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CHAPTER I 

MEMBRANE  TECHNOLOGY 

1.1. Introduction 

Although  osmotic  processes  have  already  been  known  for  a  long  time, 
the  immense  possibilities  of  reverse  osmosis  were  first  recognized 
by  Reid  in 19531'1.51.. Through  his  efforts  other  scientists  soon 
studied  the  preparation  of  reverse  osmosis  membranes. The-discovery 
in 1963 by  Loeb  and  Sourirajan2?-  of  asymmetric  high  flux  membranes 
from  cellulose  acetate  that  made  sea  water  desalination  attractive 
at  an  industrial  scale,  was  therefore  the  start  of  a  world-wide 
research  program  on  the  development  of  membranes  for  the  desalina- 
tion of sea water.  Financial  support  by  the  Office  of  Saline  Water 
(U.S.A.) during  the  last  decade  enabled  the  collection  of  a  great 
deal of the  know  how  on  membranes  available  at  present.  This know 
how  also  proved.to  be  useful  for  other  processes  using  membranes, 
like  ultrafiltration,  electrodialysis,  heamodialysis,  piezodialysis 
and  gas  separation  by  membranes. In  spite  of  this  extraordinary 
fast  development  in  the  last fifthem years  synthetic  membranes  are  no 
novelty. A s  early as 1 9 3 6  Ferry3)  reviewed  the  literature on ultra- 
filtration  membranes.  Since  a  few  membrane  processes.only  were 
economically  attractive  the  number of papers  dealing  with'  membranes 
remained  small up to 1 9 6 3 ,  however  nowadays,  the  great  number  of 
papers,  patents  and  areas of application  has  resulted  in  a  new 
specialism  in  industrial  chemistry  called  membrane  technology. 
Reviews on  the  various  aspects  of  membrane  technology  have  been 
published  recently  by  several  author^^-^ 31. 

2.2. Membrane  processes 

The requirements  for  membranes  depend  strongly on the  type  and 
objective of the  membrane  process-  In e Z e c t r o d i a Z y s i s  processes 
both  anionic  and  cationic  membranes  are usedl  which  are  only 
permeated  by  either  cations  or  anions.  The  ions  are  transferred 
by  the  driving  force  of  an  electric  field. 
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Since  there  is  no  need  for  water  to  pass  through  the  membranesr  the 
development  of  (ultralthin  electrodialysis  membranes  is  not  neces- 
sary. HeamodiaZysis  membranes  in  disposable  artificial  kidneys  are 
used  at  quite  low  pressures (100-200 mm H q ) .  The  objective  of  this 
process  is  to  remove  toxic low molecùlar  weight  compounds  from  the 
blood  (urea,  creatinine etc.).  Consequently  the  trans  membrane 
water  flux of these  membranes is preferentially  low. P i e z o d i a Z y s i s  
membranes  contain  anionic  and  cationic  domains of equal  size  and 
are  used  in  pressure  driven  membrane  processes  in  which  ions  pass 
through  the  membrane  selectivily.  The  nett  result  is  a  salt  en- 
riched  permeate.  Finally ‘ u Z t r a f i t t r a t i o n  and r e v e r s e   o s m o s i s  
processes  are  both  pressure  driven  membrane  processes  in  which 
a  solution  is  separated  from  its  solvent or from a more.diluted 
solution  by  a  rejecting  filter or a  semi  permeable  membrane.  Figure 
1 shows  how  these  different  filtration  processes  are  related  to 
each  other  according  to Kestingql-, 

I l l  l 1  

I I I l I l I I 
104 10” 10-~ 10-1 1.0 10 102 103 I Ionic  range I Macromolecular 1 Micro- I Fine I Coarse 

range meter, Particd range / 

Particle size, microns 

Figure 1. 

Membrane s e p a r a t i o n   p r o c e s s e s .  

When  two  solutions  of  different  concentrations  are  separated  from 
each other‘by a  membrane,  there  is  initially  a  chemical  potential 
difference  across  the  membrane, Due to  this  potential  difference 
and the  ability  of  the  membrane  to  reject  the  solute  selectivily, 
water  will  move  from  the  less  concentrated  solution  towards  the 
more  concentrated  solution. Tn the  steady  state  the  difference in 
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water 1evel.heigth' (figure 2) represents  the  osmotic  pressure 
between  the  two  solutions.  Reverse  osmosis  indicates  the  process 
that  takes  place  when  the  solution  with  the  highest  salt  or  solute 
concentration  is  subjected  to  a  pressure  exceeding the.osmotic 
pressure. 

OsMOSlS REVERSE OSMOSIS 

F i g u r e  2 .  

P r i n c i p l e  o f  osmosis a n d   r e v e r s e  o s m o s i s .  

Since  reverse  osmosis  has  analogies  with  filtration of suspended 
matter,  and  here  the  solute  to  be  filtered  is  in  solution,  the 
process  is  often  termed h y p ~ r f i Z t r a t i o n ~ ~ .  An  important  difference 
between  ultrafiltration'and  hyperfiltration  processes  concerns 
the magnitude of the  osmotic  pressure,  which  is  insignificant  in 
ultrafiltration,  but  which  can  exceed 25 atmospheres in hyperfil- 
tration  Processes.  Consequently  hyp.erfiltration  processes  require 
much  higher  operating  pressures (40-1.00 atm)  than  ultrafiltration 
processes (3-7 atm). These  high  pressures  are  primarily  responsi- 
ble  for  the  compaction  phenomenon  of  hyperfiltration  membranes, 
giving  a  continuous  decrease  in  flux.  Recently  also  cation-exchange 
hybrid  membranes  were developed43\, with  a  performance  intermediate 
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between t h a t   o f  a conven t iona l   hype r f i l t r a t ion  membrane and  an 
u l t r a f i l t e r .  The main c h a r a c t e r i s t i c s  are h igh   f luxes  a t  low 
p res su res  and  moderate   re ject ions  for   var ious salts. 
The o b j e c t i v e   o f   t h e   s t u d y   r e p o r t e d   i n   t h i s   t h e s i s  w a s  t o   deve lop  
new h y p e r f i l t r a t i o n  membranes and t o   s t u d y   t h e i r   p r o p e r t i e s  and 
app l i ca t ions .  Good h y p e r f i l t r a t i o n  membranes have the   fo l lowing  
c h a r a c t e r i s t i c s :  
1. a h i g h   t r a n s  membrane water f l u x  and a high s a l t  r e j e c t i o n  
2. h igh   chemica l   and   bac te r io logica l   res i s tance  
3 .  h i g h   s t a b i l i t y   o f   t h e  membrane performance i n  t i m e  

4.. h igh  mechanical   s t rength 
5.  s u i t a b l e   f o r   u s e   o v e r  a g r e a t  pH and  temperature  range 
For a long t i m e  asymmekric c e l l u l o s e  acetate membranes were 
e x t e n s i v e l y   s t u d i e d   b e c a u s e   t h e y   f u l f i l l e d   c o n d i t i o n s  1 and, 4 
q u i t e  w e l l .  S i n c e   t h e   o t h e r   c h a r a c t e r i s t i c s  are r a the r   poor ly  
however, other  synthetic  polymeric  asymmetric membranes w e r e  
ex tens ive ly   searched   for .  A l a r g e  number of  polymers  proved t o  
b e   s u i t a b l e   f o r   t h e   p r e p a r a t i o n   o f   t h e s e  membranes24’. 

New promising  polymeric membranes prepared by  means of  coagu- 
l a t i o n ,  have  recent ly   been  reported on different   kinds  of   poly-  
amides I poly imides ,   (qua tern ized]   ce l lu lose  triesters, (sulfona- 
ted)  polysulfones  and  sulfonated  polyphenylene  oxide,   Also  success- 
f u l   i n o r g a n i c  membranes are prepared  from  modified  porous  glass251 
and  from  Zr02/polyacrylic  acid  (dynamically  formed) 26’ e Dif fe ren t  
rou te s  for t h e   p r e p a r a t i o n  of membranes o ther   than   by   coagula t ion  
alone,  also  proved  to  be  successful:   composite membranes,  dynami- 
c a l l y  formed membranes and membranes prepared by  plasma  polymeri- 
s a t i o n .  
Contrary t o  most membrane processes  mentioned  before,  the‘  product 
w a t e r  o f   hyper f i l t ra t ion   p rocesses   has   an   ex t reme low economical 
va lue  when app l i ed   fo r   t he   supp ly   o f   d r ink ing  w a t e r ,  Therefore  
opt imizat ion  of   both membrane performance  and t h e   o v e r a l l   p r o c e s s  
w a s  necessa ry ,   In   t he  l a s t  decade   d i f f e ren t  membrane geometries 
have  been  developed, t h a t   a r e   a p p l i c a b l e   t o   b o t h   u l t r a f i l t r a t i o n  
a n d   h y p k r f i l t r a t i o n   p r o c e s s e s :   f l a t  membrane systems (DDS, Rhone 
Poulenc),   tubular  systems ( W A F I L I N ,  Ajax, P C I ) ,  ho l low  f ibefs  

(QoWr Du Pont,  Berghof, Rornieon, Chemical  Systems  and  Cordis DOW) 

and s p i r a l  wound modules (ROGA). 
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What s e p c i f i c  membrane geometry i s  prefer red   depends   en t i re ly   on  
the   f eed   so lu t ion  and separat ion  requirements ,  The geometries 
mentioned  here  have.  an  increased,,membrane  surface  per  unit  volume 
and a l o w e r   a b i l i t y   f o r   c l e a n i n g .   C h a n n a b a ~ a p p a ~ ' ~ ~ ~   r e p p r t e d   t h a t  
for   b rackish   water   and  sea w a t e r   d e s a l i n a t i o n   s p i r a l  wound modules 
and   ho l low  f ibe r s   a r e   cheape r   i n   ope ra t ion   t han   f l a t  of t u b u l a r  
systems.  Nevertheless,   most  laboratory  research on new h y p e r f i l t r a -  
t i o n  membranes i s  done  on f l a t  membranes. 

