  are  given f o r  the  top  layer  (arrow l) and 
the  substructure  (arrow 2). Originally  it  was  suggested . 

that,  both  the  top  layer  of. an ultrafiltration  membrane  and 
the  top  layer  of  a  more  dense  membrane  (hyperfiltration, 
pervaporation  or  gas  separation)  are  formed  by  gelation. 
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The apparently more open s t r u c t u r e  of t h e  u l t r a f i l t r a t i o n  
membranes w a s  be l i eved   t o  be due ts local ordening accom- 
panying  the  gelation process : c r p e t a l l i z a t f o n  and the   for -  
mation  of  nodules.  Recent  investiqations  into  the forma- 
t i o n  of  polysulfone C71 and  polyphenyleneoxide C81 u l t r a -  
f i l t r a t i o n  membranes lead  us  to  the   conclus ion   tha t   the  
very small (and  probably scarce) pores in   t he   t op   l aye r   o f  
a n   u l t r a f i l t r a t i o n  membrane are  t h e   r e s u l t  of l iquid- l i¶-  
u id  demixing, I n   t h i s  case the  coagulation  path  responsi-  
b le   for   the   format ion  of t h e   t o p  layer i n t e r s e c t s   t h e   l i q -  
uid-liquid  demixing  gap  ' in  the  vincinity of the   gel /solu-  
t i o n  boundary, see Figure lb.  

From'the  description  given above it is clear that  the di-  
r ec t ion  of the  coagulat ion  path,  i.e. the   r a t io   o f   so lven t  
outflow  and  nonsolvent  inflow,  plays  an  important  role  in 
t h e   r e a l i z a t i o n  of t h e  membrane s t ruc tu re .   In  a previous 
publ icat ion C11 we used t h e   r a t f o  Ap,/Ap, as an  indicat ion 
for t h e   r a t i o  J1/J2. The quant i ty  -J1/J2 i s  the  ratio of t he  
inflow  of  nonsolvent  (subscript 1) and the outflow of sol- 
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vent   (subscr ipt  2 )  cha rac t e r i s t i c   fo r   t he   t op   l aye r ;  A v , ~  i s  
defined as the   d i f fe rence   in   chemica l   po ten t ia l   o f   spec ies  
i between the  coagulation  bath  and  the  original  composition 
of   the   cas t ing .so lu t ion ,   hence  as the   d r iv ing   force   for  
t r anspor t  of species i a t  t h e   f i r s t  moment of  coagulation. 
Neglect ing  the  inf luence  of   the  t ransport   coeff ic ients  it 
was assumed t h a t  a change i n   t h e   i n i t i a l   r a t i o  Apl/Ap2 is  
r e f l e c t e d   i n  a corresponding  change i n  J1/J2. Addition  of 
the   so lvent   to   the   coagula t ion   ba th   increases   the   absolu te  

' value  of Ap,/Ap2 arid thus  favours  the  inflow  af  nonsolvent. 
I n   t h i s  way it was explained why microporous membranes are 
formed i f   s u f f i c i e n t   s o l v e n t  i s  present   in   the  coagulat ion 
bath C11 . 

The ratio'.Apl/Ap'2 i s  now calculated, 'as a function  of  the 
polymer concentration  and  the  nonsofvent  concentration  in 
the   ca s t ing   so lu t ion .  The relat ions  used  for   the  chemical  
po ten t i a l s  and the  values   of   the   interact ion  parameters   can 
be  found in   the  preceeding  paper  Cll. The r e s u l t s  are given 
in   F igure  2. Figure 2a shows t h e   r a t i o  -Apl/Ap2 as a func- 

t ion  of   the  nonsolvent   concentrat ion  in   the  cast ing  solu-  
t i on   fo r   f i ve   d i f f e ren t   ba th   compos i t ions . 'The   r a t io  
-Ap,/Ap2 decreases as tkie nonsolvent  concentratuon  increas- 
es, so the  outflow  of  solvent i s  favoured. A larger   solvent  
outf low  or  a steeper  coagulation  path would l e a d   t o  smaller 
pores   in  a microporous  fop  layer i f   t h e   s t a r t i n g   p o i n t  of 
the  path i s  unchanged. However, the   addi t ion  of nonsolvent 
to   the   cas t ing   so lu t ion   br ings   the   in i t ia l   composi t ion   near -  
er to   t he   l i qu id - l iqu id  dernixing  gap,  and th i s   favours   the  
formation  of  larger  pores.  Thus, the  addi t ion of non,solvent 
t o  t h e  f i l m  has two consequences  which are counteractive 
and a prediction  of i ts  o v e r a l l   e f f e c t  on the  membrane s t ruc-  
t u r e  i s  not  possible.  

I The decrease   in  -Apl/Ap2 with  increasing  nonsolvent con- 
t e n t   i n   t h e   c a s t i n g   s o l u t i o n  i s  more r a p i d   i f  more solvent 
is present   in   the  coagulat ion  bath.  The r eason   fo r   t h i s  i s  
that   the   nonsolvent   concentrat ion  in   the  f i lm  for  which t h e  
chemical   potent ia l   d i f ference  over   the  f i lm/bath  interface,  
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FIGURE 2.. Ratio  -Apl/Ap2  as  a function of nonsolvent  concentration (a) 
and polymer concentration (b) in the casting  solution. 
(a) Nonsolvent/solvent  composition in the coagulation bath:  25/75 (l), 

50/50 (2), 75/25 (3) ,  9515 ( 4 )  and 99.99/0.01  (5) ; 
(b) Nonsolvent/solvent  composition in the coagulation bath: 5 0 / 5 0  (l 

and 3) and  100/0 (2 and 4 ) .  Nonsolvent/solvent  composition in the 
casting solution: 0/100 (1 and 2) and 20/80 (3 and 4 ) .  

Apl, i s  zero, is lower i f  the  nonsolvent   concentrat ion  in  
the  bath is smaller; 

In  Figure 2b the   in f luence  of the  polymer concentration 
i n   t h e   c a s t i n g   s o l u t i o n  on -Apl/Ap2 i s  presented. It is 

clear t h a t   t h e  polymer concentration  has Ei .much smal.ler. .ef7 

f e c t  compared'.to the  solvent  and.nonsolvent  concentration 
in   the  coa.gulat ion  bath  and  the  cast ing  solut ion  respect i -  
vely.  Thus, i f  t he   d i r ec t ion  of the  coagulation  path is 
p rac t i ca l ly  unchanged,  an  increase i n   i n i t i a l  polymer  con- 
cent ra t ion  w i l l  r e s u l t   i n  smaller pores i n  a microporous 
top   layer  o r  i n  a th icker   sk in   l ayer . '  

Figures 2 a  and b show the   r e su l t s   ca l cu la t ed   fo r   t he   sys -  
t e m  cellulose  acetate/dioxane/water.  For other  ternary  sys- 
t e m s .  t h e   r e s u l t s  are almost   the same C 11 . 
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EXPERIMENTAL 

The  polymers  used  were  Polysulfone  P3500,  PSf  (Union  Car- 
bide),  and  Cellulose  Acetate E 398-3,  CA  (Eastman  Kodak). 
The  solvents  and  nonsolvents  were  of  reagent  grade  and  were 
used  without  further  purification.  The  water  was  deminera- 
lized  and  ultrafiltrated. 
The  casting  solutions  were  hand  cast (0.2 mm) on a  glass 

plate  and  immersed  in  a  coagulation  bath  containing  a  mix- 
ture  of  solvent  and  nonsolvent.  After  thikty  minutes  the 
glass  plate  toget.her  with  the  film  was  transferred  to apure 
nonsolvent  bath  and  was  kept  there  for  at  least  a  day. 
Electron  micrographs  were  taken  with  a  Jeol J S M  35  CF 

scanning  electron  microscope,  after  air  drying  of  the  mem- 
branes. 
Abbreviations : 
cellulose.acetate:  CA 
polysulfone : PSf 

isopropanol : iPrOH 

N,N-dimethylacetamide : DMAc 
N,N-dimethylsulfoxide : DMSO 
N-methylpyrrolidone :, NMP 

RESULTS  AND  DISCUSSION 

SuRvenX cancen.&aXian i n  ;the coaguRaXion baXh 

The  results  published  previously  showed  that  the  pore 
radii  in  a  microporous  top  layer  increased  if  the  sOlvent 
concentration in the  coagulation  bath  was  increased [ I J .  

This'  is  in  accordance  with  a  change  in  the  direction  of 
the  coagulation  path  as  shown  in  Figure  3a.  In  an  analo- 
gous  way  one  expects  that  the  thickness  of  a  skin  layer 
decreases  if  the  solvent  concentrati.on  in  the  bath  increas- 
es.  To  verify  this,  membranes  were  made  from  the  ternary 
system  PSf/DMAc/iPrOH.which  is  known  to  yield  membranes 
with  a  thick  skin  (visible with,electron microscopy) ifthe 
polymer  concentration  in  the  casting  solution  is  high C93. 
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FIGURF, 3 .  Change in   d i rec t ion   and/or   s ta r t ing   po in t  o f  the  coagulation 
path  responsible f o r  the top layer  formation upon increasing  the sol- 
vent  concentration  in  the  coagulation  bath  (a); upon increasing  the 
nonsolvent  concentration  in  the  casting  solution (b);  and upon increas- 
ing  the polymer concentrat ion  in   the  cast ing  solut ion  (c)  o ' 

In   F igure  4 the   sk in   th ickness ,  as measured by e lec t ron  m i -  
croscopyr is p lo t t ed  as a funct ion o f  t h e  DMAc concentra- 
t ion   in   the   coagula t ion   ba th .  Four of the  corresponding m i -  
crographs of t h e  cross sec t ion  of t h e  membranes are repre- 
sen ted   in   F igure  5. Figure 4 and 5 confirm tha t   an   increase  

% OMAc in iPrOH 

FIGURE 4 .  Thickness of the  skin of polysulfone membranes as a function 
of the DMAc concentratfon i n  the DMAc/iPrOH co.agulation  bath, see also 
Figure 5. Casting  solution: 30% PSf in-DMAc. 
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FIGURE 5. Micrographs  of  cross  sections  of  Polysulfone  membranes.  See 
also Figure 4. Casting  solution: 30% PSf  in DMAc. Composition of DMAc/ 
iPrOH  coagulation bath: O/ 1100 ( a ) ,  3 0 / 7 0  (b) ,  5 0 / 5 0  (c) and 7 0 / 3 0  (d) .  

in   the   so lvent   concent ra t ion   in   the   ba th   decreases   the   sk in  
thickness.  This i s  a s t rong  support   both  for   the model des- 
cription  presented  in  the  previous  paper C11 as f o r   t h e  hy- 

pothesis on the  formation of the  skin.   That   gelat ion i s  res- 
ponsible   for  t h e  fornat ion of the   sk in   o f   these  membranes is  

in   our   opinion  evident  from the  micrograph'of  Figure 5a and 
from the  observat ion  that   the   displayed membrane has perTa7 
porat ion  propert ies  E g l .  



The water (nonsolvent)  concentration  in  the  solvent/non- 
solveht  mixture d€ the  cast ing  solut ion  has   been  var ied  for  
four   ,d i f fe ren t   t e rnary  membrane forming  systems. The com- 
posit ion  of  the  coagulation  bath  has  been  chosen  such  that  
t he   t op   l aye r  of t h e  membranes formed'  from the  binary cast- 

ing   so lu t ions  (no water present)  is microporous. The e f f e c t  
of   the water concentration on the  pore  diameter is showp i n  
Figure 6. 

The CA/Dioxane/water system  yields membranes with a very 
uniform  pore  s t ructure   in   the  top  layer ,  of which the  aver- 

age  diameter  can  be  determined  accurately. The water content 
of  the  casting  solution  has a marked inf luence on the  pore 
diameter: a t  f i r s t   the   d iameter   decreases   wi th   increas ing  
water concentrat ion,   then  i t 'passes   through a minimum and 
increases.  This  can  be  explained by the   twofold   e f fec t ,o f  
the  nonsolvent   concentrat ion  in   the  cast ing  solut ion as 
discussed  in  the  theory  section  and  displayed i n  Figure 3b. 

A t  low water concentrat ions  the  change  in   the  direct ion of 
the  coagulation  path  apparently  dominates  over  the  change 
i n   t h e   s t a r t i n g   p o i n t   o f  th.e path,  a t  higher w a t e r  concen- 
t r a t ions   t he :   s i t ua t ion  seems t o  be reversed. 

. .  

The other  three  systems  studied show a behaviour similar 
t o   t h a t  of t he  CA/Dioxane/water  system. For the  system CA/ 

DMSO/water t he   i n i t i a l   dec rease   i n   po re   d i ame te r  upon ad- 
ding water i s  very  pronounced: no pores  could  be  detected 
a t  a magnification  of 1 0 0 , 0 0 0  times i f  the w a t e r  concen- 

. t r a t i o n   i n   t h e   c a s t i n g   s o l u t i o n  is  i n  between 3% and 11%. 

Binary  casting  solutions  with '   varying polymer  concentra- 
t i ons  are immersed i n  a solvent/nonsolvent  coagulation  bath. 
T h e  dependence of the mean pore diameter i n  the top  layer  . 
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FIGURE 6. Mean  pore  diameter  in  the  top  surface of membranes  as  a  func- 
tion  of  the  water  (nonsolverit)  concentration  .in,the  solvent/nonsolvent 
mixture  in  the  casting  solutcon. 
CA/Dioxane/water  system: 
Casting  solution: 15% CA  in  dioxane/water  as  indicated 
Coagulation  bath: 50%/50% .Dioxane/water 

Casting  solution: 15% CA  in  DMAc/water  as  indicated 
Coagulation  bath: 70%/30% DMAc/water 

Casting  solution: 15% CA  in  DMSO/water  as  indicated 
Coagulation  bath: 70%/30% DMSO/water 

Casting  solution: 20% PSf  in  NMP/water  as  indicated 
Coagulation  bath: 80X/20% NMP/water. 

CA/.DMAc/.water  system: 

CA/DMSO/water  system: 

PSf/W/water system: 

on  the  polymer  concentration,  is  represented  in  Figure 7. 
The  CA/DMSO/water  system  shows a, continuous  decrease of 
the  pore  size with  increasing  polymer  concentration.  This 
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FIGURE 7. Mean  pore  diameter in the top surface of membranes  as a func- 
tion of the  polymer  concentration in the binary (no water  present) 
casting  solution,  See  Figure 6 for the  compositions OE the  various sol- 
vent/nonsolvent  coagulation  baths. 

is  in  agreement  with  the  effect of the  change  in  the  start- 
ing  point  of  the  coagulation  path  as  i1lustrate.d  by  Figure 
3c,  An  analogous result was  obtained  by  Mulder e t  ai?. C91 p 

who  showed  that  the  thickness of the  skin of membranes  made 
from  the  system  PSf/DMAc/iPrOH  clearly  increases  with  in- 
creasing  polymer  concent+ation  in  the  casting  solution, 
The  maximum  in  the  pore-diameter  versus  polymer  concentra- 

tion  plot  of  Figure 7 displayed  by  the  systems  CA/Dioxane/ 
water,  CA/DLvWc/water  and  PSf/NKIP/water  is  not  in  accordance 
with  the  trend  of  Figure  3c,  Apparently  the  use of the  ratio 
-Apl/Ap2 as an  indication  for  J1/J2  is  an  oversimplification 
in  these  cases, It seems  very  likely  that  the  transport  co- 
efficients,  which  connect  the flows Ji  to  the  driving  forces 
Auip depend on the  polymer  concentration. In fact,  it  has 
already  been  shown  that  the  solvent  outflow  from  the  cast 
film  increases as the  polymer  concentration  decreases [lol., 

This  may  be  the  reason  for a smaller  ratio J1/J2 at low po- 
lymer  concentrations,  leading to less  porous  top  layer  struc- 
tures.  At  high  polymer  concentrations  the  effect  of the 
change  in  the  starting  point  as  shown  in  Figure  3c  dominates 
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and the  pore  diameter  decreas.es  with  increasing polymer 

concentration. 