1 .3 .   Cat ion   exchange   hyper f i l t ra t ion  membranes 

An extens ive   l i t e ra ture   s tudy281,   compar ing   over  a hundred  diffe-  
r e n t   p o l y m e r s   u s e d   i n   t h e   p r e p a r a t i o n   o f   h y p e r f i l t r a t i o n  membranes,, 
i n d i c a t e d   t h a t   t h e  most  promising  types  of  synthetic  polymers were 
polyamides,  polyimides  and  cation-exchange membranes. This  conclu- 
s i o n  was l a t e r   suppor t ed  by o the r   pub l i ca t ions5 '  61 and developments. 
Research  on  ion-exchange  hyperf i l t ra t ion membranes i s  usua l ly  
d i rec ted   to   ca t ion-exchange  membranes, s i n c e   t h e s e  membranes o f f e r  

an   i nc reased   r e s i s t ance   aga ins t   fou l ing  by mostly  negatively  charged 
c o l l o i d a l   m a t t e r .  Some recent   publication^^^-^^ '441 p o i n t   o u t   t h a t  

a l s o   c e l l u l o s e   a c e t a t e  i s  weakly  anionic,  with  an  ion  exchange 
capacity  of  about 0,l meq/gram dry  polymer,.  probably  due t o   t h e  
presence  of  carboxylic  acid  groups.  No d i r e c t   c o r r e l a t i o n   h a s   b e e n  
demonst ra ted   un t i l  now between this   minute   ion  exchange  capaci ty  
and t h e   r e j e c t i o n  mechanism. According  Yi-Yan44111  however t h e  
e f fec t   no t   on ly   o f   coulombic   forces  on t h e   r e j e c t i o n  mechanism 

must  be  taken  into  consideration.  In  absence  of  coulombic  inter-  
a c t i o n   t h e   e l e c t r o s t a t i c   a c t i o n  i s  assumed to   be   based  on f o r c e s  
of  weaker  magnitude  and  shorter  range. Yi-Yan sugges t s   t he re fo re  
tha t   t he   r equ i r emen t   t o   have  a small   pore s i z e ,  i n   o r d e r   t o   a r c h i e v e  
r e j e c t i o n ,  i s  less c r i t i c a l   i n  ion-exchange membranes t h a n   i n  neu- 
t r a l  membranes. The mechanism o f   s o l u t e   r e j e c t i o n  by membranes i s  
r a t h e r  complex. When the  problems  of   solute   t ransport   through 
b i o l o g i c a l  membranes a re   d i s r ega rded ,   t he   s epa ra t ion  by s y n t h e t i c  
membranes can   be   desc r ibed   i n   s eve ra l  ways. In   gene ra l   ' t he   r e j ec -  
t i o n  mechanism of  uncharged  and  ion-exchange membranes have t o   b e  
cons idered   separa te ly   s ince   the  l a t t e r  membranes func t ion  by t h e  
presence  of a DONNAN-potential a t  t h e  membrane/feed s o l u t i o n   i n t e r -  
f ace. 
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I n   a d d i t i o n   t o   t h i s   r e j e c t i o n  mechanism for   charged  solutes ,   ion-  
exchange membranes may a l s o  .show  some r e j e c t i n g  power f o r   n e u t r a l  
so lu tes   due   to   the   densemembranes t ruc ture  a t  t h e   i n t e r f a c e ,  which 
o f f e r s  some molecu la r   s i ev ing   ac t ion   t o   t he  membrane9 
A t  t h e  t i m e  t h i s   s t u d y  w a s  s t a r t e d  no cat ion-exchange  hyperf i l t ra-  
t i o n  membranes w e r e  commercial ly   avai lable .   Therefore  w e  developed 

our  own ca t ion-exchange   hyper f i l t ra t ion  membranes, used  afterwards 
for s t u d y i n g   t h e i r   p r o p e r t i e s  and app l i ca t ion ,  The synthesis   and 
properties  of  ion-exchange membranes  have  been s tud ied   ex tens ive ly  
i n   t h e   p a s t   f o r   u s e   i n   e l e c t r o d i a l y s i s   p r o c e s s e s 5  p g  r 3  3-3 51; t h e i r  
u s e   i n   h y p e r f i l t r a t i o n   p r o c e s s e s ,  however, rece ived  less a t t e n t i o n  
t h a n   t h e  so c a l l e d   n e u t r a l   c e l l u l o s e  acetate membranes,  The fol lo-  
wing  reasons may cause   t h i s :  
1. Rejection  of  ion-exchange membranes i s  found t o   d e c r e a s e   w i t h  

inc reas ing  s a l t  concentrat ion  and  they are t h e r e f o r e   n o t  ade- 
qua te   fo r   t he   p roduc t ion  of po tab le   wa te r   i n  a s i n g l e   s t a g e  
from sea water. However, as shown i n  appendix. (p- 134) 
dr ink ing  w a t e r  can  be  produced  by less r e j e c t i n g  membranes 
i n  a two-stage  process. 

2.  A s  a consequence of p o i n t  1, ion-exchange membranes are more 
s e n s i t i v e   t o   c o n c e n t r a t i o n   p o l a r i s a t i o n  (see chapters  6 and 7 )  
t h a n   n e u t r a l  membranes3 61 . 

3 .  Ion-exchange membranes can  be  poisoned by polyvalent  counter- 
i ons ,   w i th  a r e su l t i ng   l ower   r e j ec t ion   va lue .  

4. Membranes with  weakly  ionic  groups show d i s s o c i a t i o n   i n  a l i m i -  
t e d  pH range  only.  

I n   s p i t e  of  these  disadvantages,  which  seri’ously l i m i t  t h e  number 
of a p p l i c a t i o n s  of ion-exchange  membranes,  mention  can  be made of 

some po in t s   i n   f avor   o f   t he   u se   o f   i on -exchange   hype r f i l t r a t ion  
membranes 
a, The fact  t h a t   r e j e c t i o n  depends  on a coulombic  mechanism  might 

a l l o w   t h e  use of  a membrane having a more open  s t ructure   and 
hence  higher   permeabi l i ty  íor a g iven   th ickness   than   neut ra l  

membranes37r 81 . 
b.  Since  most  contaminants i n   s u r f a c e  waters are an ion ic ,   t he  

a p p l i c a t i o n  of a cation-exchange membrane w i l l  r e s u l t   i n  a 
r educ t ion   o f   t he  membrane foul ing .  
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c. Ion-exchange membranes have a h igh   capac i ty   to   re jec t   po lyva-  
. l en t   co ions   (e .g .   su lpha tes ,   phosphates )  . This  property i s  

pr imar i ly  due to   the  coulombic  repuls ion  forces .  On t h e   o t h e r  
hand  uncharged  solutes w i l l  b e   a b l e   t o   p a s s   t h e  membrane by 
absence  of   the  coulombic  repuLsion  forces .   This   offers   the 
poss ib i l i t y   t o   u se   i on -exchange  membranes fo r   s e l ec t ive   s epa ra -  
t i on .   Consequen t ly   t hese   s epa ra t ions   can   a l so   ope ra t e   a t  
lower  pressures.  

It w i l l  b e   c l e a r   t h a t   a l l  membranes of   p rac t ica l   impor tance   ( in -  
c l u d i n g   c e l l u l o s e   a c e t a t e  membranes) s u f f e r  from some d e f i c i e n c i e s  
which l i m i t  their   appl icat ion.   Therefore   the  development   of  a 

range  of  complementary  types  of membranes i s  necessary .   Ef for t s  
to   prepare  commercial   cat ion-exchange  hyperf i l t ra t ion membranes 
were however  opposed  by the  requirements   enumerated  in   sect ion 

1 . 2 .  The major  problem i s  to   ob ta in   h igh   f luxes ,   which  means i n  
terms of  membrane s t r u c t u r e  a th ickness  of t h e  membrane o r  i t s  
ac t ive   l aye r   comparab le   t o   t ha t   o f   ce l lu lose   ace t a t e  membranes. 
This  problem i s  aggrava ted .by   t he   f ac t   t ha t   t he   mechan ica l   s t r eng th  
of  most  ion-exchange  films i s  lower compared to   tha t   o f   uncharged  
f i l m s   o f   t h e  same thickness .  

Several  methods  have  been  reported  for  the  preparation  of  ( ion- 
exchange) membranes : 
1. Heterogeneous membranes i .e .  s t r u c t u r e s  composed o f   c o l l o i d a l  

par t ic les   o f   ion-exchange   mater ia l s  embedded i n  an i n e r t  
polymerg' 341. 