CONCLUSIONS 

The nonsolvent  concentration  and polymer concentration 
of the  cast ing  solut ion  have a considerable   inf luence,on 
the  porosity  of the top  layer  of  microporous membranes. 
The general  trend  observed i s  i n  accordance  with  the  pre- 
d ic t ions  of t h e  model description  presented  previously 
[ l l .  
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APPENDIX TO PART I 

'DIFFUSION  DURING THE IMMERSION PRECIPITATION PROCESS 

J.G. Wijmans,  F.W.  Altena  and  C.A.  Smolders 

INTRODUCTION 

Polymer  membranes  can  be  obtained  by  the  so-called  im- 
mersion  precipitation  process  in  which  a  cast  solution  of 
a polymer  in  a  solvent  is  immersed  in  a  nonsolvent  bath. 
The  structure of the  membranes  produced in this  manner is 
determined  by  two  distinct  factors: (i) the  phase sepa- 
ration  phenomena  (equilibria  and  kinetics)  in  the  ternary 
system,  and (i$) the  rate of diffusive  solvent-nonsolvent 
exchange  during  the  immersion. 
Mechanisms of formation  of  synthetic  membranes  which  in- 

corporate  these  two  factors  have  been  proposed  by  several 
authors Cl-€33. In  this  note we comment on the  mathematical 
description  of  the  diffusion  problem  as  suggested  by  Co- 
hen,  Tanny,  and  Prager C63 in  their  paper  "Diffusion- 
Controlled  Formation of Porous  Structures in Ternary  Poly- 
mer  Systems":This  description  includes  a  steady-state 
assumption  which, 'in our  point of view,  is  erroneous. 
Nevertheless,  when  this  assumption  is  not  applied,  the 
paper of Cohen,  Tanny,  and  Prager  offers  a  valuable 
approach to the  diffusion  problem, 

This'appendix has been  published in J, Polym. Sci. Polym. Phys. Ed. ,  
22 (1984)  519. 
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Cohen, Tanny, and  Prager C63 prQpase a theory for t he  
appearance of  two-phase  structusres  during  the  formation of 

polymer membranes from a cas t ing   so lu t fon  immersed i n  a 
nonsolvent  bath,  This  theory  contains a series of assump- 
t i ons ,  some concerning  the  phase  separation phenomena and 
the   o thers   the   d i f fus ion  phenomenon. S ince   th i s   no te   dea ls  
with  the  diffusion  problemp w e  summarize here   the   d i f fu-  
sgon model, 

(i) A schematic  representation of t he  
is given in   F igu re  1. A t  t i m e  t = O t h e  
possesses i t s  o r i g i n a l  volume f rac t ions  

immersion proce'rjs 
cas t ing   so lu t ion  

(1 denotes a nonsolvent, 2 a solvent  and 3 a polymer) m A t  

t i m e  t = t a diffusion  layer 'has   propagated  to  z = z d ( t ) .  
The coordinate z is a pos i t ion   coord ina te   in  a laboratory 
frame,  he volume f r ac t ions  a t  the  film surface are +:p 

@i, and @ 3  p which are considered to. be a t  equi.1ibrim-t  with 
the  coagulation  bath.  A t  t i m e  t = t the   f i lm/ba th   in te r -  
face has moved  away from z = O as a r e s u l t  of t h e   n e t  
volume outflow. 

s 

($i)j a posi t ion  coordinate  is introduced,  measured i n  
terms o f  t he  volume m 
between the   i n t e r f ace  

dm = @3-dz  

As a consequence, t J ~ e  

of  polymer  per un i t   a r ea .o f  membrane 
and +he poin t  of observation C9 I 

m = 0, The pasi t ion of  the fi,lm/szipport i n t e r f ace  on the  
m a,xis, M, i s  also independent of t i m e :  
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I 
O 

(iii) The  diffusion  fluxes J1 and LT2 through  surfaces of 

fixed m are  assumed  to  be  linearly  related  to  the  driving 
forces : 

I RT am 

D1 and D2 are  the  dsffusion  coefficients  for  nonsolvent 
and  solvent  in  the  polymer-fixed  reference  frame  and pl 

and p2  are  the  chemical  potentials. Cross terms have.been 
neglected,  but  nevertheless  eqs. ( 3 )  are  interrelated 
through  the  expressions  for Dl' D2'  pl, and p 2 '  

p Z - 1  
nonsolvent bath. nonsolvent bath 

m=O 
casting solution diffusion. layer 

, , ,  'X/, support//f 

Fig. 1. Schematic  representation  of  the  immersion  process  at two dif- 
ferent  times. J and J are the  nonsolvent  and  solvent  volume flux, 
respectively. T i e  coorzinate z is  fixed;  the  coordinate  m  is  measured 
in terms of the  polymer  volume  per  unit  area  membrane  between z = O 
and khe poing.lof observation, 
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(iu) FickPs  l a w ,  applied &p t he  9 n l P  reference  framep 
gives. (see Appendix Al  

where $ 3  = 1 - 4,- - Cp2. 

The i n i t i a l  and  boundary conditions are: 

m = M; J 1 ( M , t )  = J 2 ( M p t )  = O 

( u )  Cohen, Tanny, and  Prager restrict themselves t o   t h e  
case i n  which the  diffusion  layer   has   not   yet   reached  the 
support. Thus, eq. (7)  is replaced by 

s teady-s ta te   d i s t r ibu t ion  for  a sheet O f  th'i-ckness md(t)  

sqtisfyinq the boundqry eonditions. (6) 'and. ( 8 ) .  TFis Lm- 

pljles tha t   khe ' f luxes '  J1 and J2 are independent of m: 
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Xt  should  be  noted  that,  owing  to  the  steady-state  assump- 
tion,  eq. (4) and  the  inltlal  condition (5.)  no  longer  have 
a  bearing  on  the  solution of the  diffusion  problem. 

(-034) The  diffusion  problem  is  now  reduced  to  eqs. ( 3 ) .  

The  ratio  of J1 and J2 can  be  written  as 

The  assumption  made  here i s ’  that  the  ratio D1,($1,$2) / 
D2($1,$2) is constant-and unity.  The  ratio CT normally  has 
a  ‘negative  value. 

( u i i )  If the  differentials af the  chemical  potentials 
are expressed as functions  of  the  volume  fractions,  one 
finds 

This f irst-order , differential  equation  yields  the  relation 
between  and $, in  the  diffusion  layer  as  a  function  of 
the  ratio Q and  one  of  the  boundary  conditions. . 
With  the  aid of the  Flory-Huggins  expressions C l 0 1  for 

the  chemical  potentials  ,together  with  eq.. (111, Cohen, 
Tanny, and,Prager calculated  the  composition  paths  within 
the  ternary  phase  diagram , .  and discussed them  in relatiw 
to  the  fQEma@ion of membrqnes, 
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Equation  (11)  has  been  derlved  using  the  steady-state 
condition  (9). In our  view  this  condition  can  not  be  ap- 
plied  to  this  diffusion  problem.  The  use of it  neglects' 
the  initial  condition (5 )  and  therefore  does  not  satisfy 
the mass conservation  law. 
To  make  this  point  clear,  the  following  example,is con- 

sidered.  Equations ( 3 )  are  rewritten  as 

Equation (12) together  with  the  steady-state  assumption 
and  one of the  :boundary  conditions  yields  the  concentra- 
tion  profiles @l (m,t): and $2 (m,tj;.,. Since  there  is  no 
analytical  solution  for  the  coupled  differential  equation 
(12) f we  represent  the  solktion  as  follows: 

In this  way  .and 9, are expressed as functions of all 
these  parameters.  With  respect  to  time t = O the  change  in 
nonsolyent  and  solvent  ,content  per  unit  area of membrane . 

at time t = tl  is,  respectively , 
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and 

md(tl) AV2 = 

O 

On  the  other  hand,  the  concegtration  distribution  as  des- 
cribed  by  eqs.(l3)  is  gene.rated  by  the  nonsolvent  and sol- 
vent  fluxes  through  the  interface, so the  quantities  AV, 
and Av2 must  be  equal  to - oJtl J1 (t)  dt  and - O Itl (t)dt, 
respectively,  where  Jl(t)/J2(t)' = c at  every  time,  and 
therefore 

Conpaxing  eqs.  (15)  and  (16) , we  'see that  this  condition 
is  not  fulfilled.  Equations  (15)  and  (16)  are  identical 
only  if  the  concentration  profiles  are  computed  under  the 

crjptiw the  ratio 4V,'/AV2, depends,  on  the  interactiQn 
parameters  that appem in  the  Plory-Huggins  expressions 
.far 'the  chemlcal  potentials. . 
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It has  been  poin-ted  out  above  that  the 9, VS! $2 curve, 
ca lcu la ted   wi th   the   a id  o€ eq. (11) and c h a r a c t e r i s t i c  
for  a c e r t a i n   r a t i o  o ( s e e  Fig. 2) , cannot   give  the  correct  
concen t r a t ion   d i s t r ibu t ion   i n  a f i lm which is  s u b j e c t   t o  
a nonsolvent-solvent  exchange  with  'the ,same r a t i o  a. The 
,consequence i s  that   the   composi t ion  paths  drawn i n   t h e  
ternary  phase  diagrams by Cohen, Tanny, and  Prager.  are 
not   val id .   This   can  be  i l lustrated by two pecu l i a r . f ea -  
tures of the  composition  paths shown in   F igu res  -3-.5 of 
their   paper   and  a lso  in   our   Figure 3. Figure 3 has  been 
taken f'rom the  thesis of Altena Ell], who used i n   E q . ( l I )  
the  following  expressions €or the  chemical   potent ia ls  [ l o l :  

(a) (b) 

Fig. 2. Concentration profiles : (a)  concentration  distribution  in  a 
cast polymer film, when the  diffusion boundary  has reached m (b) 
s teady-s ta te  concentration  distribution in  a  sheet  with  thiceiess md. 
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The chemical p t e n t i a k  axe expzessed per mole o f  segments, 
one mole of segments h a v b g   t h e  same volume as one mole of 
species 1. The x i j  parameters   are ' the  interact ion  para-  
meters of  compsnents.i  and j ;  s and r are vl/v and 
v1/v3, t he   r a t io s   o f   t he  molar  volumes. 

2 

From Figure 3 it can  be  seen  that (i) the  locat ion  of  
the,composition  path a t  a cons t an t   r a t io  0 depends  on the  
thermodynamic propert ies  of the  system  and  that  (ii) the  
average polymer content  does  increase  for G = -1. 

Although the  interact ion  parameters  w i l l  have some in- 
f luence  Qn  the  concentrat ion  dis t r ibut ion,  it i s  clear 
that   the   average change i n  composition in   the   f i lm  should  
be  salely  determined by the  f luxes J1 and J2. Further- 
more, it i s  obvious t h a t   i f  G = -1, i.e. , ,*,.if the volume 
of  solvent  leaving i s  replaced by an  equal volume of non- 
solvent  entering,  the  average polymer concentration 
should  remain  constant.   In  fact ,   the l a t te r  has  been 
s t a t e d   i m p l i c i t l y  by Cohen', Tanny,  and Prager  themselves 
i n  derfvlng  their   eq.  ( 1 0 )  1 6 3 .  This  equation,  the re- 
$ u l t  af t h e  mass ba lance   in  t i m e ,  reads 

I f   t h e   r a t i o  0 has  the  value -1, which means J + J2 = O ,  
th is   equat ion  implies   that  FT.= ,$3.. C 1 

Since  eq. (1%) cannot  be  applied  to  our  diffusion  pro- 
blem, w e  have to  r e tu rn   t o   eqs .  ( 3 )  and ( 4 )  , which  des- 
c r i b e . t h e   d i f f u s i o n  phenomenon together  with  the  condi- 
t i ons  ( 5 )  - ( 7 )  . The use of boundary.  condition ( 6 )  presumes 
equilibrium between. the  nonsolvent  bath  and  the  f i lm  sur- 
face,  Xn case the  bath fs not  wel ; i  s t i r r e d ,  Cqhen, Tanny, 
w d  Prager suggest . .  the use of f i n ' i t e   t r a r p f e r   c o e f f i c i e n t s  
wAthAn a boundary layer, 'which w i l l  inf luence  the  surface 
concentrations. 
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polymer 

solvent nonsolvent 

Fig. 3. Composition paths f o r  various  values of G in the  ternary 
polymer/solvent/nonsoLvent system.  Parameter  values: s = 0.2; 

The  binodals $or liquid-?i.quid  phas'e separation  have been calculated 
E = 0.002; X I  = 1.5,  x2 = 0.0 and xI2 = 1.0  (-) or x12 = 0.0 (---)e 

c11,127. . 

In  our opinion,  even if the re  i s  n9 cPncentràtion  gra- 
d i e n t   i n   t h e   b a t h ,   t h e r e  w i l l  be  another  resistance t o  t h e  
mass t ranspor t ,  i.e., the   r e s i s t ance   i n   t he   f i lm/ba th   i n -  
t e r f a c e   i t s e l f .  Thus,  eq. (6) is replaced by 

LI and L2 a re   the   permeabi l i ty   coef f ic ien ts  for nonsolvent 
and  solvent i n  the   in te r face .  The poten t ìa l   d i f fe rence  hpi 

i s  t he   d i f f exence   a t   t he   i n t e r fqce ;  

AVi  = pi 
p cas t ing   so lu t ion ,  m = O ( @ 1 , @ 2 )  

pi., coagulation bath, m = O ('l''2) 
c 
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The volume fract ions af nonsOlvent and so lvent   in   the   ba th  
are vl and v 2 ,  We have  used similar re la t ions   to   descr i .be  
t h e  volume f luxes  through  the  interface a t  the  f i rs t  in- 
stance of coagulation  fl31.  Equations  (3) - ( 5 )  , (7)  and 
( 1 9 )  together   descr ibe. the  diffusion  during immersion pre- 
c i p i t a t i o n  and  they  can  be  solved  numerically i n   o r d e r   t o  
y i e ld   t he   concen t r a t ion   p ro f i l e s   i n   t he  polymer f i lm  as 

a function  of time (see Appendix B f o r  a specific  example).  
Tn t h i s  way it i s  possible   to   evaluate   the  inf luence  of  
the  transport   parameters Li and D t h i s  work i s  i n  pro- 
gress.  From eq. ( 1 9 )  it can  already  be  deduced  that  the 
r a t i o  J1 ( 0 , t )  /J2 ( O  ,t) in   gene ra l  i s  not  independent  of 
time. In   our   op in ion   th i s  is very  irnpcxtant  with  respect 

i' 

to   the   format ion   of   asymmetr ic   s t ruc tures   in   the  f i l m  
C8,llJ. 

The mass conservation l a w  i s  applied t o  t h e   d i f f e r e n t i a l  
volume element shown in   F igu re  4. For the  accumulation  of 
species i w e  w r i t e  
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I 

I 
- 1  D 

Fig. 4 .  Differential  volume  element. 