2.  Homogeneous membranes t h a t  have no s t r u c t u r e   o n   c o l l o i d a l   l e v e l  
and a r e   b u i l t  up  from  one' type of  polymer.   Structure   on  the 
molecular and mic roc rys t a l l i ne   l eve l   does   ex i s t .   These  mem- 
b ranes   a re   o f ten   t ransparent ;   they   a re   p repared  by cas t ing   of  
a polymer  solution and evapora t ion   o f   t he   so lven t ,   o r  by u l t r a  
th in   p repara t ion   techniquesg  ' 41 

3. Interpolymer membranes a r e  formed by the  evaporat ion  of   solu-  
t ions   conta in ing  two compatible  polymers  an  uncharged  Polymer 
and a po lye lec t ro ly t e .   S ince ,  however, t he   compa t ib i l i t y  of 

two polymers i n  a s ingle   solvent   system i s  thermodynamically 
improbableg' 3 9 )  t h e s e  membranes a r e  rare34i e 

-13- 



4. 

5. 

6 .  

7 .  

8. 

Extrusion  of  a mixture  of a polymer  and a water-soluble  substance,  
Af te r   the   ex t rus ion   the   water -so luble   subs tance  i s  removed  by 
washing.  This  method  can  give membranes w i t h   p o r o s i t i e s  up t o  
70 % 2 2 p 4 0 1  ~ 

Ion-exchange  membranes  prepared  by  activation  of  an  originally 
uncharged f i l m  (post- t reab.ent j ,   e .g .   chlorosulfonat ion  of  a 
polye thylene   f i lm28r411.  
Ionic   (asynmetr ic)   porous membranes prepared  by  coagulation. 
A coagu la t ion   s t ep ,  however, i s  only   feas ib le   for   uncharged  
polymers421 , therefore   ionic   groups  must   be  introduced by a 
post-treatment .after the   coagu la t ion   s t ep .  

Dynamically  formed  membranes,  by  adsorption of  a charged  poly- 
m e r  onto a spec i f i c   po rous   subs t r a t e261 .  

Ionic  composite membranes having  an  ion-exchange  top  layer  on 
a neut ra l   suppor t .  

Not a l l   t h e   p r e p a r a t i o n  methods i n   t h i s  l i s t  are e q u a l l y   s u i t a b l e  
fo r   t he -   p repa ra t ion  o f  ion-exchange  hyperf i l t ra t ion membranes. 
Th ick   e l ec t rod ia lys i s  membranes, f o r   i n s t a n c e p  are gene ra l ly  made 
by employing  methods 1-4 . H y p e r f i l t r a t i o n  membranes on   t he  con- 
t r a i r y   c o n s i s t  of a n   u l t r a   t h i n  homogeneous f i l m  which i s  gene ra l ly  
supported by a sponge-l ike  s t ructure .  When a porous  support  i s  made 
s e p a r a t e l y  and t h e   s k i n  i s  adhered   to  it la te r ,  t h e  membrane i s  

c a l l e d  a composite membrane. I n  asymmetric membranes t h e   s k i n  and 

sponge-like  support   are  produced  in  one  step  and  co.nsequently  they 
. are made o f   t h e  same polymer. I n  composite membranes howeverc t h i s  

may b e   d i f f e r e n t .  The  membranes s t u d i e d   i n   t h e   p r e s e n t   i n v e s t i g a -  
t ion  are   prepared  both  by  post- t re 'a tment   of  a- homogeneous f i l m  
(method  5,  ch. 3) and  by.  coagulation  and  post-treatment (method 6 , 
ch. 5 ) .  

1 . 4 .  S t r u c t u r e   o f  this t h e s i s  

C h a p t e r  2 g ives   an   i n t roduc t ion   t o  membrane technology  in   genera l .  
Differences  between a number o f  membrane processes   a re  set f o r t h .  
D i f f e ren t   a spec t s   o f  membrane formation  and  choice  of  polymer 
are cons ide red   i n   r e l a t ion   t o   t he   p repa ra t ion   o f   ( ca t ) ion -exchange  
membranes. An i n t e n s i v e   t e x t  of t h i s   c h a p t e r ,  w a s  p u b l i s h e d   i n  
d u t c h   i n  H 2 0  g ,  450 ( 1 9 7 5 ) ,  by P.M. van  der  Velden  and C.A. Smolders. 
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I n  c h a p t e r  2 two routes   for   the  preparat ion  of   cat ion-exchange 
membranes are discussed  and compared. Two p a r t s   o f   t h i s   c h a p t e r  
have  been  published  in 
J. Polym. Sci,-B z, 5 (1976), by P.M. van  der  Velden, M,H.V. Mulder, 

L. van  der  Does and C.A. Smolders. 
Europ. Polym. J: 12, O00 ( 1 9 7 6 ) ,  by P.M. van  der  Velden, B -  Rijpkema, 

C.A. Smolders  and A. Bantjes.  
I n  c h a p t e r  3 t he   syn thes i s  and p rope r t i e s   o f  homogeneous  SISS-x 

(a modif icat ion  of  a polystyrene-polyisoprene-polystyrene block 
copolymer)  cation-exchange membranes are s tudied .   Di f fe ren t   degrees’  
of   subst i tut ion  have  been  used.  Compaction  behaviour w a s  s tud ied  
by var ia t ion   o f   the   Gpera t ing   pressure .   Spec i f ic   behaviour   for  
i o n i c  membranes was found by u s i n g   d i f f e r e n t   $ s o l u t e s  and d i f f e r e n t  

so lu te   concent ra t ions .   This   chapter  w i l l  be   publ i shed   in   Journa l  
of  Applied Polymer Science. 
Chapter  4 d e s c r i b e s   t h e   t r a n s i t i o n  s ta te  behaviour  of some swollen 
homogeneous cation-exchange membranes, when applying, a ’ pressure.  
A madelbased  on known concept, i s  used  which i n t e r r e l a t e s   t h e   i n i -  
t i a l   r e j e c t i o n   i n c r e a s e  and t h e   i n i t i a l   f l u x   d e c l i n e .   T h i s  model 
takes   in to   account  volume changes   o f   the   swol len   po lye lec t ro ly te  
f i l m s  due t o   e f f e c t s   o f   p r e s s u r e   a n d  s a l t  concentrat ion.   This  
chapter  was publ i shed   in  J. Appl. Polym. S c i .  g, 1153 ( 1 9 7 6 ) ,  by 
P.M. van  der  Velden  and C.A. Smolders. 

Chapter  5 d i scusses   t he   p repa ra t ion  and p r 4 p e r t i e s ” o f  asymmetric 
ion-exchange membranes. For   the  coagulat ion a homologous series 

o f   l i n e a r   a l c o h o l s  was usedr   what   resul ted  in   porous membranes 

w i t h   d i f f e r e n t   c h a r a c t e r i s t i c s .  

Chapter  6 gives  a comprehensive  review  of  concentration  polariza- 
t i o n  phenomena and the  effects   of   turbulence  promotors   on  these 
phenomena. Both effects  of  turbulence  promotion  and  consequences 
f o r  membrane damage by f l u i d i s e d   b e d   p a r t i c l e s  w e r e  inves t iga ted .  
Resu l t s   o f   t he   app l i ca t ion   o f   f l u id i sed   beds   i n   t ubu la r  membranes 
a re   d i scussed .   Th i s   chap te r   w i l lbe   p re sen ted  a t  the  European 
Congress on. Tranqfer   Processes   in   Par t ic le   Systems  (Neurenberg,  
28-30 March 1 9 7 7 ) ,  by P.M. van  der  Velden, M.J. van  der Waal 

and W.P.M. van  Swaaij. 
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Chapter  7 r e p o r t s  on t h e   e f f e c t   o f - s p e c i f i c  solute/membrane  inter- 
ac t ions   w i th  sodium dodecy l su l f a t e  as a s o l u t e   i n   d i f f e r e n t  con- 
c e n t r a t i o n s ,   b o t h   f o r   p o l y a c r y l o n i t r i l e   u l t r a f i l t r a t i o n  membranes 
and for SISS-x cation-exchange membranes. Concentration  polariza- 
t ion  moduli  w e r e  ca lcu la ted   t ak ing   in to   account   the   format ion   of  

sodium dodecy l su l f a t e .mice l l e s  a t  t h e  c r i t i ca l  micelle concentra- 
t i o n .  

This  chapter.  is s e n t  for p u b l i c a t i o n   t o  J. Col lo id   and   In te r face  
Science,  
A t  t h e   e n d   o f   t h i s   t h e s i s  a summary i s  given (Chapter  8 )  B 

I (. 5 o References 

E . J .  Breton, O . S . W .  r e p o r t  no- 1 6  (1957) o 
2l S. Loeb and S .  Sour i ra jan ,  Aduan.. Chem. S e r .  38, 1 1 7  ( 1 9 6 3 ) -  

31 .D-  Ferry,  Chem. Reu. 2,. 373 ( 1 9 3 6 ) .  

4'1 K.C. Channabasappa, D e s a z i n a t i o n  G, 3 1  (1975)  

GrneZin Handbuch  der   'Anorganischen  Chemie,   Sauerstof f   Anhang 
Band. Vater d e s a l i n a t i o n ' b y  W. and E -  Delyannis;  Springer- 
Verlag  Berl in  ( 1 9 7 4 ) .  