APPEWDTX B 

J i  

The diffusion  problem  as  described by eqs. ( 3 ) -  (5) ,, ( 7 )  ,, 

and ( 1 9 )  has  been  solved for the   case  

Jl(O,t) = - J 2 ( 0 , t )  = constant  

This  boundary  condition  has  been  chosen  to  permit us t o  
compare t h e  computed concent ra t ion   prof i le   wi th   the  con- 
centrat ion  path  calculated  with  the  a id  of eq. (11) €or CT. 

= -I (see Fig. 3 ) .  The numerical  procedure  used is the  
NAG l i b r a r y   r o u t i n e  D03PGF C141 and the  parameters i n  t h e  
equations  had  the  following  values: 
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J 2 ( 0 , t ) '  =.  TO-^ n/s D2 = 5.10 m / s  -9. 2 

= 0.0001 C X12 = 0.0 

$: = 0 , 7 9 9 9  X13 = 1 ,5  

r = 0,002 

0.8 

0.7 

O O. 5 1 
distance ( 10-4 m 1 - 

a) 

P 

\ 
\ 
\ 
\ 
\ 
\ 

o /  / \ -  - O L \ 
O 20 40 

b) 

NS 

Fig .  5. Concentration p r o f i l e  (a) and concentration  path (b} calcu- 
lated  with  the  aid of eqs. ( 3 ) - ( 5 ) ,  (7), (19), and ( B I ) .  

The concent ra t ion   p rof i le  and the  concentrat ion  path a t  
time t = 0 . 1  s are displayed  in   Figure 5. 
From t h i s   f i g u r e  it appears t h a t  t he   ove ra l l  polymer  con- ' 

c e n t r a t i o n   i n   t h e  f i l m  has  not changed i n   t h e  case G = -1, 

as would be expected. 
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THE CONCENTRATION  POLARIZATION  PHENOMENON IN 
ULTRAFILTRATION 
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CHAPTER 7 

FLUX LIMITATION IN ULTRAFILTRATION: 
OSMOTIC PRESSURE MODEL AND GEL LAYER MODEL 

J . G .  Wijmans, S. Nakao* and C.A. Smolders 

SUMMARY 

The  characteristic  permeate  flux  behaviour in ultrafiltration,  i.e. 
the  existence  of a limiting  flux,  which  is  independent  of  appïied 

pressure  and  membrane  resistance  and a linear  plot  of  the  limiting 

flux  versus  the  logarithm of the  feed  concentration,  is  explained  by 

.the  osmotic  pressure  model. In the  mathematical  description  presented 
here, a quantity AII.n/(R .k) is  introduced  which  is  the  ratio  of  the 
resistance  caused  by  the  osmotic  pressure  and  the  resistance  of  the 

membrane  itself. For high  values  of  this  quantity (>19) the  flux  is 
practically  limited  by  the  o'smotîc  pressure. 

m 

Factors  leading  to.  high  values of the  quantity AII.n/(R .k) are  dis- m 
cussed  and  it  is  concluded  that  in  the  ultrafiltration  of  medium  mo- 

lecular  weight  solutes (10 , O00 to 100,000 Daltons)  osmotic  pressure 
limitation ' i s  more  likely  than  gel  layer  limitation. 

'Present'address:  Institute of Industrial  Science,  University  of  Tokyo, 
' 7-22-1 Roppongi,  Minatoku,  Tokyo 106, Japan. 
This  chapter  has  been  published  in J, .Membrane  Sci,, 20 (1984) 115 
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INTRODUCTION 

U l t r a f i l t r a t i o n  is  a pressure  dr iven membrane process by 
which  macromolecülar so lu t e s  are separated from the   so l -  
vent .   In   ac tua l   appl ica t ions  the permeate  flux  increases 
less than   l inear ly   wi th   the   p ressure   d i f fe rence .over  the 
membrane, and it is  always smaller than  the  pure  solvent 
f lux.  A t  higher  pressure  differences  the  permeate  f lux is 
no lonqe r   s ign i f i can t ly   a f f ec t ed  by the   p ressure   d i f fe r -  
ence: it levels   off   to   a lmost   constant   values .   This  con- 
s t a n t   f l u x  is called ' l imi t ing   f l ux '  and it is  independent . 

of membrane res i s tance .  Under unchanged mass . t ransfer  con- 
di t ions  only  the  feed  concentrat ion is an  important  varia- 
b l e ,  and a l inear   re la t ionship  can  be  obtai ized  in  t h ~  p l o t  
of the   l imit ing  f lux  versus   the  logari thm of the  feed co+ 

. .  

cent ra t ion .  
These. c h a r a c t e r i s t i c  phenomena hàve  been  explained by the 

ge l   l aye r  model C1,21. In addi t ion to t h i s  model another 
mechanism for   f lux  l imitat ion,   the   so-cal led  osmotic   'pres-  
sure  model,  has  been  proposed C3,41. Since  the  osmotic 
pressure model has  received more and more a t t e n t i o n  re- 
cent ly  C5,61 it is  ve ry   i n t e re s t ing   t o   i nves t iga t e   whe the r  
t h i s  model i s  capable ofi predict ing  the  complete   f lux be- 
haviour.  This is  the a i m  o€ the   p resent  work, 

THE GEL LAYER MODEL C 1,2 J 

The concent ra t ion   o f   the   so lu te  a t  t h e  membrane surface,  
c is much higher  than that in   t he   bu lk   so lu t ion  due t o  
concentration  polarization.  assuming a re jec t ion   of  100% 

m' 

and neglec t ing   the   in f luence   o f   concent ra t ion   prof i le  and 
permeate  flux on t h e  mass t ransfer   co .e f f ie ien t ,  k, t he  
fo l lowing   re la t ion   for  cm is obtained C2 J 

cm = cb .e- (J/k) 



where cb is the  bulk  concentration and J i s  the  permeate 
f lux.  The concentration c increases  rapiüly  with  the  per- 
meate flux  reaching a concentration c where t b  solu t ion  
is n o t   f l u i d  anymore. The thus formed ge l   . l ayer  a t  the  mem- 
brane  surface  has a hydraul ic   res i s tance  which reduces.  the 
permeate. f lux   to   such   an   ex ten t   tha t :  

m 
g' 

J, =. k . l n ( c  /c ) 
g b  

where J, i s . t h e   l i m i t i n g   f l u x   i n   u l t r a f i l t r a t i o n .   S i n c e  
the  gel   concentrat ion is assumed t o  be constant ,  eq., ( 2 )  

p red ic t s  a l i n e a r   p l o t   f o r  J, versus  ln(cb)  with a s lope 
equa l   t o  -k; ex t r apo la t ion   t o  J, = O w i l l  y i e l d   t h e   l n ( c  ) 

value. It a l s o   p r e d i c t s   t h a t  J, is not a function of t h e  
membrane res i s tance  as. long as the   re jec t ion   va lue  is con- 
s t an t .  

g 

In   p rac t i ce  it appears  that  eq. ( 2 )  is very  useful i n  
correlat ing  experimental   l imit ing  f luxes C2,71, bu t  i t  al- 

so has  been shown that  the  information  obtained on g e l .  
concentrations is  no t   r e l i ab le .  For iden t i ca l   so lu t ions  , 

different   authors   f ind  widely  varying  ,values   for  c C81 
and these  values sometimes are too low (so lu t ions  a t  t h a t  
concentration  being s t i l l  f lu id)   o r   too   h igh  (c values 
found by extrapolation  exceeding 1 0 0 % )  . 

g .  

g 

THE OSMOTIC PRESSURE MODEL [3,41 , ' 

The concentration cm is s igni f icant ly   h igher   than   the  
bulk  cóncentuation and therefore  the  osmotic  pressure of 
the   so lu t ion  a t  t h e  membrane surface is no longer  .negli- 
g ib le .  The ,permeate f l u x  i s  governed i n   t h i s  case by: 
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where AP is  the   hydraul ic   p ressure   d i f fe rence ,  AIT is t h e  
osmotic  pressure  difference and R is the  membrane resis- 
tance.  Again a re jec t ion   of  100% is  assumed  and i n   t h a t  
case the  osmotic   pressure  difference i s  determined by the  
concentration a t  t h e  membrane surface,  cm. 

m 

When the   appl ied   p ressure  is increased  the  permeate  f lux 
w i l l  a t  f i r s t   i nc rease ,   Th i s   r e su l t s   fn  a h igher   va lue   for  
c and  thus i n   a . l a r g e r   o s m o t i c   p r e s s u r e ,   I n   t h i s  way the  
pressure  increase is par t ly   cance led  by the  osmotic  pres- 
sure   increase .   I f  AII increases  rapidly  with  the  permeate 
f lux ,   t he   i nc rease   i n  AP may lead   to   on ly  a smal1, increase 
i n   t h e  permeate  flux. 

m 

MATHEMATICAL DESCRIPTION O F  THE OSMOTIC PRESSURE MODEL 

In   this   sect ion  the  mathematical   expressions which show 
the   charac te r i s t ic   f lux   behaviour  are derived, The osmotic 
pressure   d i f fe rence  of macromolecular.solutions r e l a t i v e  
to   the   pure   so lvent   increases  much more than   l i nea r ly  
with  concentration which  can  be  represented as follows: 

A I I  = a.c n 

where a i s  a constant  and  n an exponent  larger  than 1. D e s  

Gennes C91 has shown that  for  semLdilute  macromolecular 
so lu t ions  n w i l l  have a value of about two. For more con- 

. cen t ra ted   so lu t ions   the 'exponent  is even  larger  than two 
c107. 

The osmotic  pressure  difference A l I  s t rongly  depends  on 
the  permeate  flux J s i n c e   t h e  latter determines  the con- 
cent ra t ion  cm, as is  shown by eq, (1). Thus eq. ( 3 )  can be 
rewr i t ten  as : 

n 
AP - a.cb.exp(n.J/k) 

J =  
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From eq. (5)  i t " i s  clear t h a t  J w i l l  no t   i nc rease   l i nea r ly  

with AP. For  the  derivative aJ/aAP we  f ind :  

n n  -1 - -  aap m - (R + a.cb .k . exp(n.  J/k) 

- 1 Anon -1 - -  (l + - Rm Rm. k 1 

and w e  see that   for   high  effect ive  osmotic   pressures   the 
inc rease   i n  J with AP is almost  zero. 

In  Figure 1 the   quant i ty  Rm.aJ /aAP is represented  as a 
func t ion   of . the .   quant i ty  An.n/(R .k). The physical meaning 
of these two dimensionless numbers is i l l u s t r a t e d  by the  
following  equations which both  can  be  derived  fromeg. ( 5 ) :  

m 

os A T h  1 O0 
R,. k 

FIGURE 1. Effectiveness of pressure  increase, %.aJ/aAP versus the 
ratio of osmotic  resistance  and  membrane  resistance, AlT.n/(Q.k). 
Derivative of permeate flux with respect to the logarithm of bulk 
concentration,  divided by the mass transfer  cqefficient, 
-4/k.aJ/aln(cb) versus the ratio AII.n/,(Rm.k). 

161 



Thus Rm.aJ/aAP is t h e   r a t i o  of the  s lope  of   the '   actual  J 

versus BP- curve and t h a t  of the pure  solvent   f lux J ver- 
sus AP curve. The latter s lope  is the  maximum s lope  which 
can  be  achieved, so Rm.8J/aAP 2s a measure fo r   t he   e f f ec -  
t iveness  of a pressure  increase.  Ail.n/(Rm.k) appears   to   be 
t h e   r a t i o  of the  resistance  caused by the  osmotic  pressure 

PS 

and the   r e s i s t ance  of t he  membrane i tself .  The Sumofthese 
two r e s i s t ances   cons t i t u t e s .   t he   ac tua l   t o t a l   r e s i s t ance ,  

as is  deduced  from eq- ( 3  : 

Figure 1 showsthat   the   bui ld  up of an  osmotic  pressure 
gradual ly   leads  to  a Limiting  flux. The effect iveness   of  
a pressure  increase becomes less and  one  can  define more 
or less a r b i t r a r i l y  a '1 imi t ing . f lux   reg ion ' .  I f  the  per-  
meate f l u x  is  supposed t o   b e  a l imi t ing   f l ux  when aJ / aAP 

is 5% or less of the  pure  solvent  permeabblity,   then  the 
condi t ion   for   f lux   l imi ta t ion  is read  from  Figure 1 t o  be: 

hIT,n > 19 
Km. k 

The second  important  feature, i.e. the.  permeate  flux as 

a function  of  bulk  concentration,  can also be  described 
by a der ivat ive.   After   rearranging and d i f fe ren t ia t ing   eq .  
(5) , one  obtains : 

= -k. (1 + 

= -k. (1 t 
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where Pè. = J/k is the  boundary layer  Pèclet number and 

J = AP/Rm i s  the  pure  solvent   f lux.  Eq. (11) shows t h a t  
a p l o t  of J versus   ln(cb)  w i l l  y i e l d  a s t r a i g h t   l i n e   w i t h  
a s lope   equa1 , to  -k whan J /J is large  and/or when the  

PS 
Pèclet number is large.  These two conditions  can be'com- 
bined  into one: .AII.n/(Rm.k) >> 1. In  Figure 1 the  quanti-  
t y  8J/31n(cb)  divided by -k is given as a function  of 
AII.n/(Rm.k). In   the   ' l imi t ing   f lux   reg ion '   the   s lope   o f  a 
J versus   ln (cb)   p lo t  is equa l   t o  -k within 5%. It  must be 
noted  that   the   absolute .value  of   the  actual   s lope i s  al- 

ways smaller than k. 

PS 

A t  high  values of t h e   r a t i o  AK.n/(Rm.k) the  permeate 
f lux  depends  only  sl ightly on the  membrane res i s tance  Rm. 

This  can  be  inferred from  eq. . ( 5 ) ,  presen ted   he re , in  a 
d i f f e r e n t  way: 

J . R  m + a.cg.exp(n.J/k) = AP ( 5 ' )  

When AK.n/(Rm.k) is la rge ,   the  term J . R m  i s  small compared 
t o  AII  and AP. I n   t h a t  case the  permeate f lux  is given by: 

which upon d i f f e ren t i a t ing   w i th   r e spec t   t o   In  (c,) y ie lds  a 
s lope   exac t ly   equal   to  -k. Eq. ( 1 2 )  is a l so   ob ta ined   for  
the  highly  hypothet ical  case of a membrane with no  hydro- 
dynamic r e s i s t ance  and with a perfect   solute   re jectLon.  

CALCULATED EXAMPLE OE' OSMOTIC PRESSURE EFFECT 

In  Figures 2 and 3 t h e   r e s u l t s  of a model ca lcu la t ion ,  
using  eq. (5 ) , are given. The parameters are chosen t o   b e  
c h a r a c t e r i s t i c   f o r  a typ ica l   u l t ra f i l t ra t ion   exper iment :  
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n = 2  

a = 100 atm 
= 5. 105 a t m . s / m  

k = 2. 10-6 m/s  

AP = O t o  10 atrn 

a macromolecular so lu te   wi th  Mn = 

70,000 
AII = I atrn at. weight fraction 7 O -1 

a membrane having a rno.lecular 
weight  cut-off  of  about 40,000 
tu rbulen t  f low ( R e  = 5,  O O O )  , d i f -  
fus ion   coef f ic ien t  of so lu t e  = 

5.10-” m 2 / s  

cb = 0.0001 t o  0 . 1  weight  fraction 

20 

15 

- 
v) 

E 

‘f I0 
O 
Y 

7 

5 

O 

I f 

O 5 I0 
AP [atm I 

FIGURE 2. Calculated  permeate flux as a funceion of  applied  pressure.  
Numbers ident i fying each curve  indicate  bulk  concentration cb 



A s  is expeckéd the  effect iveness   of   pressure  increase 
becomes gradually less for   higher   appl ied  pressures  and 
higher  bulk  concentrations,  and  the  permeate  fluxes de- 
crease with  +creasing bu1.k concentrations,  see Figure 2 .  
Most commercial u l t r a f i l t r a t i o n  membranes possess a mem- 
brane  resistance which is  smaller than  the  value  of 5.10 
a t m . s / m  used in   ou r   ca l cu la t ion .  A s  w i l l  be clear from 
the  analysis  given above, smaller values   for  Rm l e a d   t o  a 
more pronounced  osmotic  pressure  effect, i.e. f l u x  l i m i -  
t a t i o n  a t  lower  applied  pressures. 

5 

In  Figure 3 t he  permeate f lux  is p lo t t ed   a s  a function 

of cb f o r  two different   appl ied  pressures .  It is clear 
that   for   high  bulk  concentrat ions,   that  i s  for  high  values 
of Anon/ (Rm.k) , the  slope  aJ/aln(cb)  approaches -k (see 
broken l i nes   i n   F igu re  3 ) .  For low bulk  concentrations J 

approaches the  pure  solvent  f lux.  The in t e rcep t  a t  the J = O  

0.0001 o. O01 Q01 
cb fraction 1 

0.1 1 

FIGURE 3. Permeate  flux J as a  Eunction of bulk concentration  for two 
pressures: AP = 5 and AP = €0 atm. 
4 ’ : pure  solvent fl- 

: ultrafiltration flux . . slope = -k -------- . 
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I I I 

FIGTJRE 4 .  Permeate flux J as a function of applied  pressure AP for two 
dif felcent feed  concentrations  and three different membrane permeabi- 
lities. n = 2; a = 100 atm; k = 2. 10e6 m/s. ------- : pure solvent flux 

: ultrafiltration  permeate flux 
-e-.-.-. : permeate f lux calculated with eq. ( 12) 

axis   gives   the  bulk  concentrat ion for which An = APO I n  
this   respect   the   osmotic   pressure  model .deviates  from the  
g e l   l a y e r  model which predicts  an  intercept  not  depending 
on AP. 

\ 

Figure 4 i l lustrated  the  diminishing  importance of the  
membrane resis’tance Rm as the  osmotic  pressure  increases.  
For high  osmotic  pressures,  the.  actual  permeate  flux ap- 
proaches the permeate  flux of the ‘ idea l ’  membrane as des- 
cr ibed by eq- (12)- 

o 5 10 ” 15 
AP [atm I 
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DISCUSSION AND  ONC CL US IONS 

It has  been shown that  the  osmotic  pressure model i s  
capable  of  explaining  the most important  features  of  the 
permeate f lux   behaviour   in   u l t ra f i l t ra t ion .   This  is con- 
firmed  with  the model ca lcu la t ion  and it can  be i l l u s t r a -  
t ed  by experimental  data C4,lll. Goldsmith C41 showed t h a t  
under  circumstances  where no g e l   l a y e r  i s  expected, i. e. 

a low molecular  we'ight  polyethylene  glycol (En = 15,500 
Daltons) as the   so lu t e  and the  concentration cm smaller 
than 1 0 %  by weight, '   an  almost  l imiting  f lux can  be  obtain- 
ed   i n  which case the  J versus   ln (cb)   p lo t  is l i n e a r   f o r  a 
given  pressure AP, Vilker Q - t  aZ. C111 concluded  from os- 
motic  pres'sure measurements  and u l t r a f i l t r a t ion   expe r i -  
xen t s   t ha t   t he   pe rmea te   f l ux   i n   t he   u l t r a f i l t r a t ion  of 
bovine  serum  albumine is l imi ted  by the  osmotic  pressure. 

The predictions  of  the  osmotic  pressure model are prac- 
t i ca l ly   equiva len t   to   those   o f   the   ge l   l ayer  model. Two 
differences are: i) the  osmotic  pressure model does  not 
p red ic t  a fu l ly   l imi t ing   f l ux  and ii) con t ra ry   t o   t he   ge l  
layer  mode1,the  osmotic  pressure model explains  the  devi- 
a t ion  of the  permeate  flux from t h e  p.ure so lvent   f lux  a t  
l o w  pxessures . A t  high  pressure  differences,   the  depend- 
ency  of t h e  permeate f l u x  on the   p ressure   d i f fe rence  de- 
creases gradually.   Eventually  this .dependency becomes so 
small t h a t  it is hidaen.within  the  experimental   error.  

The analogous  result   obtained from both models makes it 
v e r y   d i f f i c u l t  t o  conclude  from  experimental  data which 
mechanism is ac tua l ly   i n   ope ra t ion .  A poss.ible answer may 
come from analyzing  the  intercept  a t  the  J = O a x i s , i n  
the  J -versus  In (cb) p lo t .  According t o  the  two mechanisms 
discussed,   there  are two p o s s i b i l i t i e s :  i) the   concentra-  
t i on   t hus  found  has  an  osmotic  pressure  nearly  equal  to 
the  appl ied  pressure  difference  or  ii) it is. reasonable on 
physical  grounds to   des igna te   th i s   concent ra t ion  as t h e  
gel   concentrat ion.  . .  

It is also p o s s i b l e   t o  examine the   p robabi l i ty  of  os- 
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motic   pressure  l imitat ion by evaluat ing  the  value  of   the 
r a t i o  AR.n/(Rm.k). I n   t h a t  case da ta  on  mass t r a n s f e r  co- 
e f f i c i e n t  and  osmotic  pressure must be  available.  See 
Table 1 for   values   of  AR.n/(R,.k) i n   t h e  model ca l cu la t ion  
displayed  in  Figure 4. 

TABLE 1 

AR.n/ (Rm.k) 

5 c = 0.0003 b c = 0.03 
( 10 a t m .   s / m )  

b 

O 
1 
5 

10 

co 

86.22 
7.12 
O. 17 

co 

95.30 
15.54 
5.83 

W e  w i l l  summarize here   the  - factors  which  lead t o  .a high  val- 
ue  of t h i s   r a t i o :  

a high  permeate  flux, i.e. a high  applied  pressure or a 
low  membrane res is tance ; 
a high  feed  concentration; . 

a l o w  mass t r ans fe r   coe f f i c i en t s ,  i.e. a l o w  degree of 

mixing  near  the membrane su r face   o r  a small d i f fus ion  
coe f f i c i en t  of t he   so lu t e ;  
a high  exponent  n, i.e. a macromolecular  solute; 
a high  value  of  the  constant a, i .e. a.low  molecular 
weight of t h e   s o l u t e  (which w i l l  be counteractive 
through  the  diffusion  coefficient  and  the  exponent  n). 

From t h e s e   f a c t o r s . i t  can   be   concluded   tha t   in   u l t ra f i l -  
t ra t ion  using  solutes   with  molecular   weights   in  medium 
(l0,OOO t o  100,000 Daltons)  and  high (> 100,000 Daltons) 
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ranges  the  permeate  flux may be  l imited by osmotic  pres- 

sure.  There are two addi t ional   considerat ions:  il t he  con- 
cent ra t ion  cm of a high  molecular  weight  solute must be 
very  high  to  give  effective  osmotic  pressures and iil the  
gel   concentrat ion of a high  moleculat  weight  solute w i l l  
be low. These considerations make ge l   l aye r   l imi t a t ion  
more l ikely  in   ul t raf i l t ra t ion  using  high  molecular   weight  
so lu t e s ,  whereas  osmotic  pressure  limitation i s  expected 
i n   u l t r a f i l t r a t i o n   u s i n g  medium molecular  weight  solutes. 
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SYMBOLS 

a 
C 

'b 

C 

C 
g 
m 

J 

J 

k 

Mn 
n 
Pè  

R e  

Rm 

PS 
- 

constant  defined by eq. ( 4 )  ( a t m )  
solute   concentrat ion  (weight   f ract ion)  
solute  concentration  in  bulk  of  feed  (weight  frac- 
t i on )  
gel   concentrat ion  of   solute   (weight   f ract ion)  
solute   concentrat ion a t  membrane surface  (weight 
f rac t ion)  
u l t r a f i l t r a t i o n  permeate f lux ( m / s ) ,  
pure  solvent  , f lux (m/s) 
mass t r ans  f er coe f f i c i en t  ( m / s  ) 
number averaged  molecular  weight  (Dalton) 
exponent  defined by eq. (4') 
Pèclet number 
Reynolds number 
membrane r e s i s t ance  ( a t m .  s / m )  
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AP hydraul ic   pressure  difference ( a t m )  
An osmotic  pressure  difference ( a t m )  
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CHAPTER 8 

HYDRODYNAMIC  RESISTANCE OF CONCENTRATION 
POLARIZATION  BOUNDARY  LAYERS IN ULTRAFILTRATION 

J.G. Wijmans, S. Nakao*, J.W.A. van  den  Berg, F.R.  

Troe ls t ra  and C.A. Smolders 

SUMMARY 

The  influence  of  concentration  polarization  on  the  permeate  flux in 
the  ultrafiltration  of  aqueous  Dextran  T70  solutions  can  be  described 

by i) the  osmotic  pressure  model  and ii) the  boundary  layer  resistance 
model.. In  the  latter  model  the  hydrodynamic  resistance of the  non- 

gelled  boundaxy  layer  is  computed  using  permeability  data  of  the  Dex- 

tran  molecules  obtained  by  sedimentation  experiments.  It  is  shownboth 

in  theory  and  in  experiment  that  the  two  models  are  equivalent. 

INTRODUCTION 

In  membrane f i l t ra t ion  processes   the  permeate   f luxes  are  
smaller than   the   pure   so lvent   f luxes   in   p rac t ica l ly ,  a l l  
cases. A number of phenomena has 'been  suggested  to  account 
fo r ' t h i s   f l ux   r educ t ion :  i) a decrease of the  hydraul ic  
dr iv ing   force  by an  osmotic  pressure, iil the   res is tance  of  

*Present.  address : Institute  of  Industrial  Science,  University of Tokyo, 
7-22-1 Roppongi,  Minatoku,  Tokyo 106, Japan, 
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the  concentration  polarization  boundary  layer,  iiil t h e  re- 
s i s t ance  of a ge l   l aye r ,  i v )  an   increase   in   mehrane  resis- 
tance by plugging of the  pores  and v )  the   res is tance  of   an 
adsorption  layer.  When t h e  membrane  shows a pe r fec t  or al- 
most per fec t   re jec t ion   of   the   so lu te (s )   p lugging  of the 
pores w i l l  be   negl ig ib le  and €or many nonprotein  solutes 
adsorption a t   t h e  membrane surface i s  prac t ica l ly   absent .  
W e  w i l l  therefore   concent ra te   in   th i s   paper  on t h e   f i r s t  
t h ree  of the phenomena mentioned  above. 

Theoretical   considerations w i l l  show t h a t   i n  most u l t r a -  
f i l t ra t ion   separa t ion   processes   the  phenomena (i) (osmotic 
pressure)  and (i;) ( resis tance  of   concentrat ion  polar iza-  
t i o n  boundary l aye r )  are equivalent.  This is checked by 

ul t raf i l t ra t ion  experiments   with  Dextran T70 solut ions.  The 
r e s i s t ance  of the  concentration  polarization  boundary  layer 
( ca l l ed  boundary  layer  from’now  on) is calculated  with  the 
help OE the   solvent   permeabi l i ty  af the  Dextran  molecules. 
Following  Mijnlieff  and  Jaspers C 1 7  th i s   permeabi l i ty  is 
determined by sedimentation  experiments. 

THEORY 

Maaa baRance i n  ;the bouncfaky Rayetr 

Due t o   t h e   r e j e c t i o n   o f   t h e   s o l u t e  a t  t h e  membrane Sur- 
face the so lu te   concent ra t ion   near   tha t   sur face  w i l l  in- 
crease. A s  a r e s u l t  of , the  concentrat ion  gradient  so  gene- 
rated, solute  molecules w i l l  d i f fuse  away from t h e  mem- 
brane  surface.   In  a cross  flow membrane f i l t r a t ion   p rocess  
a steady state is reached when the  convection of so lu t e  
molecules  towards  tfie membrane is equal t Ó  the d i f fus ion  
of solute  molecules  back  to the bulk  of the so lu t ion ,  see 
Figure I. When 
l u t e  molecules 
equal   to   zero.  

t he   r e j ec t ion  of t h e   s o l u t e  is 1 0 0 %  the  so- 
have a v e l o c i t y   r e l a t i v e   t o   t h e  membrane 
In  a so lu t e   f i xed  or membrane fixed  frame 
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FIGURE 1. Schematic  representation of the  polarization  phenomenon in 
a cross flow system. V is the  axial  bulk  velocity  and 8 is the boun- 
dary layer  thickness. 

of  reference  the  diffusion  equation  for  the  solvent  reads:  

c U = -D1 dcO 
O 0  dx 

where co is the   so lvent   concent ra t ion .   in  g/ml, U i s  the  
so lven t   ve loc i ty   r e l a t ive   t o   . t he  membkane, D is the  mutual 1 o .  

d i f f u s i o n   c o e f f i c i e n t   i n   t h e   s o l u t e   f i x e d  frame  and x i s  
the coordinate'perpendícuïar t o   t h e  membrane surface.  The 
subscr ip t  O r e f e r s   t o   t he   so lven t ,  whereas the   subscr ip t  1 

w i l l  r e f e r   t o   t h e   s o l u t e .  The d i f fus ion   coe f f i c i en t  i s  ge- 
neral ly   def ined and  measured within a mean-volume-velocity 
f ixed frame  of re ference .   I f  w e  denote  the l a t te r  d i f fus i -  
v i t y  as D,  t hen ' t he   fo l lowing   r e l a t ion   ex i s t s  ( 2 ) :  

Since  co.vo. f cl.vl = 1, where v i s  the   spec i f i c  volume i n  
ml/g w e  'have: 
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dcO 

and 

(1) 

since  the  permeate  flow J = co.vo.Uor w e  rewrite eq. 
as : 

V 

Equation ( 4 )  i s  t h e  well-known concentrat ion  polar izat ion 
equation  and  the  derivation  given above c l e a r l y  shows t h a t  
the   d i f fus ion   coef f ic ien t   to   be   used   in   th i s   equa t ion  is 
tne volume f ixed   coe f f i c i en t  D. 

Application of t h e   f i l m  model f o r   t h e  mass t r ans fe r   nea r  
t he  membrane surface  gives  the  boundary  conditions  for  eq.  
( 4 )  : 

x = o  ; - cb 
m 

- 

x = d  ; c l = c  

The boundary layer   thickness  d is the  quot ient   of  D and the 
mass t r ans fe r   coe f f i c i en t  k. The value of t he   d i f fus ion  co- 
e f f i c i e n t  depends  on concentration.and  hence it w i l l  vary 
over  the  boundary  layer  thickness  and  an  averaged  value  for 
D must be  used.  Integration of eq, ( 4 )  under  the  condition 
t h a t  Jv is  constant  (steady state) y ie lds :  

. m  c = cb. exp (J /k) 
V 

Up t o   h e r e ,  w e  have  evaluated  the m a s s  balance of t h e  
boundary  layer.   In  the  stationary  boundary  layer  there is 
a l s o  a force  balance: the ne t   force '   ac t ing  on  each  parti- 
cle is  zero, The solute   molecules   in  the boundary  layer 
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are s u b j e c t   t o  a 'thermodynamic force   d i rec ted   to   the   bu lk  
of t he   so lu t ion  due to   t he i r   g rad ien t   i n   chemica l  poten- 
t i a l .  The force  balance  implies  that   the  drag  force  exert-  
ed by the  solvent  f low on the  solute  molecules  per gram of 
so lu t e ,  Fl, is  e q u a l   t o  

where p i s  the  chemical  potential   per gram, pc i s  the con- 
cen t r a t ion   pa r t  of the  chemical  potential  and P is the  hy- 
draulic  pressure.   In  eq.  ( 7 )  it is assumed that   only con- 
cent ra t ion ,and   pressure   g rad ien ts  are p resen t   i n   t he  boun- 
dary  layer. ' The' balance of the   d rag   forces   y ie lds   for   the  
drag  force  exerted by the  solute  molecules on the  solvent  
flow per  gram solvent ,  Fo: 

cO.FO f cl.F = O 1 ( 8 )  

This  drag  force, Fo, i s  balanced i n   t u r n  by the   force  due 
t o   t h e  chemical  potenti .al   gradient  of. the  solvent,  so: 

The  Gibbs-Duhem 

C 
CO*dl-l() f Cl.dPl. 