H - K .  Lonsdale, D e s a z i n a t i o n  2, 317 (1973)  p' 14, 394 ( 1 9 7 4 )  ., 
_r 

71 U. Merten, D e s a z i n a t i o n   b y   r e u e r s e   o s m o s i s .  The M.I.T. p r e s s  

(1966)  . 
81. S. Sour i ra jan ,  R e v e r s e   o s m o s i s .  Logos press   Ltd.  (1970)  D 

R.E. Kesting, S y n t h e t i c   p o l y m e r i c   m e m b r a n e s .  M c G r a w - H i l l  Book 
Comp. ( 1 9 7 1 ) .  

l o l  P . M .  van  der  Velden  and C.A. Smolders, H20 5,  450 (1975) 
ll'. H.K. Lonsdale  and H.E. Podal l ,  R e v e r s e   o s m o s i s  membrane r e s e a r c h ,  

Plenum pres s  ( 1 9 7 2 ) .  

12' R.E .  Lacey  and S .  Loeb, I n d u s t r i a l   p r o c e s s i n g  w i t h  membranes. 
Wiley-Interscience ( 1 9 7 2 ) .  

S o  Sour i ra jan ,  Reverse   o smos i s   and   s yn the t i c   membranes .  
f 

Nat iona l   research   couns i l   o f  Canada, O t t a w a  (1976)  o 

14' J . E e  Fl inn,  Membrane sc i ence   and   t echnoZogy .  Plenum pres s  ( 1 9 7 0 ) .  

15' C.E, Rogers, PermseZect ive   membranes .  Marcel  Dekker  Inc. ( 1 9 7 1 )  w 

16' H - B .  Hopfenberg, P e r m e a b i Z i t y  of p Z a s t i c   f i Z m s   a n d   c o a t i n g s .  
(PoZymer  sci .ence  and  technoZogy, VoZume 6 )  D Plenum pres s  
( 1 9 7 4 )  D 



17’ S . B .   T u w i n e r ,   L . P .  Miller and W.E. Brownr  D i f f u s i o n  and  membrane 
t e c h n o l o g y .  Reinhold publ ishing Corp. ( 1 9 6 2 ) .  

18’ H .  S t r a t h m a n n ,  Chemie-Ing.-Techn. p 4 1  1 1 6 0   ( 1 9 7 2 ) ;  i b .  

- 4 5 ,   8 2 5   ( 1 9 7 3 ) ;  and K.W. Böddeker, Chemie i n  un’sere  Ze,i t  
8 ,  1 0 5  ( 1 9 7 4 ) .  

l9’ K . S .   S p i e g l e r ,  P r i n c i p Z e s  of d e s a t i n a t i o n .  A c a d e m i c  press 
New York ( 1 9 6 6 ) .  

20 ’  A. Walch, Chem-Ing.-Techn. 48, 3 0 7   ( 1 9 7 6 ) .  

21’ S.T.  Hwang and K. Kammermeyer,  Membranes i n  s e p a r a t i o n s .  
W i l e y  Interscience, New York ( 1 9 7 6 )  

22’ P. Meares, Membrane s e p a r a t i o n   p r o c e s s e s .  E l s e v i e r   S c i e n t i f i c  

P u b l .  Co. A m s t e r d a m   ( 1 9 7 6 ) .  

23 ’  P.R.  Keller, Membrane t echnoZogy   and   i ndus t r ia2   s epara t !on   t ech -  
n i q u e s .  NDC, P a r k   R i d g e   ( 1 9 7 6 ) ”  

24\ AMICON-patent, q.S,  päterl t  no, 3 , 6 1 5 , 0 2 4 .  

2 5 b  R. S c h n a b e l ;  5 t h  I n t .  S y m p .  o n   f r e s h   w a t e r   f r o m   t h e   s e a ,  i, 
4 0 9   ( 1 9 7 6 ) .  

2 6 1  J . S .  Johnson, Ed.  ; b i e n n u a l   r e p o r t  1 5 / 3 / 1 9 6 8 - 1 5 / 3 / 1 9 7 0 .  

S e p a r a t i o n   p r o c e s s e s ,  Oak Ridge N a t ’ .  Lab., Oak R i d g e   ( 1 9 7 3 ) .  

27’ K.C. Channabasappa  and J.J. S t r o b e l ,  5 t h   I n t .  S y m p .  o n   f r e s h  
u a t e r   f r o m   t h e   s e a  4, 2 6 7   ( 1 9 7 6 ) .  

28’ P.M. van der V e l d e n ,  Niet-ceZZuZose  acetaat   membranen.  
T.H.   Twente ,  W.W.0,-rapport no. 1 ( 1 9 7 3 ) .  

29 ’  M. I g a w a ,  S.  Yoshida and T. Yamabe, J .  Che,m. S o c . .  dapan-Chemistry  
and   Indus t r ia2   Chemis t ry  10, 1 7 1 3   ( 1 9 7 5 ) .  

30’ H. Masuda, 5 t h  I n t .  S y m p .  o n   f r e s h   w a t e r   f r o m   t h e   s e a d ’  4, 

31’ S.G. Wong and J.C.T.  Kwak, D e s a l i n a t i o n  15, 2 1 3   ( 1 9 7 4 ) .  

32’ M.E. Heyde, C.R. P e t e r s  and J . E .  Anderson, J .  CoZZoid  .and 

. l i 0 9   ( 1 9 7 6 ) .  

I n t e r f a c e   S c i e n c e  s 8  4 6 7   ( 1 9 7 5 ) .  

33’ F. Hel f f r iCh ,  Ion   exchange ,  M c G r a w - H i l l  Book Comp., N e w  York 

( 1 9 6 2 )  . 
341 B.N. L a s k o r i n ,  N.M. S m i r n o v a  und N.M. Gantman, I o n e n a u s t a u s c h e r -  

membranen  und i h r e  Anwendung, Akademie-Verlag, B e r l i n  ( 1 9 6 6 ) .  

35’ J . R .  Wilson, D e m i n e r a Z i z a t i o n   b y   e Z e c t r o d i a Z y s i s ;  B u t t e r w o r t h s  

S c i e n t i f i c   P u b l i c a t i o n s ,   L o n d o n   ( 1 9 6 6 )  . 
3 6 ’  D.G. Thomas,  I n d .  Eng. Chem. Fundam. V o l .  11, 3 0 2   ( 1 9 7 2 ) .  



3 7’1 

3 8 1  

3 9 1  

4 0.1 

41)  

4 2’1 

431  

4 4 1. 

L. Dresner  and K,A. Kraus, J ,  Phys.  Chem. 67, 9 9 0   ( 1 9 6 3 )  

L. Dresner, J. Phys .  Chem. 2, 2 2 3 0   ( 1 9 6 5 )  e 

H. Yasuda  and A. Schindler ,   in :  Reoerse  osmosis  membyane 
r e s e a r c h .  E.K.  Lonsdale  and H.E. Podall   Eds- Plenum 
press ,  New York, 2 9 9 - 3 1 7   ( 1 9 7 2 )  t 

M.W.J, van  den  Esker, Thes<s,  .R.U. Utrecht  ( 1 9 7 5 )  (. 

Servapor, Chemie-Technik 4, 2 2 3 - 2 2 5   ( 1 9 7 5 )  - 
C.E. Rogers, J. PoZym.ScZ.-C 2, 9 3   ( 1 9 6 5 )  

H.G. Bungenberg de  Jong,  in:  H.R. Kruy t ,   CoZZoid   Sc ience  
V o l .  11, Elsevier   publ i sh ing  Comp. ( 1 9 4 9 ) .  

S.B. Sachsr E. Zisner  and G. Herscovici ,  5 t h  I n t .  S y m p .  o z  

f r e s h   u a t e r   f r o m   t h e   s e a  4, 1 6 7 - 1 7 7   ( 1 9 7 6 )  e 

A, Yi-Yan., D e s a l i n a t i ö n  x, 3 6 7   ( 1 9 7 5 ) .  

-18- 



CHAPTER I I 

POLYMERS - SYNTHESIS   AND  PROPERTIES 

11.1. In t roduct ion  

Asymmetric membranes wi th  a th in   dense   sk in  and a porous  sub- 
s t ruc tu re   a r e   gene ra l ly   p re fe r r ed   ove r  homogeneous  membranes 
because   o f   the i r   h igh  water f l u x .  Asymmetric membranes a r e  
obtained by coagulation,  which  process i s  d i f f i c u l t   t o   r e a l i z e  
s t a r t i n g  f r o m   p o l y e l e c t r o l y t e   s o l u t i o n s   i n   c o n t r a s t   w i t h   t h e  
prepara t ion  from solut ions  of   neutral   polymers .   Therefore  asym- 
metric membranes wi th   f i xed   i on ic   g roups   i n   t he   sk in  a t  the   h igh  
p res su re   s ide   o f   t he  membrane can  be made  by the   fo l lowing   t h ree  
methods: 

- int roduct ion  of  a homogeneous u l t r a t h i n   t o p   l a y e r  of poly- 
e l e c t r o l y t e   t o   b e   a t t a c h e d   t o  a porous  support  (composite 
membrane) ; 

- in t roduct ion  of ionic  groups  in  an  asymmetric membrane by a 
post- t reatment   of   the   neutral  membrane; 

- pre-treatment  of a neut ra l   po lymer   to   in t roduce  a small amount 

of   ion ic   g roups ,   a f te r   which   the  membrane i s  p r e p a r e d   i n   t h e  
conventional way. 