C 

re la t ion   reads  : 

= o  

and i n s e r t i n g  eq. ( 7 )  and ( 9 )  i n  eq. (8)  and applying  eq. 
( 1 0 )  w e  obtain:  

co.vo . dP f c l.vl .dx dP - - 0 

From eq. (11) it is clear khat 
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which means t h a t   i n   t h e  boundary  layer there i s .no   p re s su re  
drop. The solvent  f low is s u b j e c t   t o  a hydrodynamic bounda- 
ry layer   res i s tance   bu t  ' the   energy  diss ipat ion  in   this   lay-  
er is  exac t ly  compensated by the  decrease  in   the  chemical  
po ten t i a l  of the  solvent   due  to  i t s  concentration  gradient.  
Eqs. (8)  and (12)  are   val id   only  i f   the   complete   boundary 
layer   has   the   p roper t ies  of a Newtonian fluid.   Viscoelas- 
t i c  behaviour  in  the  boundary  layer  or  formation of a g e l  
layer  w i l l  g ive r i z e  t o  a pressure  drop  outs ide  the mem- 
brane o 

D e  jmek C3 I w a s  t h e   f i r s t   t o   a n a l y z e   t h e   f o r c e   b a l a n c e   i n  
a concentrat ion  polar izat ion  layer ,   but   he   did  not   reach 
the  conclusion  that   the  pressure  drop  in  the  boundary  lay- 
er i s  zero, Wales C41 showed clearly- t h a t  dP/dx = O using 
an  approach somewhat d i f f e r e n t  from the  one  given by us. 
Wales restricts his  analysis  to  laminar  boundary  layers.  
In   h i s   op in ion ' t he re  i s  no assurance   tha t  dP/dx = O i n t u r -  
bulent  boundary  layers  where  next  to  molecular  diffusion 
a l s o  eddy ä i f fus ion  is  operative.   Contrary  to  this  view, w e  
t h i n k   t h a t   a l s o   i n   t u r b u l e n t  flow  systems  the  pressure  drop 
i n   t h e  boundary l aye r  is zero. W e  have two arguments f o r  
t h i s :  i) i n   t he   ana lys i s   g iven  above no d i f fus ion   coef f i -  
c i e n t  was used,  and ii) i n  the f i l m  t heo ry   fo r  mass t rans-  
fer the boundary l aye r  is  evaluated as a s tagnant   layer  
with a thickness 8 , which is determined  by  both the mole- 
cu la r  and the  eddy d i f f u s i v i t y ,  

The boundary l a y e r   i n   u l t r a f i l t r a t i o n  can  be  seen  as a 
stagnant,  concentrated  polymer  solution  through  which  the 
solvent  permeates. For polymer  concentrations  exceeding  the 
'overlap'   concentration, where the   ind iv idua l  domains of 
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the  polymer  molecules  touch  each  other,  the  solvent mole- 

cules  have t o  flow  through  the polymer co i l s .   I n  more di-  
l u t e   so lu t ions   t he   so lven t  flow takes  place  mainly  around 
the  polymer co i l s .  According to   Mi jn l i e f f  and Jaspers  C11 
the  permeability  of  such a s tagnant  polymer solution  can 
be   ca lcu la ted  from a to ta l ly   d i f fe ren t   exper imenta l   s i tua-  
t ion:  sedimentation  in an ana ly t i ca l   u l t r acen t r i fuge   ce l l .  
This  follows from t h e i r   a n a l y s i s  of the  f low  equations  for 
sedimentation  and  permeation  and  they  have  obtained: , 

Q o - S  

p = Cl. ( l-v  /v ) ( 1 3 )  1 0  

where s is the  sedimentation  coefficient  of  the  polymeric 
so lu t e  and no i s  the  dynamic v i scos i ty  of the   so lvent .  The 
permeabili ty p has  been  defined by Darcy C51 and remember- 
i n g   t h a t   i n   t h e  boundary layer  the  osmotic  pressure  gradi-  
e n t  i s  the   d r iv ing   force   for   the   so lvent   f low,  see Figure 
2 ,  w e  have: 

- dll 
J v - $ = d X  

O al 6 

FIGURE 2. Gradients of pressure (a)  and  chem&cal potential (b) in and 
near the  membrane in an ultrafiltration process. 
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In tegra t ion  of eq. (14) over   the  thickness  of the  boundary 
l aye r   y i e lds  : 

Jv - 
- "b I 

where ABhl i s  the  osmotic   pressure  difference  over   the 
boundary  layer. The permeabili ty depends  on ' the  concentfa- 
t ion   and   s ince   there  i s  a concen t r a t ion   p ro f i l e   i n   t he  
boundary  layer,  the  permeability w f l l  be a func.tion  of  the 
coordinate x. Thus, t h e  hydrodynamic res i s tance  of t h e  
boundary l aye r  , E& , is defined  as : 

In   the   p receeding   sec t ions  we have shown that   a l though 
the  boundary l aye r  i s  responsible   for  a hydrodynamic re- 
s i s t ance ,  there is no drop in   hydraul ic   pressure  over   the . 

boundary  layer.  According  to  Figure 2 there  are two d i f f e r -  
en t   bu t   equiva len t  ways to   descr ibe  . the   permeate  volume 
f lux  : 

and 

1 AP-ABL 

AP is appl ied   hydraul ic   p ressure ,d i f fe rence  and Rm is the  

178 



membrane res i s tance .  AUb and AUm are osmotic  pressure  dif-  

ferences due t o  d i f fe rences   in   the   chemica l   po ten t ia l :  

A re la t ion  that   can  be  obtained from eqs. ( 1 7 )  and  (18) is : 

Eq. ( 2 0 )  .is ident ical   wi th   eq.   (15)  and holds  for  every 
s teady-state  boundary layer .   In   contrast   wi th   the  eqs  . (17) 
and (18),   eq.  20 is no t   su i t ed   fo r   t he   ca l cu la t ion   o f   t he  
permeate f lux   s ince  it is  not  an  independent  relation. W e  

w i l l  r e t u r n   t o   t h i s   i n   t h e   f o l l o w i n g   s e c t i o n .  
I n  most u l t ra f i l t ra t ion   appl ica t ions   the   osmot ic   p res -  

sure   d i f fe rence  between the  bulk of the   feed   so lu t ion  and 
the  permeate w i l l  be  very small, so 

A U  << Anbl .and AUb <CAP and Anm = AUbl b ( 2 1 )  

According t o  eq. ( 2 1 )  w e  can rewrite eq. (18) as follows: 

. 1 -  AP 
J v E - .  

r10 IimfRb 1 

Eq. ( 2 2 )  represents   the  'boundary '   layer   res is tance '  model 
while  eq. (17) is the  representative  of  the  'osmotic  pres- 
sure '  model. They both  hold  for  a non ge l   po lar ized   ' s i tua-  
t ion.   If   gel   formation  does  occur,   the  resistance of t he  
ge l   l aye r  must be  added t o   t h e  membrane r e s i s t a n c e   i n   t h e  
equations (17) , (18). and ( 2 2 )  . It is emphasized h e r e   t h a t  
i f  one u.ses the  osmotic  pres,sure model,  one impl i c i t l y  as- 
sumes t h a t  dP/dx = O i n   t h e  boundary layer .  
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Comparing eq. (4)  with  eq,  (14)  w e  see t h a t   t h e r e  must 
e x i s t  a relat ionship  between  diffusivi ty ,   permeabi l i ty  and 
t h e  dependency  of the  osmotic  pressure on concentration. 
The r e l a t i o n  between  sedimentation  and  diffusion i s  given 
by the  Svedberg  equation  (6) : 

s .c, dpy 

H e r e ,  p is the  densi ty   of   the   solut ion (p =' Co $- Cl).- With 

the  help  of  eqs.  (10) and ( 1 9 )  and  using 

w e  obtain 

Substi tution  of  eq.   (13)  into  eq.  (25) y ie lds :  

This   re la t ion between d i f f u s i v i t y  and permeabili ty makes 
the  equations (4)  and (14) equvalent. M i  j n l i e f f  and  Jaspers 
[r 11 previous ly   po in ted   ou t   tha t   there  is one b a s i c  phenmne- 
nologica l   re la t ion  which describes  permeation,  sedimenta- 
t i o n  and diffusion,  and  equation (26)  is t h e   r e s u l t   o f   t h i s  
connection. The interdependency-  of  permeability  and  diffu-, 
S ion   coef f ic ien t  has a l so   been   inves t iga ted  by  McDonnell 
and  Jamieson 171. The expression  obtained by them differs 
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from our  equation ( 2 6 )  by a f a c t o r  p.vo,  which or ig ina tes  
from the '   f ac t   t ha t   t hey  have  used  the  diffusion  equation 
of   the  mass f ixed  reference Erame ins tead  of t he  volume 
f ixed  reference frame. 

EXPERIMENTS 

The u l t r a f i l t r a t i o n  experiments were ca r r i ed   ou t  in a 
thin  channel cel l  using  solutions  of  Dextran T70 (Pharma- 
cia, Mn = 3,6,200 and MW = 70,300) i n  water ( u l t r a f i l t r a -  
ted,  demineralized) as the  feed. The cell  has  an  effective 
membrane width  of 60 mm and a channel  height  of 5.9 mm. 
The  membrane area length is 100 mm and the  length  of   the 
entrance  region i s  250 mm. The  membranes used are Kalle 

Polysulfone membranes of  the  Nadir  type. The experimental 
setup i s  shown in   F igu re  3 and the  experimental  procedure 
is as  follows: 

Z )  The  membrane i s  compacted a t  AP = 600 kPa f o r  a t  least  
50 hour s   i n   o rde r   t o   ob ta in  a t i m e  independent water flux: 

2) The pure water f lux  is measured a t  t h r e e   d i f f e r e n t  
pressures and a t  th ree '   d i f fe ren t   bu lk   ve lgc i t ies ;  

3 )  A ce r t a in  amount of  concentrated  Dextran T70 so lu t ion  
i s  added t o   t h e  system, a f t e r  which the  system i s  given 60 

minutes t o  mix: 
4 )  The permeate f l u x  is measured a t  three   d i f fe ren t   p res -  

sures   ( lowes t   p ressure   d i f fe rence   f i r s t )  15 minutes a f t e r  
the pressure'  has  been set: 

5 )  Step 4 is car r ied   ou t   for   th ree   d i f fe ren t   ax ia l   bu lk  
ve loc i t i e s   (h ighes t   ve loc i ty   f i r s t )  : 

6)  The sequence.of  steps 3-5 is  repeated twice, so the  
permeate f l u x  is measured a t  t h ree   d i f f e ren t   bu lk  concen- 
t r a t ions '   ( l owes t   concen t r a t ion   f i r s t )  . 

The solute  concentration  in  the  feed'and  the  permeate 
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FIGURE 3.  Schematic  representation  of  the  ultrafiltration  device. 
1: valve  cooling  water; 2: heat  exchanger; 3: flow  meter; 4: valve; 
5: recirculation pump; 6 :  filtration  cell; 7: manometer; 8: back 
pressure  valve; 9:  back  pressure  valve; 10: injection pump; 11: 
feed  stock  solution; 12: themistor, 

12 
FIGURE 3.  Schematic  representation  of  the  ultrafiltration  device. 
1: valve  cooling  water; 2: heat  exchanger; 3: flow  meter; 4: valve; 
5: recirculation pump; 6 :  filtration  cell; 7: manometer; 8: back 
pressure  valve; 9:  back  pressure  valve; 10: injection pump; 11: 
feed  stock  solution; 12: themistor, 

w e r e  measured  by a Beckman model 915A Total  Organic Carbon 
Analyzer, The temperature w a s  maintained a t  25 OC i n  a l l  
experiments o 

OamoZLc prteaauke 

Although the   u l t r a f i l t r a t ion   expe r imen t s  w e r e  car r ied   ou t  
using  Dextran T70 as the so lu te ,   the   inves t iga t ions   in to  
the   p roper t ies  of Dextran  solutions w e r e  performed  using 
both  Dextran T70 and  Dextran T500 (Pharmacia, Mn = 119,500 
and MW = 465,000) .  I n  a l l  cases.the  experiments  with T70 
w e r e  performed a t  25 OC and those  with T500 a t  20 OC. The 
osmotic   pressure  of   the   Dextran  solut ions  re la t ive  to   pure 
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water w a s  measured with a high  pressure osmometer ( 8 )  , 

The  membranes used i n   t h e  osmometer were Sar tor ius  'aller- 
f e i n s t '  . 

SedimenXaXion co e4 6icien;t 

Sedimentation  experiments were performed  with a Beckman- 
Spinco model E Analyt ical   Ul t racentr i fuge.  The sedimenta- 
t i o n   c o e f f i c i e n t s  w e r e  determined a t  different  concentra- 
t i ons  from the  displacement  of  the maximum of   the concen- 
t ra t ion  gradient   curve.  

In   o rde r   t o   ca l cu la t e   t he   pe rmeab i l i t y  from the  sedimen- 
ta t ion   coef f , ic ien t ,   the   spec i f ic  volume of  the  Dextrans i n  
water has   to   be  known. This   quant i ty  was ca lcu la ted  from 
the  s lope  of   the  solut ion  densi ty   versus   concentrat ion 
plot .   Densi t ies  were measured with a Paar Dig i t a l  Preci- 

sion  Density Meter model DMA 50, 

The diffusion  coeff ic ients  were determined  by the  bounda- 
ry  layer  broadening method using a synthe t ic  boundary cell  

of  the ultracentrifuge'mentioned above. The concentration 
diEference a t  the  boundary a t  the  beginning  of  each ex- 
periment was maximally 0.026 g/ml  and smaller than 0 . 0 1  
g/ml i n  most cases. The concentrations mentioned fu r the r  
on are the  mean concentrations,  The d i f fus ion   coe f f i c i en t s  

' obtained  with this kind  of  experiment are the  volume f ixed 
d i f fus ion   coef f ic ien ts .  

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

OamoXic  phennuhe. 

The osmotic  pressure  data  for  both  Dextran T70 and T500 
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FIGURE 4 .  Osmotic  pressure of Dextran  solutions  relative to pure 
water 

are given  in  Figure 4. The osmotic   pressure  in  a broad con- 
centration  range is  conveniently  represented by the   genera l  
form C91: 

A least squares f i t  t o  the  experimental   data of Figure 4 

gives : 

T70 : AIT = 0.375 c1 + 7.52 cl + 76.4 c1 (105 Pa)  (28) 
r 5 0 0 :  AII = 0.0867 cl f 2.98 c: + 89.8 c: (105 Pa) (29)  

2. 3 
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.According t o  van ' t  Hoff 's  l a w  t he   coe f f i c i en t  Al of  eq. 