The requirements   concerning  solubi l i ty   re levant   for   the  coagula-  
t i o n   s t e p   i n   t h e   f o r m a t i o n   o f   i o n i c  membranes, severely l j l m i t  t h e  
choice of polymers   that   can  be  used.   Another   l imitat ion  concerns 
t h e   p r e f e r e n t i a l   u s e  of po lye lec t ro ly tes   wi th   s t rong   ion ic   g roups ;  
genera l ly   su l fona te   g roups   a re   requi red .  With r e s p e c t   t o   t h e  l a s t  
two  methods  mentioned  above it would be   usefu l   to   have  a few 
r e a c t i o n   r o u t e s   a t   o n e ’ s   d i s p o s a l   f o r   t h e   m o d i f i c a t i o n   o f   d i f f e r e n t  
polymers. A candida te   po lymer   in   th i s   respec t  i s  c e l l u l o s e   a c e t a t e ;  
about i t ’ s  modification  indeed some work has  been  published. 
Kestingl)   introduced  small  amounts  of  quaternary ammonium groups 
i n   c e l l u l o s e   a c e t a t e s  (D.S. 2,4 t o  2 . 5 )  i n   o r d e r   t o   i n c r e a s e  
the   water   conten t  of the   sk in   and   thereby   the   f lux .  However, s i n c e  
the  introduct ion  of   negat ively  charged  groups i s  prefer red ,  more 
research  has  been  done  on  the  introduction of carboxyl ic2’   o r  
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sulfonic  acid  groups  (see  11.2&)  in  cellulose  acetate  membranes. 
Since  in  the  Netherlands  mainly  cellulose  acetate  and  polyacrylo- 
nìtrile  membranes  are  produced, we investigated  a  reaction  route 
by  which  both  polymers  could  be  modified.  These  reactions  both 
involve  the  use  of 1 , 3  propane  sultone,  a  rather  new  chemical 
at  the  moment we started  our  research. FGr reasons  mentioned 
at  the  end of section 11.2. we stopped  working  with l r 3 ,  propane 
sultone  and  continued  our  investigations  on  a  different  type of 
cation-exchange  membrane.  These  latter  membranes  were  developed 
at  the  same  time,  using  a  reaction  between  N-chlorosulphonyl 
isocyanate  and a polyisoprene  containing  block  copolymer  (sections 
11. 3-5)  L1 

l’ R-E-  Kesting, 5 t h  I n t .  S y m p ,   o n   f r e s h   w a t e r   f r o m   t h e  s e a  
4, 7 9   ( 1 9 7 6 )  .. 

2’1 . J = E =  Cadotte, L.T. Rozelle, R.J.  Petersen  and P.S. Francis& 
in: Membranes  from  ceZZuZose  and  ceZZuZose  derivat ives  
A.F. Turbak,  Ed.  Interscience  Publ., p. 7 3   ( 1 9 7 0 ) .  
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Europcan Polymer Journal. Vol. I?. pp. O00 to 000. Pergamon Press 1976. Printed in Great Britain. 

I1 2 REACTIONS  WITH 1.3 PROPANE  SULTONE FOR 
THE SYNTHESIS OF CATION-EXCHANGE 

MEMBRANES 

P. M. VAN DER VELDEN, B. RIJPKEMA, C .  A. SMOLDERS and A. BANTJES 
Twente  University of Technology,  Department of Chemical  Engineering, P.O. Box 217, 

Enschede,  The  Netherlands 

(Rqeired 26 April 1976) 

Abstract-For  several  reasons  it  is  interesting  for  membrane  technology  to  introduce  strongly  anionic 
groups in membranes.  Therefore  the  possibilities of 1.3  propane  sultone  were  studied  to  modify  cellulose, 
cellulose  acetate  and  polyacrylonitrile. 

The  results  showed that cellulose  and  cellulose  acetate  could  be  modified by a direct  reaction o f  
1.3 propane  sultone with the  available  hydroxyl  groups.  The  nitrile  groups in polyacrylonitrile  had 
to be reacted  first with hydrogen  sulphide  to  give  reactive  thioamide  groups,  able  to  react  with  the 
sultone.  These  results  give  evidence  for  1.3  propane  sultone  being a useful  chemical  for  modification . 
bf polymers,  its  carcinogenic  properties  will  however  prevent  applications. 

INTRODUCTION 

The most important polymers for the preparation of 
hyperfiltration and ultrafiltration membranes now 
seem to  be cellulose acetate, polyamides and polyac- 
rylonitrile. Since introduction of negatively charged 
groups in these types of polymers may offer some 
interesting possibilities, e.g. reduced membrane foul- 
ing and increased selectivity, we studied the reaction 
between 1.3 propane sultone and some of these 
polymers. Reactions with 1.3 propane sultone are 
favoured since strongly anionic groups are intro- 
duced. Moreover 1.3 propane sultone is  very reactive; 
all reactions proceed at  room temperature. Several 
authors used 1.3 propane sultone for the modification 
of cellulose into ion-exchangers, flocculants, adhe- 
sives [l] or for the preparation of cation-exchange 
membranes [2,3] ; 1.3 propane sultone was also used 
for the modification of polyamides [l, 41 and for ring- 
opening polymerization with tertiary amines [S]. The 
synthesis of sodium sulphopropyl cellulose from 
alkali cellulose was studied by both Rozelle et 
al. [2,3]  (solid state reaction) and Goethals and 
Natus [S] (reaction in indifferent solvents): 

CH,-CH, 
I I  

R ~ ~ ~ ~ . ( O H I . N ~ O H + C H  O - Rc,,,-O-CH2CH2CH,S03Na+H20 
T /  

os,\ 
O 0  

Rozelle et al. synthesized cellulose acetate-O-propyl 
sulphonic acid by a second reaction between the un- 
reacted hydroxyl groups of sodium sulphopropyl 
cellulose and acetic anhydride. Membranes prepared 
from this polymer showed excellent performance: a 
flux  of 6 c m 3 / c m 2  hr  and rejections of 96% total dis- 
solved solids, 94% ammonia and 86% total organic 
carbon [2]. Although the possibility of preparing 
cellulose acetate-O-propyl sulphonic acid directly 
from cellulose acetate was mentioned, no results were 
reported. 

With poiyacrylonitrile, 1.3 propane sultone can also 
be used for the introduction of anionic groups, since 
Gabrielyan and Rogovin [7] have found that the 

nitrile group can easily  be converted into a thioamide 
group using hydrogen sulphide. The tautomeric equi- 
librium% between the thioamide group and the thiol 
form offers a possibility to introduce sulphonate 
groups, since the -SH group reacts with 1.3 propane 
sultone according to Fischer [l] (Fig. 1). 

Fig. 1. Reaction  sequence  for  the  modification of 
polyacrylonitrile. 

EXPERIMENTAL 

The  starting  polymers  were  cellulose  (Schuchardt),  cellu- 
lose  acetate  (Eastman  Kodak  E-38.3)  and  polyacrylonitrile 
(Orlon/Du  Pont).  The 1.3 propane  sultone was  supplied 
by Aldrich.  Infra  red  spectra  were  made  with a Beckman 
LR.-33  spectrophotometer  and  the  P.M.R.  spectra  with a 
Varian XL 100 spectrophotometer. 

RESULTS 

1. Cellulose and cellulose acetate 
The reactions between cellulose and 1.3 propane 

sultone were carried out  at  room temperature in 
acetone 'with 7.7 wt% cellulose and with a ratio of 
one mole 1.3 propane sultone per mole hydroxyl 
group. The reaction was completed by adding a large 
excess  of sodium hydroxide solution to the reaction 
mixture. After  14 hr the conversion was  very low; 
however after 120 hr the. degree of substitution was 
0.83 (Table 1). Í n  the I.R.spectrum of the reaction 
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Table 1. Elemental  weight  percentages  in  various  cellulose-derivatives 

Polymer 
- Element 

C H O Na S Total 

Cellulose 43.74 6.38 50.25 - - 100.37 
Sodium  sulphopropyl  cellulose 34.11 5.32 44.42 7.23  9.49 100.57 
Cellulose  acetate 48.45 5.74 46.13 - - 100.32 
Cellulose  acetate-O-propyl  sulphonic  acid 45.05 5.63 45.54 1.83  2.73 100.78 

product,  there was a new strong  absorption at 
119ocm-’ due to the  -SO,Na  group.  Proton mag- 
netic  resonance  spectra of the  reaction  product dis’ 
solved in 20 wtyi D C I / D 2 0  showed broad  bands  at 
&values of ca.  2.2,  3.2 and 3.9 ppm. By comparison 
of these data with  those of  cellulose, we conclude  that ’ 
the P.M.R. results agree with the elemental analysis 
given in  Table 1 and  that the  reaction  product was 
sodium  sulphopropyl cellulose. 

Since synthesis of cellulose acetate-O-propyl sul- 
phonic  acid by acetylation of sodium sulphopropyl 
cellulose to full substitution [3] is a rather complex 
way to  prepare  anionic cellulose acetate, we studied 
the direct  reaction between the hydroxyl groups in 
partially  substituted cellulose acetate (C.A.) and 1.3 
propane sultone. Although  the hydroxyl groups in 
C.A. should be  more easily attacked by 1.3 propane 
sultone &an those in cellulose (C.A. being  soluble in 
acetone), none of theIR.spectra from the reaction 
products were clearly different from that of CA- 
However, according  to  elemental analysis, small con- 
versions were obtained  after 64 hr  at  room tempera- 
ture  and neutralization with an equimolar  amount 
of sodium  bicarbonate  (Table 1). 