( 2 7 )  must be  equal   to  R.T/M . The value  of R.T/Mn i s  0.684 
and 0 .204  (105 Pa.ml/g) f o r  T70 and T500 respect ively,  so 
the re  is a suibstantial   deviation. The o r i g i n   f o r   t h i s  de- 
v i a t ion  is probably  that  the  osmotic  experiments were car- 
r ied  out   with  concentrat ions  larger   than 0 .05  g/ml. E q .  

(27)  reduces t o   t h e  van ' t Hoff l a w  i n  very  di lute   solu-  
tions  only.  Since w e  are interested  in   the  osmotic   pres-  
sure   of  more concentrated  solutions,  the  equations  (28) 
and ( 2 9 )  are used to   express   the  concentrat ion dependence 
of A i l .  From Figure 4 it is  clear that   the   inf luence  of  Mn 

on the  osmotic  pressure i s  r e l a t i v e l y  small for  concentra- 
ted   so lu t ions .  

n 

The sedimentat ion  coeff ic ients   for  T70 are p l o t t e d i n  Fig- 
ure 5 t oge the r   w i th   l i t e r a tu re   da t a  on T70 [lol and T500 

C 111. 'The  experiment  with T70 a t  a temperature  of 20 OC 

ind ica tes   tha t   the   sed imenta t ion   coef f ic ien t   on ly   s l igh t ly  
depends  on the  temperature.  Consistent  with  this  observa- 
t i o n  is the  fact   that   the   sedimentat ion  coeff ic ients   of ,T7O 
and T500,  measured a t  25 C and 20 OC respect ively,  are 
ident ica l   for   concent ra t ions   l a rger   than  O . 0 4  g/ml. The l a k -  

ter, concentration is th.e  overlap  concentration  of  the Dex- 
t r a n  T70 i n  water. The data  of Brown e t  a l .  101 were meas- 
ured  with a Dextran T70 f ract ion  with Mn =' 4 4 , 0 0 0  and MW = 

64,000 and they  agree  very well kith  our  experimen.ts. 

O 

The concentration dependence of the  sedimentation  coeffi-  
c i e n t  i s  usually  expressed as: 

2 - - -  l- - l . (1+K1.c1+K2-C1) 
s so  

The coeff ic . ients  so  and K1 have  been  determined as a 
function  of  the  molecular  weight MW of  Dextran  fractions 
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0 T70 - , T= 25°C , Brown et al. 
g T70 ,T= 25'C I this work 
m T76 ,T= Z O T ,  this work 

T 500, T= 20°C Nakao et al. 

0-001 0.01 
(1 o-1 ( g/ml 1. 

1 

FIGURE 5. Sedimentation  coefficients of Dextran in water. 

by a number of  authors C12-141. Using  these  values, a l e a s t  
squares f i t   t o  the experimental  data  gives the value f o r  
t he   coe f f i c i en t  K2: 

-T70 - 1 -  - 1 (lf32.0 cl f 258.0, cl) 2 ( s  -1 ) (31) 

T500: - 1 -  - l (1f106.0 cl f617.0 cl) 2 (s-') (32)  

S 3 - 3  10 -13 

s 8.5 10 -13 

In   the   f i t t ing   p rocedure   the   da ta   ob ta ined  a t  concentra- 
t i ons   l a rge r   t han  0 .04  g/ml have  been  used  for  both  Dextran 
f r ac t ions ,  Eq. (31 )  is qu i t e   s a t i s f ac to ry  as appears from 
Figure 5. Eq. (32)  agrees w e l l  with  the  experimental   data 
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for   concentrat ion 's   larger   than 0.02 g/ml. However, a t  low- 
er concentrat ions  there  i s  a s ign i f i can t   d i f f e rence  and 
the re fo re   t he  least squares method was appl ied   to   ob ta in  
va lues   for  a l l  th ree   coef f ic ien ts :  

1 -  1 (1+43.2 cl +500.8 cl)  2 ( s  ) (33) T500: - - -1 
S 5.06 10 -13 o 

The p a r t i a l   s p e c i f i c  volume of T70 and T500 i n  water ap- 
pears   to   be  concentrat ion  independent   in   the  experimental  
concentration  range  (up  to O .  3 g/ml)  and  has a value of 
O. 6 4 4  ml/g (T = 25 OC) and O ,625. ml/g .(T = 20 C )  respec- 
t i ve ly .  

O 

The d i f fus ion   coe f f i c i en t   o f  T70 and T500 i s  g iven   in  
Figure 6 .  For  Dextran T70 data  obtained by Cl i f ton  K151 are 

inc luded .   Cl i f ton   used   the   fo l lowing   re la t ion   to   express  
h is   da ta :  

0 T70 ,T= 25°C , this work 
EI T70 , T= 25°C , Clifton 

T500, T= 20°C , this work 

o .o01 0.01 C1 0.1 ( glmt 1 1 

FIGURE 6. Mutual diffusion  coeff ic ients  'of Dextran  and water. 
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T70: D =5.96 10-11+2.12 10-'',tanh(28.4 cl-1.491) ( m 2 / s )  

(34) 

and  eq,  (34)  agrees w e l l  wi th   our   resul ts .  
Since w e  performed  osmotic  and  sedimentation  experiments 

w e  are able   to   ca lcu la te   d i f fus ion   coef f ic ien ts   th rough  the  
Svedberg  equation. Combining eqs,  (25) , ( 2 7 )  and  (30) w e  
ob ta in  : 

2 s (A +2.A ,c +3,A3.c1) 
2 

O' l 2 1  D =  
( l-V /V ) , ( l+K1, Cl+K2 , Cl) 1 0  

(35) 

The broken  l ines   in   Figure 6 are calculated.with  eq,   (35) .  
Although the  calculated  and  experimental   values do nöt  
match exact ly ,  w e  think  the  agreement is  remarkable.. Eq, 

(35)   predicts   the   r ight   order   of   magni tude  of   the  diffu-  
s ion   coe f f i c i en t  and f a i r l y  w e l l  represents  i ts  concen- 
t r a t i o n  dependence, 

The d i f fus ion   da ta  for the  Dextran T500 canndt  be  des- 
cr ibed by a formula similar t o  eq. (34) -  A least squares 
f i t   t o   t h e   d a t a   u s i n g  a second  order o r  a th i rd   o rde r  po- 
lynomial  gives anomalom resul ts   for   high  concentrat ions : 

the  diffusion  coefficient  decreases  (second  order)  respec- 
t ive ly   increases   ( th i rd   o rder )   very   rap id ly  a t  concentra- 
t ions  exceeding 0.5 g/ml. I n  view of t h e   r e s u l t s   f o r  Dex- 
t r a n  T70 and  of the  curves drawn according  to  eq.   (35),  we 
t h i n k   t h i s  i s  very  improbable.  Therefore w e  sugges t   the  
fo l lowing   re la t ion   to   represent   the   d i f fus ion   da ta  of t he  
Dextran T500 z 

T500: D = 1 . 2 0 4  10 -" + 2.614 10 -10 c 
1 

- 4.167 1OW1O c2 f 2,132 I0 -lo c3 (m2/s )  (36) 
1 1 

Eqo (36) i s  obtained  by a l e a s t   s q u a r e s   f i t   t o   t h e  expe'ri- 
mental  data  extended  with two poin ts   ca lcu la ted  by means of 
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eq. (35) : D = 6 ; 5  m2/s  at cl = O. 5 g/ml  and D F 

7.0 1OY1l m2/s  at cl = 1.0 g/ml. 

The  permeate  flux  versus  applied  pressure  data  obtained 
with  the  ultrafiltration  experiments  are  represented  in 
Figure 7. The  permeate  flux  increases  with  increasing  pres- 
sure  although  'the  slope  of  the Jv versus A P  curve  decreases. 
The  slope  does  not  become  zero  ('limiting  flux')  under  the 
circumstances  studied.  Furthermore,  the  permeate  flux  de- 
creases  with  an  increasing  bulk  concentration  and  with  a  de- 
creasing  axial  bulk  velocity. All this is in  full  accordance 
with  the  osmotic  pressure  model  for  ultrafiltration [16]. 

The  rejection of the T70 molecules  by  the  membrane  de- 
creased  with  increasing  pressure,  with  an  increasing  bulk 
concentration  and  with a decreasing  axial  velocity.  The 

FIGURE 7. Ultrafiltration  permeate  .fluxes as a  function of applied 
pressure, axial  bulk  velocity  and  bulk  concentration, The bulk concen- 
trations  are 0,000430,  0.000935 and 0.00142 g/ml. -* . pure  water 
f lux. 
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lowest  rejection  value w a s  96% and the   r e j ec t ion  w a s  high- 
er than 98% i n   a l l   b u t   t h r e e   e x p e r i m e n t s .  

The pure w a t e r  f lux   increased   l inear ly   wi th  AP and  thus 
t h e  membrane res i s tance  w a s  independent  of  the  applied 
pressure  and  did  not   vary  with  the  axial   veloci ty .   This   in-  
d i ca t e s   t ha t   fou l ing   o f   t he   medrane  by t h e   u l t r a f i l t r a t e d  
water d id   no t   occur  and t h a t  R has a constant  value of 
6.94 1 0  1 2  m-l m 

The resis tance  of   the  boundary  layer   can  be computed from 
Figure 7 using eq. ( 2 2 ) .  This  experimental  value €or 
denoted w i l l  be compared with  the  value  caPcuï.ated 
with  eq. (16) and using  the  sedimentation and d i f fus ion  
data.  The expression €or t h i s  %:lc: is derived as follows. 

According t o  eq.  (13)  and  (30) w e  express  the  permeabili-  

.%I r 

ty  of  the  dissolved  Dextran  molecules as: 

no'so p(c,)  = 2 3 
(1-V /V ) . (cl+K1.  C1+k2.C1) 1 0  

(37 1 

The concen t r a t ion   o f   t he   so lu t e   i n   t he  boundary l aye r  i s  a 
function  of  the  coordinate x and  s ince  the  re ject ion is al- 
most 1 0 0 %  w e  w r i t e ,  see eq. ( 6 )  : 

c1 (x) = cb.exp ( J ~ . x / D )  

Substi tution  of  eq.   (38)  into  eq.   (37)  yields:  

1-v /v 

qo'"0 
p(x ) - l  = o . [cb.exp(Jv.x/D) 

f K l . c b . e x p ( 2 . J v . x / D ) + K 2 ' C b - e X P ( 3 - J  2 3 .x/D)I 
V (39) 
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The quant i ty  p (x)-1 must be  integrated  over  the boundary 
layer   thickness  8 and s ince  

D .x/D)  .dx = - 
V J .n . c: (exp  (n. Jv /k)  -1) 

O V 

w e  obtain 

B 
D l'vl/vO 

(x)- l .dx = - . . cc -c +x1 . (c2- 
Jv '1ooSo m b  2 m cb) 

Combining eqs. ( 4 1 ) ,  ( 6 ) .  and ( 2 2 )  w e  obtain a r e l a t i o n   i n  
which.the  permeate  flux J i s  the   s ing le  unknown parameter. 
I n   t h i s  way Jv can  be  calculated i f   the   p rocess   condi t ions  
(AP, Rm, 'cb and k) and the  physical   propert ies   of   the  so- 
lute-solvent  system (s and D) are known. 

Values f o r   t h e  mass t r ans fe r   coe f f i c i en t  k are obtained 
in   the  fol lowing way. ,With  the  help  of  eq. (17)  the  osmotic 
pressure   d i f fe rence   over   the  membrane i s  ca lcu ia ted  from 
t h e  permeate f lux  data .  The r e s u l t s  are given i n  Table I. 
From A l l m  and the  osmotic  pressure  data  the  value  of cm i s  
computed. The maximum value  for  c. appears t o   b e  Ol.364 
g/ml (Table I) and s ince  Dextran T70 - water mixtures  with 
concentrations up t o  O .  7 g/ml are f l u i d ,  w e  conclude t h a t  
i n  a l l  experiments  reported  here no gel  layer  has  been ' 

formed. 

V 

m 

Using  eq. ( 6 )  and t h e  cm values  given  in  Table I' the  ap- 
parent  mass.' t r ans fe r   coe f f i c i en t  kaPP can be  calculated.  
In  Figure 8 t h i s  kaPP is compared with  the mass t r a n s f e r  
coe f f i c i en t  k as obtained from the  Deissler equat ion   for  

1 9 1  
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I: range o f  kapp, 
see table 1. 

FIGURE 8. Apparent  and calculated mass transfer  coefficients. -. . Deissler  equation. 

turbulent  systems : 

V*dh*P0)0.875 ( 'O 0.25 k = 0.,023 D .  ( ) 
dh v O  PO - D  

where dh = 10 .74  mm is the  hydraul ic   diameter   of   the   thin 
channel cel l  and V is the   ax ia l   bu lk   ve loc i ty .  The d i f fu-  
s ion  coeff ic ient   used i s  the  D of the  bulk  solut ion which 
is equa l   t o  4 10-l1 m 2 / s ,  see Figure 6.  The reason why eq. 
( 4 2 )  predicts   too  high  values   for   the mass' t ransfer   coef-  
f i c i e n t . i s   i n   o u r   o p i n i o n   t h a t  no account  has  been made 
fo r   t he   i nc rease   i n   v i scos i ty   i n   t he  boundary layer,   nor 
f o r   t h e   e f f e c t  of t he  permeate f l u x  on the 'boundary, layer .  

The kaPP values are used to   calculate   the  permeate   f lux 
and t h e   r e s u l t ,  i s  d isp layed   in   the  last column of 
Table I. The averaged  value of *D =. 6 10-l' m2/s '  has .been  used 
in   t h i s   ca l cu la t ion ,   In   F igu re  9 the  value of Jv i s  
p lo t t ed  as a function  of J The value of Jv is ca lcu la ted  
with  eq. ( 2 2 )  and thus by neglecting  the  osmotic  pressure 
of the  bulk  solut ion.  The osmotic  pressure  data show t h a t  
t h i s  approach is va l id ,  A s  can  be  seen from Figure 9 the  
cor re la t ion ,  between Jv and Jv is  exce l len t .   In   the  cal- 
culation  procedure  also  the  values  for  the boundary l aye r  

calc 

V* 

calc 
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I I 

J, 
3 

FIGURE 9 . Permeate f  lux  calculated from  eqs . (41) , ( 6 )  and (22) , Jv 
as a function of the  experimental permeate flux J,. -. pale = 

calc 

V Jv’ 

i e s i s t a n c e  <:lc are obtained and i n  Table I- these  values 
are compared with g?‘. The co r re l a t ion  is very good €or 
I$l values  varying more than two orders of  mFgnituder which 

, i n  view of the close  .agreement of J and J:? w a s  expected. 
These r e s u l t s  imply t h a t   t h e  approach of ca l cu la t ing   t he  
res i s tance  of t h e  boundary l a y e r   w i t h . a i d  of t h e  permeabi- 
l i t y  of the  Dextran  molecules  works,well.  This was already 
p r e d i c t e d   i n  the theory  sect ion,   In   general  one can  say 
t h a t   t h e   s t a t i o n a r y  boundary l a y e r   i n   u l t r a f i l t r a t i o n   c a n .  