2. Polyacrylonitrile 
Polyacrylonitrile (PAN) can  be modified through 

reactions with the nitrile  group, e.g. by reaction with 

lat10 
mole 

SIN 

T O b 
a I 

Fig. 2. Degree of modification of polyacrylonitrile  with hy- 
drogen  sulphide.  (a) As a function of reaction  time in the 
presence  of  20 v01 (C,H,)3N as catalyst; (b) After  -2+hr 
reaction  time as a  function of the  amount of’ cataIyst 

present.  during  the  reaction. 

hydrogen sulphide [7] or by alkaline saponifica- 
tion [8]. Since the first reaction is commonly cata- 
lyzed by organic bases like  pyridine  and  triethyla- 
mine, we studied  the influence on the  conversion of 
the  amount of triethylamine  present  during  the reac- 
tion (Fig.  2).  All reactions were carried  out in a 
10 wt?, polymer solution  in dimethylformamide at 
50°C and  were finished after 24hr since it was shown 
that the maximum conversion  had been reached (Fig. 
2). Infra red spectra of the  reaction  products showed 
an absorption .at 1624cm-’,  indicating the presence 
of thioamide  groups L7-J. These results indicated  that 
reaction between PAN  and hydrogen sulphide does 
proceed;  the conversions found with different volume 
percentages of catalyst are quite high. For mem- 
branes, which are not chemically crosslinked, only 
small conversions are possible in order  to  maintain 
mechanical strength  and  to prevent the polymer 
becoming water-soluble. For these  reasons,  all  further 
reactions were carried out without catalyst. Analo- 
gous to  the experiments with cellulose and cellulose 
acetate, the  reaction with  excess 1.3 propane  sultone 
takes place in acetone, which is a non-solvent for 
products (I) (Fig. 1). Sulphonic  acid  groups were in- 
troduced by quantitative  reaction of the - SPI groups 
with 1:3 propane  sultone, as concluded from elemen- 
tal analysis of the  reaction  products  (Table 2). Ion 
exchange capacity  measurements by potentiometric 
titration gave results in  good  agreement with these 
elemental analyses (Table 2). Finally, viscometric ex- 
periments on PAN  and the products listed in Table 
2 showed a constant  intrinsic viscosity for  PAN  and 
for  the  neutral polymers (IA) and (IB) in dimethylfor- 
mamide, while the intrinsic viscosity  of the polyelec- 
trolytes (ITA) and  (IIB)  more  than doubled. This vis- 
cornetric  behaviour also provides support for ionic 
character of polymer (11). 

From these results, we conclude that the results 
of the  reactions with hydrogen  sulphide  and 1.3 pro- 
pane  sultone, c0nfìn-n the reaction sequence in Fig. 
1. 

Table 2. Elemental  analyses of  polyacrylonitrile  derivatives 
(E) after-times of reaction  with  hydrogen  sulphide  from 
1 hr (A) and 2  hrs (B,, and of their  derivatives UI). (Chemi- 

cal  compositions of I and 11 are given in  Fig. 1.) 

Elemental  weight 
percentages Ion exchange 

MoIe  ratio  capacity 
Polymer S N Sm (meq/gr) 

(IA)  3.15  23.08  0.06 
(IIA) 5.59  19.92  0.12  0.750 

!IB) 8.07  21.27 0.17 

- 

,I!B) 12.26 ’ 14.69  0.36 
- 

1.906 
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Carcinogenity of 2.3 propane sultone 
Although 1.3 propane  sultone belongs to the  group 

of alkylating chemicals, a  group known to have car- 
cinogenic  properties, for a  long  time 1.3 propane 
sultone was not recognized  as a  dangerous  carcino- 
gen  [9a]. However,  recently rather  alarming  informa- 
tion has  been published: 1.3 propane  sultone  pro- 
duced tumours  in  rats,  rabbits  and mice  when  given 
orally,  subcutaneously  or by intravenous  administra- 
tion,  resulting in death of a high percentage of these 
animals [9b,  12,131. Although any contact with the 
skin in handling 1.3 propane  sultone  should always 
be avoided [l, 9b], the  carcinogenic activity found for 
animals was  exceptionally  high and  total  prohibition 
of the use of 1.3 propane  sultone  in  industry was 
advised [14]. 

Recently, the use, transport  and possession of  1.3 
propane  sultone has  been forbidden in the  Nether- 
lands [lS]. Since the  propyl  group is not  functional 
in our experiments,  higher homologues may  be  used, 
e.g.  1.4 butane  sultone,  found  to  be much  less carcino- 
genic [l 1,131.  However,  these  homologues  are  not 
commercially available,  are less reactive  and effect 
lower  conversions. 

CONCLUSlON 

Although 1.3 propane  sultone is a  unique chemical 
by  which anionic  groups can be  introduced  in cellu- 
lose-derivatives,  polyamides and  polyacrylonitrile, the 
carcinogenic  properties will prevent  any  industrial 
large  scale  application. Since higher  homologues are 
less carcinogenic, 1.3 propane  sultone may  be  re- 
placed by a higher homologue in the  reaction given 

Acknodetlyement -The authors  thank  Mr. W.  Lengton 
for assistance  with  the  potentiometric  titrations. 
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11-3. Synthes is   o f   an ionic   po lye lec t ro ly tes   wi th   the   use  of 

N-Chlorosulphonyl  isocyanate 

N-Chlorosulphonyl  isocyanate ( N C S I ) ,  C1S02-NC0, i s  an  extremely 
react ive  chemical  made by a r eac t ion  between SO3 and ClCN. N C S I  

reacts eas i ly   wi th   mines .   a lcohols ,   a ldehydes ,  acids, t h i o l s ,  
ke tones ,   o le f ins  etc.: wi th  water NCSI  r e a c t s   e x p l ~ s i v e l y l - ~ ’ .  . 
S u i t a b l e   s o l v e n t s  f o r  r eac t ions   w i th  N C S I  a r e   d i e thy le the r ,  hydro- 
carbons  and  chlorinated  hydrocarbons.   Until  now no t o x i c   a c t i o n  
of N C S I  has  been  found1’. 
The r e a c t i o n  between N C S I  and o le f in   g roups   in   po lymers  may be 

used for t he   p repa ra t ion  of cation-exchange membranes. For small 

molecu le s   t he   r eac t ion   w i th  NCSI  was s tudied   ex tens ive ly  by 
and Rasmussen  and  Hassner3’ . Later .Van d e r  Does et. a l .  4 r  51 

and P a u t r a t  and  Marteau6’  studied  the  reaction  between N C S I  and 
the  unsaturated  polymers   poly-cis- l ,$   isoprene ( P I ) ,  SIS  and 
polybutadien ( P B ) ,  The products   o f   these   reac t ions  are: 

PB + N C S I  L-,- -‘ . >  -(CH2 - CH - CH - CH2+ 
I I c1 so2 

I 
NCO 

(I) ( r e f  D 6)  

%CH2 - C - CH - CH2+ 
I I  

N - C=O 
I 

\ S 0 2 C I  

I 
HN - C=O 

I so2c1 

The major   cons t i tuent  of product I1 contains  B-lactam-N-sulphonyl- 
chloride  groups.   These  groups are r a t h e r   r e a c t i v e  as is  shown by 
the   fo l lowing   r eac t ions :  
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y3 NaHCO /Na S O  
T T  2 3 ,  I L  

3OoC 

I1 NaOH 
l0O0C 

R - NH, 
I1 L 

2O0C 
.. . . . . . 

-(CH2 - C - CH - CH2+ 
I I  

HN - C=O 

y 3  

$CH2 - C - ’CH - CH2* 

HN &0Oe 
I 

$CH2 - 
y 3  

c- 
l 

s02 I 

HN 
I 

NHR 

L 

\NHR 

+ NaCl + CO2. (Ref.2,5,8) 

+ Na2S04 

+ NaCl 

+ RNH3C1 

(Ref. 4 )  

Also  the  thermal  decomposition of t h e  B-lactam-N-sulphonylchloride 
group was studied7’ 

CH3 
AT I 

I1 _I___j -(CH = C - CH - CH2+ + H C 1  + S O 3  
I 
CN 

Thermogravirnetric  analysis on SISL-x samples* showed t h a t  a l l  
samples,  exceptwhen x = O ,  decomposed a t  about 15OoC ( f i g u r e  1). 

Although B-lactam-N-sulphonylchloride groups  can  also decompose 
a t  room temperature5 r 8 1  f o r  SISL-20 no change i n   t h e   i n f r a - r e d  
s p e c t r a  was found  up t o  one month. 

* Reac t ion   p roduc t  f r o m  a S I S  block  copolymer (TR 1 1 0 8 )  w i t h  
N C S I ,  where x i s  t h e  m o l e   r a t i o   ( i n  X )  o f  t h e  amount N C S I  
a d d e d   t o   t h e   i s o p r e n e  i n  S I S .  
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t L 
O h /  1 1 1 I I 1 1 
x) 80 120 160 200 

F i g u r e  1 

W e i g h t  l o s s  o f  a S I S L - x  s a m p l e   d u e  t o  thermal d e c o m p o s i t i o n  
( h e a t i n g  r a t e  15 ? / m i n ) .  