V 

. be seen as a diffusion-permeation  equilibrium. 
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CONCLUS IONS 

The permeate f l u x   i n   u l t r a f i l t r a t i o n   a p p l i c a t i o n s  is 
smaller than  the  pure  solvent   f lux due to   the  formation of 
a concentrat ion  polar izat ion boundary layer .  The e f f e c t  of 
this   concentrated  but  s t i l l  f l u i d  boundary l aye r  can  be re- 
presented   in  two d i f f e r e n t  ways: i) by a reduction  of  the 
dr iv ing   force  by an osmotic  pressure  (the  osmotic  pressure 
model),  and ii) by an  increase  of   the  total   res is tance due 
t o   t h e   r e s i s t a n c e  of t h e  boundary l aye r   ( t he   r e s i s t ance  
model). It is shown t h a t   t h e s e  two approaches are essen- 
t i a l ly   equ iva len t  and tha t   the   res i s tance   o f   the  boundary 
layer  can  be computed with  the  solvent  permeabili ty  of  the 
macromolecular  solute. 

SYMBOLS 

Ai c o e f f i c i e n t   i n  eq. ( 2 7 ) ,  i = 1 , 2 , 3  (Pa.mli/gi) 
solvent  concentration (g/ml) 
solute  concentration  (g/ml) C 1 

. b  
m 

C 

C 

dh.  
D 
D1 

FO 

solute  concentration  in  bulk  (g/ml) 
solute   concentrat ion a t  membrane surface  (g/ml) 
hydraulic  diameter (m) 
d i f f u s i o n   c o e f f i c i e n t   i n  volume f ixed frame (m 2 i s )  

d i f f u s i o n   c o e f f i c i e n t   i n   s o l u t e   f i x e d  frame (m’/s) 
drag  force on solvent  (N/g) 
drag  force on s o l u t e  (N/g) 

JV permeate volume f lux  ( m / s )  
JCalc Jv from eqs. (61, ( 2 2 )  and ( 4 1 )  ( m / s )  
k mass t r ans fe r   coe f f i c i en t  ( m / s )  

Ki 
Mn 

P solvent  permeabili ty Òf ~ the  s-olute (m ) 

V 

coe f f i c i en t   i n   eq .  (30), i=1,2 (mli/gi) I 

number averaged  molecular  weight  (Dalton) 
. weight  averaged  molecular  weight,  (Dalton) 

2 

R gas  constant (J/mol . K )  
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T 

uO 
V 

V 
O 
l 

V 
X 

6 

AP 

po 

r e s i s t ance  of boundary  layer (m-') 

%l from eqs. (6), ( 2 2 )  and (41) (m-') t 

€$l from-eq, (22)  and f l u x   d a t a  (m-') 
res is tance  of  membrane (m ) 

sedimentat ion  coeff ic ient  of t he   so lu t e  ( s )  

s a t  i n f i n i t e   d i l u t i o n  ( s )  

temperature (K) o r  (OC) 
ve loc i ty   o f   so lven t   r e l a t ive   t o   t he  membrane ( m / s )  
p a r t i a l   s p e c i f i c  volume of t he   so lven t  (ml/g) 
p a r t i a l   s p e c i f i c  volume of t h e   s o l u t e  (ml/g) 
ax ia l   bu lk   ve loc i ty  ( m / s )  
coordinate   perpendicular   to   the membrane surfa.Ce 

(m) 

-1 

thickness of boundary  layer (m) 
hydraul ic   pressure  difference (Pa)  

osmotic  pressure  difference (Pa) 

A i l  o f   bu lk   so lu t ion   re l s t ive   to   permeate  (Pa)  

An over  boundary  layer  (Pa) 
AïS over membrane (Pa) 

chemical  potential   of  the  solvent (N/m.g) 
concent ra t ion   par t  of po (N/m,.g) 

chemica l   po ten t ia l   o f   the   so lu te  (N/m.g) 
concent ra t ion   par t  of u1 (N/m,g) 

v i s cos i ty   o f   t he   so lven t  (Paas) 

so lu t ion   dens i ty  (g/ml) 
densi ty  .of t he   so lven t  (q/ml) 
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APPENDIX TO CHAPTER 8 

THE MASS TRANSFER  COEFFICIENT IN ULTRAFILTRATION 

INTRODUCTION 

I n  a previous  paper C11 w e  reported on a study  concerning 
the  permeate f lux   behav iour   i n   t he   u l t r a f i l t r a t ion   o f  aque- 
ous  Dextran T70 solut ions.  Using the  osmotic  pressure model 
w e  were ab le   to   ca lcu la te   the   apparent  mass t r ans fe r   coe f f i -  
c i en t s ,  kap', and these  w e r e  compared wi th   the   coef f i -  
c i en t s ,  KD, obtained  through  the Deissler equat ion  for  mass 
t r ans fe r ,  The r a t i o  kapp/k var ies  from O .  65 t o  1 . 0 5  i f  k 
is  calculated on the  basis   of   bulk  solut ion  propert ies .  

D D 

There are a number of   factors  which may be  responsible 
for   the   observa t ion   tha t  kaPP i s  not  equal t o  kD: 
i) the   inf luence  of   the  concentrat ion dependence  of t he  

d i f fus ion   coe f f i c i en t   and . the   v i scos i ty   o f   t he  Dextran T70- 
water system on t h e  mass t r ans fe r .  A hundred fold  increase 
i n  macrosolute  concentration  in  the boundary layer  i s  not  
uncommon. 
ii) The influence  o.fthe  permeate  flux  through  the bound- 

a ry   l ayer  on t h e  mass t r a n s f e r   i n   t h a t   l a y e r .  
I n   t h i s  appendix w e  w i l l  analyze the r a t i o  kaPP/kD w i t h  

respec t   to   these   fac tors .  
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EFFECT  OF VARYING DIFFUSION  COEFFICIENT AND VISCOSITY 

The mutual  diffusion  coefficient  of  the  system  Dextran 
T70 - w a t e r ,  D,  increases  with  the  Dextran T70 concentra- 
t i o n  Cll. A t  very low concent ra t ions   the   va lue   for  D is a- 
bout 4 lo-'' m / s  and in   very  concentrated  solut ions  the 
value is about 8 10-l' m 2 / s .  This   implies   that  mass t rans-  
fer i s  enhanced i f   the   average  Dextran T70 concentration 
i n   t h e  boundary  layer  increases.. 

2 

The viscosity  of  the  solution  increases  with  the  Dextran 
concentration C21 as is  seen   in   F igure  1. A n  i nc rease   i n  

v i scos i ty  w i l l  haxper  the mass t r ans fe r ,  so the  concentra- 
t i on   po la r i za t ion  i s  respons ib le   for  two e f f e c t s  which a r e  
counteractive: 
i) an   i nc rease   i n  mass t r a n s f e r  due t o   a n   i n c r e a s e   i n  

d i f f u s i v i t y ;  
i i l  a decrease  in  mass t r a n s f e r  &íe to   an   i nc rease   i n  

v iscos i ty .  

FIGURE 1. KinernatTc viscosity, q,  of aqueous  Dextran T70 solutions as 
a  function of  the Dextran concentration,  c (2) .  Temperature: 25 OC. 
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FIGURE 2. Ratio  of mass t ransfer   coeff ic ient   calculated from the ex- 
periments and calculated from the  Deissler  equation,  kaPP/kD,  as  a 
function of the  Dextran T70 concentration  at   the membrane surface,  c m' 

In   Figure 2 t h e   r a t i o  kaPP/kD is p lo t ted   as  a function 
of cm' t h e  Dextran T70 concentration a t  the'membrane  sur- 
face. The da ta  on  which Figure 2 i s  based, are given i n  ' 

Table 1. Since  the  bulk  concentrat ions cb are negl ig ib le  
compared t o  cm' t h e  l a t te r  value is  ind ica t ive   fo r   t he  
average  concentration  in  the boundary layer .  A s  can  be 
seen  there  i s  hardly any cor re la t ion  between kaPP/kD and 
c - a t  constant c the   va r i a t ion  in kaPP/kD is ä t  l e a s t  25%. 
This   implies   that   the   use  of  a correct ion  factor   based on 
the   va lue  of cm (anal'ogous t o   t h e   v i s c o s i t y   c o r r e c t i o n  
proposed by Sieder  and Tate C31 for   hea t   t ransfer )  i s  not 
feas ib le .  

m' m 
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TABLE 1 

This table is based on Table 1 of reference 1. 

1.06 O o 430 2 2.33 O. 159 O o 979 2.01 
4 .  2.78 O. 278 1.034 2-32 
6 2 -83 O. 348 1.048 2.44 

O. 935 2 2.06 O. 177 O. 972 1.77 

6 2.39 O. 356 1,000 2.06 
4 2-33 '0.288  1.014,  2.01; 

1 e 420 2 1.78 O. 194 0.897 1.53 
4 1.92 ' 0.300 O D 890 1.65 
6 1.97 O. 364 O. 883  1.70 

1.84 O o 430 2 1.92 O. 098 0.821 . 1.59 
4 4.00 O. 235 O. 970 2.17 
6 4.33  0.317 l. 004 2.36 

~ ~~~ ~ ~ ~~~ ~~~~~ 

' 0,935 2 2.67 - 0.128  0.830  1.45 
4 3 -44 O. 255 O. 940 1-87 
6 3 -67 0,331 O. 957 1.99 

1 - 420 2 2 -44 o. 147 O .'8 O9 1.33 
4 3.08  0.267-  0.902  1.68 
6 3.22 O. 340 O. 902 1.75 

~~ ~ ~~ ~~ 

2.75 O 430 2 3.11  0.051 O. 693  1.13 

6 5.56 O. 288 0.916 2.02 
4 4.92 O. 197 O. 863  1.79 

O. 935 2 2.86 o. 109 O. 645 1-04 
4 4.33 O. 223  0.851 1-58 
6 4.61 O. 311  0.854 1 .. 68 

1.420 2 2.75 O. 123 O. 663 1.00 
4 3 -86 O. 241 O ,809 1.40 
6 .  4-22 0.317 O ,839  1.54 

EFFECT OE' PERMEATE FLUX 

The permeate  flux i s  responsible for the  convection of 
the  not  permeating  solute  towards  the membrane surface'  and 
thus for the   increased   so lu te   concent ra t ion   in   the  boundary 
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layer.  Taking  into  account  this  convective  flow C41 and 

us ing   the  f i l n  model f o r   t h e  mass t ransfer   near   the  mem- 
brane  surface,   the   concentrat ion  polar izat ion  can  be cal- 

culated,  However, it i s  poss ib l e   t ha t   t he  permeate f l u x  
changes t h e  hydrodynamics i n   t h e  boundary layer  and t h i s  
w i l l  t hen   be   r e f l ec t ed   i n  a change i n   t h e   e f f e c t i v e  mass 
t ransfer   coef f ic ien t .  

In   F igure  3 t h e   r a t i o  kaPP/kD i s  given  as a function  of 
t h e  permeate volume f lux,  Jv, The points ,  which were ,so 
widely   sca t te red   in   F igure  2 ,  now f a l l  on t h r e e   d i s t i n c t  
curves,   one  curve  for  each  axial   bulk  velocity,  V..In Fig- 
ure  4 t h e   r a t i o  kaPP/kD i s  displayed as a function  of Jv/V, 
t h e   r a t i o   o f   t h e  permeate f l u x  and the   ax ia l   ve loc i ty .   In  
t h i s   p i o t   t h e r e  seems t o  be a master curve on  which a l l  

points  l i e  within  an  accuracy  of 1 0 % .  
The influence  of a "suction"  or  "transpiration"  f low on 

the  mass transfer  has  been  studied by Johnson e t  aZ. C51, 

1.0 

n 
x 

d a 
x 

0.5 I I I I I - .- 
O 1 2 3 

J, 
4 

FIGURE 3. The r a t i o  kapp/k p l o t t e d  as a f u n c t i o n   o f  the p e r m e a t e  ~D 
volume f l u x ,  Jv. 
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FIGURE 4 .  The r a t i o  kapp/k  plotted  as a function  of  the  ratio of the 
permeate volume f lux  and the  axial   bulk  velocity,  Jv/V. The symbols 
are the same as in   t he   f i gu res  2 and 3. 

D 

Thomas L 6 1  and  Mizushina et aZ. C77. Johnson e t  aZ. and 
Thomas s tudied   the  mass t r ans fe r   coe f f i c i en t   i n   hype r f i l - .  
t ra t ion  systems  and  concluded  that   i f  J v / V  3 no ef- 
f ec t   o f  Jv on the  flow  field  could  be  observed.  Mizushina 
et aZ. measured t h e   t r a n s p o r t   c o e f f i c i e n t   i n  a turbulent  
tube  flow by a diffusion-controlled  electrode  reaction and 
they  observed no deviations  from  the  f i lm model 
(JJV 2.13 X O - ~ )  , 

Figure 4 sugges ts   tha t   there  is a d is t inc t   in f luence   o f  
t h e   r a t i o  J /V on  the  apparent mass t r ans fe r   coe f f i c i en t  
Ln the  range 1 10-5 Jv /V 3 10-5. Contrary w i t h  t h i s .  
a r e   t h e   f i n d i n g s   i n   t h e   l i t e r a t u r e  cited above, The ques- 

V 
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tions  now  is  how  'to  explain  this  contadiction.  Finding  the 
answer  is  not  unimportant,  since  reliable  expressions  for 
the  mass  transfer  coefficient  in  ultrafiltration  systems 
are  needed  for  the  prediction of the  permeate  flux. 
We  think  that  in  order  to  solve  this  problem  more  work 

is  necessary.  In  this  appendix we will restrict  ourselves 
to 'the  following  remarks: 

- The  experiments  of  Johnson e t  aZ. and  Thomas  are  hyper- 
filtration  experiments  and  ours  are  ultrafiltration  experi- 
ments. It is  possible  that  the  influence of Jv  on  kapP  is 
more  pronounced  in  an  ultrafiltration  boundary  layer  with 
its  high  viscosity.  Thomas C61 found  that  at  very  high  per- 
meate  fluxes  (Jv/V > 3 10'5) the  concentration  polarization 
is  less  than  predicted  by  the  film  theory,  i.e.  kaPP  in- 
creases  with  Jv. 

- Since  kD  has  been  calculated  on  the  basis  of  bulk  solu- 
tion  properties,  it  is  possible  that  the  effects  of  varying 
diffusivity  and  viscosity  have  contributed  to  the  phenomen- 
on  shown  in  Figure 4. 

- From  Figure 4 one  infers  that  kaPP  differs  the  most  from 
k  for  low  values of J  /V.  This  is  remarkable  as  the  Deiss- 
ler  equation  has  been  developed  for  low  degrees  of  concen- 
tration  polarization,  i.e. low values  of  Jv/V. 

D 
V '  

- The  k.aPPval-ues  are.  calculated  with  aid  of  the  osmotic 
pressure  model.  Systematic  errors  in  the  osmotic  pressure 
data  and  in  the  J  versus AP data  could  lead  to  systematic 
deviations in  kaPP,  especially  at  low  degrees  of  polari-za- 
tion  (low  values  of  Jv/V) . 

V 

A direct  measurement  of  the  membrane  surface  concentration, 
. c  would  solve these,problems to  a  large  extent. A n  effec- m' 

tive  method  has  not yet been  proposed. 
. - It is  worthwhile  to  perform  ultrafiltration  experiments 
with  J /V values  outside  the  range  studied  here,  and to ex- 
tend  these  experiments  to  other  solutes. 

V 

205 



REFEFSNCES AJSID NOTES 

111 JOG, Wijmans, S. Nakao, J.W.A. van  der  Berg, F.R. 
Troelstra  -and  C.A.  Smolders,  Chapter 8 of  this  thesis. 

C27 J.G.  Wijmans,  MSc  Thesis,  Twente  University of Tech- 
nology,  Enschede,  The  Netherlands, 1980,  

C31 E.N.  Sieder  and G.E. Tate, I n d .   E n g .  Chem. , 28  (1936)  

1429  o 

C41 This  is  achieved  by  either  incorporating  the  convec- 
tion  term  in  the  differential  mass  balance- of the 
boundary  layer, or by  using  the  Stewart ( * )  correc- 
tion  factor f o r  the  mass  transfer  coefficient.  The 
concentration  polarization  equation  obtained  is  the 
same fo r  both  approaches. 
( * )  R.B. Bird, W.E. S t e w a r t  and E.W. L i g h t f o o t ,  T P ~ S ~ O K ~  

Phenomena,  656-663, Wiley, New York, 1965. 

C51 J.S. Johnson, L. Dresner  and-K.A.  Kraus, i np r inc ip l e s  
of Desalination, K.S. Spiegler  Ed.,  Academic Press, 

New  York, 1966. 
C61 DOG. Thomas, I n d .  Eng. Cliem.  Fundam. , 12  (1973)   396.  

C71 T. Muzishina, A. Takeshita, J. Yoshizama  and I. 
Nakamae, J .  Chem. E n g .  Jap. r 5 (1972)  4, 361. 

206 



SUMMARY 

This  thesis  concerns  the  'mechanism  of  formation  of  syn- 
thetic  membranes  (part I) and  the  concentration.polari- 
zation  phenomenon  in  ultrafiltration  (part  11). In the 
first  chapter a general  introduction  to  membrane  sepa- 
ration  technology  and  to  the  problems  treated  in  this 
thesis  is  given. 

PART I 

In  chapter 2 the  preparation  of  membranes  by  the  phase 
inversion  process  is  discussed  and  the  hypothesis on the 
formation  of  membranes  as  adopted  in  our  laboratory  is 
introduced.  Important  aspects  are  the  phase  separation 
phenomena  of  the  membrane  forming  system,  i.e.  gelation 
and  liquid-liquid  demixing,  and  the  mass  transfer  during 
the  coagulation  process.  Parameters  which  determine  the 
membrane  structure  are  identified. 

t 

In  chapters 3 and 4 detailed  investigations  into  .the 
phase  separation  phenomena  in  membrane  forming  systems. 
containing  respectively  the  polymers  polysulfone (PSf) and 
polyphenyleneoxide  (PPO)  are  described.  With  the  help  of 
turbidimetry,  differential  scanning  calorimetry  and  pulse 
induced  critical  scattering,  the  phase  boundaries in the 
phase  diagrams  are  determined.  Attention  is  paid  toethe 
kinetics  of  crystallization  in  the  PP0  systems.  The  re- 
sults  are  discussed  in  relation  to  the  properties  of  PSf 
and  PP0  membranes  and  it  is  suggested  that  liquid-liquid 
demixing  is  responsible  for  the  formation  of  pores  in  the 
skin  layer of ultrafiltration  membranes. 
Chapters 5 and 6 are  directed..at  the  variation of the 

composition  of  the  casting  solution  and of the'coagula- 
tion  bath  in  ternary  membrane  farming  systems.  The  effect 
of these  parameters  on  the ktructke 'of the  top  or  skin 
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layer  of  the  membranes  is  rqther  strong  and  there  seems 
to  be a common  trend  for  all  systems  studied.  The  results 
are  in  qualitative  agreement  with  the  predictions  of a 
model  description  in  which  the  ratio  of  the  solvent  out- 
flow  and  the  nonsolvent  inflow  at  the  first  moment  of 
coagulation  is  related  to  the  ratio  of  the  chemical  po- 
tential  differences  at  the  fllm/bath  interface. 
In an  appendix  to  part I a model  for  the  diffusive  ex- 

change  of  solvent  and  nonsolvent  during  immersion  preci- 
pitation  as  put  forward  in  the  literature  is  discussed 
and  partly  criticized.  The  description  of  the  local  com- 
position  in a precipitating  film  at  every  point  of  time 
remains  an  important  and  interesting  problem- 

PART rr 

In chapter 7 the  influence of osmotic  pressure  on  the 
ultrafiltration  permeate  flux  is  analyzed.  It  .is  shown 
that  osmotic  pressure  plays an important  role  and  that 
this  osmotic  effect  strongly  resembles  the  effect of the 
formation  of a gel  layer. :t is believed'that  the possi- 
bility  of  flux  limitation'by  osmotic  pressure  is  general- 
ly  underestimated. 
In chapter 8 it  is  shown  that  the  effect  of  concentra- 

tion  polarization  on  the  permeate  flux  in  ultrafiltration 
can  be  described 5 )  by a reduction  of  the  driving  force 
due  to  an  osmotic  pressure  (the  osmotic  pressure  model) 
and ii) by  an  increase 'of.the total  resistance  due  to 
the  resistance of the  boundary  layer  (the  boundary  layer 
resistance  model) . The  analysis is restricted  to f luid 
boundary  layers  with  Newtonian  behaviour.  It  appears  that 
these  two  approaches  are  essentially equivalentand that 
the  resistance of  the  boundary  .layer,can  be  computed  with 
the  solvent  permeability of the  macromolecular  solute,  as 
determined  by  ultracentrifugation  experiments. 
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F i n a l l y ,   i n  an appendix,  attention i s  pa id   to   the  mass 

t ransfer   near   the  membrane ' s u r f a c e   i n   u l t r a f i l t r a t i o n  
appl icat ions.   Effect ive methods t o   p r e d i c t  o r  d i r e c t l y  
measure the  mass t r ans fe r   coe f f i c i en t   a r e   no t   ava i l ab le  
a t  t h i s  moment. 
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SAMENVATTING 

Dit proefschrift  heeft  als  onderwerpen  het  vormings- 
mechanisme  van  synthetische  membranen  (deel I) en  de  con- 
centratie  polarisatie  in  ultrafiltratie  toepassingen 
(deel  11). In  het  eerste  hoofdstuk  wordt  een  korte  in- 
leiding  gegeven  in de membraantechnologie  en  in  de  be- 
handelde  onderwerpen. 

DEEL I 

In hoofdstuk 2 wordt  de  vervaardiging  van  membranen  via 
het  fase-inversie  proces  beschreven  en  wordt  de  in  onze 
groep  opgestelde  hypothese  over de vorming  van  membranen 
geïntroduceerd.  Belangrijke  aspecten  zijn  de  fasenover- 
gangen  in  het  membraanvormend  systeem,  d.w.z.  gelering 
en  vloeistof-vloeistof  on,tmenging,  en  het  massatransport 
tijdens  de  coagulatie.  Aangeduid  worden  de  parameters  die 
bepalend  zijn  voor  de  membraanstructuur. 
De  hoofdstukken 3 en 4 beschrijven  de  studies  naar  de 

fasenovergangen in membraanvormende  systemen,  waarbij  de 
polymere  component  bestaat  uit  respectievelijk  polysulfon 
(PSf)  en  polyphenyleenoxide  (PPO),.  Met  behulp  van  turbi- 
dimetrie,  'differential  scanning  calorimetry'  en  'pulse 
induced  critical  scattering'  zijn  de  fasengrenzen  in  de 
verschillende.  fasediagrammen  bepaald. In de PP0 systemen 
is  de  kinetiek  van  kristallisatie  onderzocht. De resulta- 
ten  zijn  verwerkt  in  samenhang  met  de  eigenschappen  van 
PSf  en PP0 membranen  en  verondersteld  wordt  dat  vloei- 
stof-vloeistof  ontmenging  verantwoordelijk  is  voor  de 
vorming  vqn  de  porien  in  de  toplaag  van  ultrafiltratie 
membranen. 
De hoofdstukken 5 en 6 zl'jn,  gewijd  aan  de  'variatie  van 

de samenstelling  van  de  gietstkoop  en  van  het  coagulatie- 
bad  in  ternaire  membraanvormende  systemen.  De  invloed  van 
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deze  parameters  op  de  structuur  van  de  toplaag  van  de 
membranen  is  groot  en  er  blijkt  voor  de  bestudeerde sys- 

temen  een  gemeenschappelijke  trend  te  zijn.  De  resulta- 
ten  komen  kwalitatief  overeen  met  de  voorspellingen  van 
een  model  waarin  de  verhouding  van  de  oplosmiddel  uit- 
stroom  en  de  nietoplosmiddel  instroom  in  het  begin  van  de 
coagulatie,  beschreven  wordt  met  de  verhouding  van  de 
chemische  potentiaal  verschillen  over  het  bad/film  grens- 
vlak. 
In een  appendix  van  deel I wordt  een  modelbeschrijving 

van  de  uitwisseling  van  oplosmiddel  en  nietoplosmiddel 
tijdens  de  coagulatie,  afkomstig  uit  de  literatuur,  be- 
sproken  en  voor  een  gedeelte  bekritiseerd.  De  beschrijving 
van  de  samenstelling  van  een  coagulerende  film op elk 
tijdstip  en  op  elke  plaats  blijft  een  belangrijk  en  in- 
teressant  probleem. 

DEEL 11 

In hoofdstuk 7 is  de  invloed  vqn  osmotische  druk  op  de 
permeaatflux  in  ultrafiltratie  onderzocht.  De  osmotische 
druk  blijkt  een  belangrijke rol  te  spelen  en  het  effect 
van  de  osmotische  druk'is  vrijwel  identiek  aan  het  effect 
van  de  vorming  van  een  gellaag,  De  mogelijkheid  van  flux 
limitering  door  osmotische  druk is groter  dan  in  het  al- 
gemeen  wordt  aangenomen. 
Hoofdstuk 8 laat  zien  dat  het  effect  van  concentratie 

polarisatie op de  permeaatflux  in  ultrafiltratie  beschre- 
ven  kan  worden i) door  een  vermindering  van  de  drijvende 
kracht  door  een  osmotische  druk  (het  osmotische  druk mo- 
del)  en i;) door  een  toename  van  de  totale  weerstand  ten 
gevolge  van  de  weerstand  van  de  grenslaag  (het  grenslaag 
weerstand  model). De beschrijving  is  beperkt  tot  vloei- 
bare  grenslagen  met  een  Newtons  gedrag.  Het  blijkt  dat 
beide  benaderingen  volledig  geI3.jkwaardi.g  zijn  en dat.& 
weerstand  van  de  grenslaag  berekend  kan  worden  met  de 
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permeabiliteit  van  de  opgeloste  macromoleculen.  De per- 
meabiliteit  wordt  bepaald  met  behulp  van  ultracentrifuge 
experimenten. 
Tenslotte  wordt  in  een  appendix  aandacht  geschonken  aan 

de  stofoverdracht  bij  het  membraanoppervlak in ultrafil- 
tratie  toepassingen.  Effectieve  methoden  om  de  transport 
coëfficient te voorspellen of te meten,  zijn  nog  niet 
voorhanden. 
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SAMENVATTING VOOR DE LEEK 

I n   h e t  onderzoek dat ik   de  afgelopen  vier  jaar heb ver- 

r i c h t ,  hebben membranen centraal   gestaan.  Wat z i j n  mem- 
branen  en waarom wordt er onderzoek  aan  gedaan? 

Membranen z i j n   i n  wezen f i l ters die   bepaalde  s toffen 
doorlaten  en weer andere  s toffen tegenhouden. Op d i e  ma- 
n i e r  i s  een  scheiding  van  verschillende componenten mo- 
gelijk:  zoals  kippegaas  kippen  tegenhoudt,  houdt  een  ver- 
g i e t   de  macaroni  tegen  en  zoals  een  koffiefi l ter   het  maal- 
sel  tegenhoudt,  houdt  een membraan bepaalde  moleculen 
tegen. Een  membraan i s  dus  een f i l t e r  m e t  e en   hee l   f i j ne  
s t ruc tuur   en  om h e t  maar even hee l   op t imis t i sch  t e  stel- 
len: met membranen kan in   p r inc ipe   e lke   sche id ing  bewerk- 
s t e l l i g d  worden. D e  eerste voorwaarde i s  na tuu r l i j k  w e l  
da t   een  membraan m e t  een  geschikte  structuur voorhanden 
is  . Over he t  maken van membranen m e t  gunstige  eigenschap- 
pen gaat   deel  I van d i t   p r o e f s c h r i f t .  

H e t  merendeel  van  de membranen wordt gemaakt  van kunst- 
s tof   ( "p las t ic" )   en   b i j   de   bere id ing  worden naast   de 
kunststof .twee vloeibare   s toffen  gebruikt .  H e t  e s sen t i ë l e  
i s  dat  de  combinatie  van  de  drie  verschillende  stoffen  in 
bepaalde  verhoudingen  een  vloeistof i s  en i n  andere  ver- 
,houdingen  een vaste s t o f .  H e t  membraan wordt nu  gemaakt 
door  van  de  vloeistof  een dunne laag  t e  maken en  daarna 
de  onderlinge  verhouding  van  de componenten zodanig t e  

veranderen  dat  de  laag vast wordt. D e  wisselwerking  tus- 
sen  de  dr ie  componenten en  de m.anier  waarop de  onderlinge 
verhouding  wordt  veranderd,  blijken  in  grote mate de 

s t ruc tuur  van he t  membraan t e  bepalen.  Ik  heb  deze twee 
aspecten  bestudeerd om een   be te r   inz ich t  t e  kr i jg .en  in  de 

vorming  van de membranen. D e  res 'u l ta ten   z i jn   verwerkt   in  

een model d a t  als le idraad  kan  dienen  voor  de  ontwikkeling 
van membranen met' zodanige  eigenschappen  dat  scheidingen 
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(denk  bijvoorbeeld  aan  de  afvalwaterproblematiek) op een 
economische w i j z e  kunnen  worden uitgevoerd. 

Deel I1 hee f t  geen relatie m e t  de  vorming  van membranen, 
maar behandelt  een  probleem  dat  optreedt als de membranen 
gebruikt worden en   da t   concent ra t ie   po lar i sa t ie  genoemd 
wordt. D i t  ve rschi jnse l  is te  verduidelijken  aan  de hand 
van  een  welbekend  proces:  het  zetten  van  koffie. H e t  z a l  
iedereen w e l  eens  zijn  opgevallen  dat   de  laag gemalen 
ko f f i e  na afloop  dunner  en  compacter i s  geworden, 
D i t  komt door   het  water d a t   h e t  maalsel heef t  meege- 
nomen i n  de  r icht ing van h e t   f i l t e r .  H e t  f e i t   d a t  voor 
een f i l t e r  of.membraan  de  tegengehouden s tof   z ich  op- 
hoopt,  wordt m e t  he t   begr ip   concent ra t ie   po lar i sa t ie  aan- 
geduid. H e t  gevolg  van  deze  opeenhoping is. da t   he t   water  
(de   ko f f i e )   n i e t  zo sne l   door   he t   f i l t e r   s t roomt  als mo- 
g e l i j k  zou z i jn :   de   kof f ie  (?)  gezet m e t  e e n   l e e g   f i l t e r  
is vee l   sne l l e r   k l aa r , .De   l aag   voor   he t   f i l t e r   o f  mem- 
braan  bezit   dus  een  zekere  weerstand  en  bij   een  specifiek 
membraanscheidingsproces, d e . u l t r a f ì l t r a t i e ,   b l i j k t  deze 
weerstand  veel  groter t e  z i j n  dan  de  weerstand van h e t  
membraan ze l f ,   I n   dee l  11 ben i k  nader  ingegaan  op  de 
manier  waarop  de  weerstapd'van  de  laag  kan worden  be- 
schreven  en  het  bleek  mogelijk  de  weerstand te  berekenen 
op grohd  van  onafhankelijk gemeten  eigenschappen  van  de 
tegengehouden s t o f .  O p  deze w i j z e  i s  het  mogelijk  van te  
voren  een  uitspraak te  doen over   "het   t i jdst ip .waarop  de 
kof f i e   k l a a r  is" o 
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