These   d i f f e ren t '   r eac t ions   w i th  B-lactam-N-sulphonylchloride groups 
makes it poss ib l e   t o   p roduce  membranes w i t h   i d e n t i c a l   p h y s i c a l  
s t ruc ture ,   bu t   wi th   d i f fe ren t   chemica l   composi t ion .   Consequent ly  
t h i s   r o u t e   e n a b l e s  us t o   s t u d y  the inf luence  of   ionic   groups, .  
water conten t ,   (de- )swel l ing  phenomena etc. on   the  membrane per- 
formance. I n  a d d i t i o n   a l s o  the d e g r e e   o f   s u b s t i t u t i o n   i n  polymer 
I1 can   be   va r i ed .   S ince   t he   ob jec t ive  of t h i s   i n v e s t i g a t i o n  w a s  
t h e   p r e p a r a t i o n  and  study  of  cation-exchange membranes, w e  in- 
t e n d e d   t o  start  wi th  membranes made of product  111. However f o r  
a p p l i c a t i o n   i n   h y p e r f i l t r a t i o n  membranes it would  be more appro- 

p r i a t e   t o   h a v e  polymer 111 without  the  weakly  carboxylic  acid  groups.  
F o r t u n a t e l y   t h i s  was p o s s i b l e  by using  aqueous ammonia in s t ead   o f  
NaOH, as w i l l  b e   d e s c r i b e d   i n   t h e   f o l l o w i n g   s e c t i o n .  

'I R. G r a f ,  Justus L i e b i g s  Ann. Chem. 661, 111 ( 1 9 6 3 ) .  

21 R. G r a f ,  A n g e w .  Chem. 80, 1 7 9   ( 1 9 . 6 8 ) .  

3 1  J , K ,  Rasmussen and A. Hassner, C h e m .  Revs .  76, 3 8 9   ( 1 9 7 6 )  o 

41 L. van  der  Does, J. Hofman aqd T.E.C. van  Utteren, J. P o Z y m .  

Sci.-B G, 1 6 9   ( 1 9 7 3 ) .  

51 L. van  der  Does e t  a l . ,  unpublished work. 
61 R. Paut ra t   and  J. Marteau,. R .  G. C . P .  48, 1 2 2 7   ( 1 9 7 1 )  e 

71 E . J .  Moriconi  and C.C. Jalandoni ,  J .  Org .  Chem. 35, 3 7 9 6   ( 1 9 7 0 )  o 

N.S. I s aacs ,  Chem. Soc .  Revs.  5, 181 ( 1 9 7 6 ) .  
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I1 4 POLYELECTROLYTES OBTAINED BY  REACTION OF 
P-LACTAM-N-SULFONY  LCHLORIDE  GROUPS 

WITH AQUEOUS AMMONIA 

The  reaction  between R1 R2 C = C R3 R4  and  N-chlorosulfonyl  isocyanate. 
resulting  in  a 0-lactam-N-sulfonylchloride has  been  studied  in  the  past  for  small 
molecules  (1-3)  as  well  as  for  unsaturated  polymers  (4-6).  For  polyisoprene it 
has  been  shown (4) that the addition  product,  containing  0-lactam-N-sulfonyl- 
chloride  groups,  reacts  with  NaOH at 100-1  10°C to form  a  polyelectrolyte, 
according to the following  scheme: 

R1-C--C-R4 
' I  
1 s 9 p  

RI- C - C -  R4 I I , p  
N ,- C=O t 3 F a O H  -4 HN C 

This  reaction  does not proceed at room  temperature.  Graf  (1,2)  studied  the 
reaction  between  low  molecular  weight  derivatives (1) and  organic  bases  like 
aniline  and  p-chloroaniline at room  temperature.  The  uncharged  reaction 
products  had  as  a'  general  formula  structure D (Fig. 2), with -NRSR6 instead 

In none  of  these  investigations  has  the  reaction of (I) with  aqueous  ammo- 
of  -NH2. 

nia  been  reported.  The  use  of  ammonia  offers  the  possibility  of  a  reaction 
with  NH3  as  well  as  with  OH-. We investigated  therefore  this  reaction  with 
the  addition  products of styrene,  polyisoprene,  and  a  styrene-isoprene  block 
copolymer  (S-I-S)  with  N-chlorosulfonyl  isocyanate. 

Experimental 

We prepared (I) from  cis-l  ,4-polyisoprene  (Cariflex IR 307), according to 
Van  der  Does,  Hofman,  and  Van  Utteren (4). This  polymer  was treated  with 
aqueous  ammonia  (in  a  range  of 0.8 to 6% M) at room temperature (20°C) 
with  stirring.  Within  about 1 hr  a  highly  viscous  solution  developed,  indicat- 
ing  the  formation  of  an  ionic  reaction  product.  The  polymer  was  isolated  by 
evaporation  of  the  water.  In  the  infrared  spectrum  of  this  reaction  product 
the very  strong  absorption  from the :C = O group in the  lactam  ring at 1810 
cm-'  had  disappeared  (Figs. I A-B). 

There  was  a  new  absorption at 1655 cm-'  (Fig. IB) which  can  be  assigned 
to carbamoyl  absorption. 

-27- 
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MENUMBER CM-’ 

Fig.  1.  Infrared  spectra from  the  addition product of polyisoprene  &h N- 
chlorosulfonylisocyanate (A), its reaction  product  with  ammonia at room 
temperature (B), and with  NaOH at 100°C (C). 

The  structural  units  which  can  be  present  in  the  reaction  product  are  shown 
in  Figure 2. In Figure 1 the  infrared  spectrum  of  the  polyisoprene  analogue 
of (11) is also given  (Fig. 1C). 

In  order to get  more  information on the  reaction  product we synthesized 
as a  model  compound 4-phenylazetidinone-2-N-sulfonylchloride (1,2). This 
compound (111) was  reacted  with  aqueous  ammonia (6.6 M) for 24 hr at room 
temperature. 

After  addition  of  an  excess 0f.a hydrogen  chloride  solution  white  crystals 
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"l-î -7 OR4 
HN C c  

I NH2 

B 

R1 

f2 p 3  

- c  - c  - R4 
H; p 

I '  
;o2 NH2 

NH2 

D 

Fig.  2.  Possible  products  of  the  reaction  between  ammonia  and  0-lactam-N- 
sulfonylchloride  groups at room  temperature. 

appeared (N). The  absorption at 1655 cm-' in  the  infrared  spectrum  of (IV) 
clearly  indicates  the  presence  of  carbamoyl  groups.  After  subtraction  of 
NH4C1 content  the  following  elemental  analysis  was  obtained: 

C H N O S 
44.33 5.1 1 11.93 25.54 13.09 

which  can  be  written  as C9-0 Hl 2.4 N2.1 03.9 S l s 0 .  These  results  can  be  inter- 
preted  assuming  the  following  reaction  sequence: 

The  assumption that the crystals  (IV)  have  the  proposed  structure was checked 
by  titration. It was found that the  yield  of  the  ammonia  reaction  was  about 
95%. An equivalent  weight  of  249  was  found  (calc.  244). 

From  these  results  it  seems  reasonable to assume that in  the  polyisoprene  ana- 
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TABEE I 
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Ion Exchange  Capacities of SISS-57 Polymers  Synthesized  with  Ammonia 
at Room Temperature 

1.64 

logue  structure B (Fig.  2)  is  present.  Hence the  reaction  with  ammonia  makes 
it possible to synthesize  a  polyelectrolyte  from  cis-l,4-polyisoprene at room 
temperahre. 

Since  we  were  more  interested in block  copoly.mers  with  an  ionic  miadle 
block, we continued  our  experiments  with  a S-I-S block.copolymer  (Cariflex 
TR 1108)  with  29%  polystyrene,  which  had  been  modified (Q) to give the  ana- 
logue  of (I) and  by  reaction  during 24 hr with  aqueous  ammonia to give the 
analogue  of (N) (SISS-X); X is  the  molar  ratio  N-chlorosulfonyl  isocyanate/ 
isoprene  in  percentages. 

Ion exchange  capacities  were  determined  by  the  following  procedure:  A 
,large  excess  of  2.0  N  hydrogen  chloride  solution  was  passed  through  a  column 
filled  with SISS - 57 polymer.  The  excess  acid  was  removed  by  washing, 
and  afterwards  the  sodium  salt  was  formed  using 50 ml of 0.1 N NaOH  solu- 
tion.  Finally  the  excess  NaOH  was  titrated  with  0.1 N HC1 solution.  The  ion 
exchange  capacities found  are  shown  in  Table I. The  calculated ion exchange 
capacities for these  polymers  are:  zero for structure D, 2.94  meq/g  dry  poly- 
mer for structures B and C ,  and  5.88  meq/g  dry  polymer  for  structure  A. In- 
frared  spectra of these  polymers  are in agreement with the preceding  results. 

Conclusions 

The  results  from  our  experiments  indicate  a  simultaneous  reaction of the 
0-lactam-N-sulfonylchloride groups  with  NH3 and OH-. Contrary to similar  re- 
actions  with  NaOH,  a  polyelectrolyte  can  be  synthesized at room  temperature. 
From  model  studies on 4-phenylazetidinone-2-N-sulfonylchloride we  conclude 
that  during  the  reaction  between  a 0-lactam-N-sulfonylchIoride group and  aque- 
ous  ammonia,  a  reaction  product with structure B was  formed. 
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11.5.  Modified S IS  block  copolymers 

The r eac t ions   desc r ibed   i n   t he   p reced ing   s ec t ion  are only  
poss ib le   wi th   po lymers   conta in ing   po ly isoprene .   In   th i s   s tudy  
w e  used a polystyrene-polyisoprene-polystyrene (SIS)  block co- 
polymer as’ s t a r t i n g   m a t e r i a l   f o r   t h e  membrane p repa ra t ion ,   Seve ra l  
thermoplas t ic   rubbers  are manufactured by Shel l   and  sold  under  

t h e   t r a d e  name  CARIFLEX. This  group  includes two SIS  block  copoly- 
mers (TR 1107  and TR 1 1 0 8 )  wi th  S / I  r a t io s   o f   r e spec t ive ly  1 4 / 8 6  

and 29 /71 .  S i n c e - b e t t e r   p h y s i c a l   c r o s s l i n k i n g  i s  archieved a t  a 

h igher  S / I  r a t i o ,  w e  used  block  copolymer TR 1108.. 

C h a r a c t e r i z a t i o n   o f   t h i s  polymer w a s  done  by  dn/dc  measurements 
i n  cyclohexane,  toluene  and 1,2 dichloroethane  and w a s  found t o  
c o n s i s t   o f  27 % polys tyrene .  M, w a s  determined  by  osmometry i n  
to luene  ( 1 2 6 , 0 0 0 )  and M was determined by l i g h t   s c a t t e r i n g   i n  
cyclohexane,  toluene  and 1,2 dichloroethane ( 2 4 7 , 0 0 0 ) .  According 
to   She l l1 ’   t he   po lymercons i s t so f  29  w t %  polystyrene  and  block 
molar  weights of 30,000 fo r   po lys ty rene  and 1 5 0 , 0 0 0  for   po ly iso-  
prene. . 

The physical  behaviour  of  block  copolymers i s  r e l a t e d   t o   t h e i r  
s o l i d  s ta te  morphology.  Block  copolymers of t h e   t y p e  ABA e x h i b i t  
micro-phase  separation  which  typically  gives a dispersed  phase 
(domains)  of  one  polymer i n  a cont inuous  matr ix   consis t ing  of  
the   o ther   po lymer .   In   thermoplas t ic   rubbers   the .mat r ix  i s  made 
of the  rubbery  polymer,   wi th   hard  polystyrene domains d i spe r sed  

i n  it. Hence these  polymers are physical ly   crossl inked,   which 
d i f f e r s  from  chemically  crosslinked  polymers  by  the  existence of 
a r eve r s ib l e   ne twork   s t ruc tu re .  The advantage   o f   these   mater ia l s  

over  chemically  crosslinked  polymers i s  t h e i r   s o l u b i l i t y  i.n common 
organic   so lvents ,   whi le  the  mechanica l   s t rength   increases  enormous- 
l y  compared wi th   tha t   o f   the   po ly isoprene   of   po lybutadiene  homo- 
polymers - 
U s e  of  block  copolymers i n  a membrane cas t ing   so lu t ion   i nvo lves  
a reduct ion   of   the   f lex ib i l i ty   o f   the   po lymer /so lvent   ( /non  sol-  
vent)  system  used.  Block  c.opolymers are n o t   o n l y   s t r u c t u r e d   i n  
t h e i r   s o l i d  state, b u t   a l s o   i n   s o l u t i o n s  above Q 10%2’  o( The 
presence of t h e s e   p h y s i c a l   c r o s s l i n k s   i n   s o l u t i o n  may e f f e c t   t h e  

w .  
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behaviour  of  the  system.  An  important  limitation  is  also  that 
most  block  copolymers  have  just  a  few  good,  non-selective  solvents. 
Use of a  selective  solvent, i.e. a good  solvent  for  one  block  and 
a  poor  solvent  for  the  second  block,  results  in  a  poorly  defined 
morphology,  which  may  reduce  the  mechanical  strength2I.  A  good 
non-selective  solvent  may  turn  into  a  poor,  or  select$ve  solvent 
when  the  block  copolymer  is  modified. In our  particular  case 
toluene  is  a  good,  non-selective  solvent  for SIS; however  after 
modification,  by  NCSI,  insoluble  products  are  obtained  above  a 
certain  degree of substitution.  This  prohibits  the  formation of ; , r ,  

homogeneous  SISL-x  films  above  x = 60 %, while  also  formation of 
an  asymmetric  membrane  by  coagulation is not  possible  any  more. 
Phase  separation  also  causes  the  different  behaviour of for  instance 
a  series  of 10 wt%  SISL-x  solutions in toluene with.variable degree 
of Substitution.  (e.g.  light  transmission,  viscosity) . All  these 
factors  may  cause  severe  problems  in  practice  by  the  limited  mar- 
gins  available  with  block  copolymer  solutions. 
The  morphology of ABA  block  copolymers  on  the  colloidal  level 
depends  strongly on the  ratio  A/B.  Allport  and  Janes2'  and  Mieras 
and  Wilson31.  showed  that  different  domain  shapes  can .be formed 
at  different  A/B  ratios,  e.g. in a SBS-rubber we  can  find  poly- 
styrene  spheres  (S/B < 1 5 % ) ,  PS cilinders (15 < S/B < 22%) , lamella 
(22 S/B < 3 3 % ) ,  polybutadiene  cilinders (33 < S/B < 75%) or PB 
spheres  (S/B > 75%) .. Since  the  information  about  domain  shape in 
the  polymer  used  in  this  study  was  limited,  the  microphase  separa- 
tion of several  ultrathin  SIS  and SISL-20 films  was  studied  wi.th  a 
Philips EM 200 transmission  electron  microscope, operating-at 
an accelerating  voltage  of 80 kV. Ultrathin  films (5  1500 w) were 
prepared  by  spreading  a 0.1 wt%  polymer  solution in toluene on 
a  water  surface.  After  some  time  the  solvent  had  evaporate&  and. 
the  film  was  brought  onto 90 micron  copper  grids,  which  were 
covered  before  with  a  carbon  layer, (2 300 8)'. Unstained  samples 
did not  show  much  contrast  between  the  two  phases.  To  enhance  the 
contrast  the  films  were  exposed  to  the  vapors of an  aqueous 2 wt% 
O s 0 4  s ~ l u t i o n ~ ~ ~ ~  at  room  temperature  during  one  hour. O s 0 4  reacts 
selectively  with  the  unsaturated  groups  in  the  polyisoprene  phase 
giving  sufficient  contrast;  the  polyisoprene  matrix  appears  dark 
and the  polystyrene  domains  appear.  bright. 
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Photographs 1 and 2 

U l t r a t h i n  SIS f i lms   s ta ined   wi th  Os04. 

Photograph 3 

U l t r a t h i n  SISL-20 film s t a ined   w i th  Os04. 
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This  contrast  is  the  inverse  from  that in unstained  films  were 
the  polystyrene  phase  was  somewhat  darker  than  the  polyisoprene 
matrix.  Photographs 1 and 2 show  stained SIS films;  photograph 
3  shows  a  stained SISL-20 film. From  these  photo's  it  is  clear 
that  the  polystyrene  domains  are  spherical  with  a  diameter  of 
about 600 a or  form  sometimes  short  cilinders. A l s o  the  distri- 
bution of the PS domains  both in the SIS and  the SISL-20 films 
was  found  to  be  regular. 
A-lthough  these  results  do  not  give  evidence  for  a  similar  micro 
phase  separation in coagulated  membranes,  it  is  felt  that  the 
ordered  structures  occurring in  the  casting  solutions will also 
result in a  similar  microphase  separation  in  coagulated  asymme- 
tric  membranes. 
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P; M. 'VAN DER VELDEN and C. A. SRIOEDERS, Tuertte Uniuersity of 
Technology, Enschede, The Netherlands 

synopsis 

A new route for the preparation of  cation exchange membranes from  polystyrene-polyisoprene- 
polystyrene (SIS) block  copoiynlers has been studied, using  N-chIorosulfony1  isocyanate. +t t.em- 
geratures of 0' to 20°C, N-chtorosulfonyl isocyanate reacts readily with the olefin group in poly- 
.isoprenes, resulting in a $-lactam-N-sulfonyIl chloride group. Films of this product can be cast which 
are hydrolyzed afterwards with aqueous ammonia at room temperature to give a membrane with 
ionic sulfvnate and neutral carbanmy1  groups.  EIomogeneous  menlbrnnes are prepared with an SIS 
block copolymer as starting material and with mole ratios of N-chlomsulfon~l isocyanate/isoprene 
between 15% and 45%. In hyperfiltraticm experiments a t  40 atmospheres, both NaCL and NazSOj 
are rejected up to 8'%, while fiuxes ofO.25 to 0.30 cd/crn2.hr  are obtained. From permeation and 
hypcrfiltration experiments, it is concluded that  the weight  fraction of mcmbrane water has D. large 
influerrce on the, flux. The water content in the membrane during the hypcrfiltration process is 
primarily determined by the applied pressure, the type of salt, and  its concentration.. 

INTRODUCTION 



cyanate as CI modifying agent for isoprene-contalhlng polymers. In order to 
obtain a high  rejection  value, the effective  charge  density should be as high as 
possible. At  higher charge  densities, however, the volume fraction of membrane 
water  increases and can  cause  problems  with  respect to the mechanical strengt~h 
of the membranes. 

Several  met.hods  have  been  applied'  in order to prevent  this problem.  Van 
Heuven and Bloebaud described the use of chemically crosslinked ion  exchange 
particles  in  dynamically  formed  cation exchange membranes. Yasudh,  Lamaze, 
and Schindlerg and Yasuda and Schindler7  introduced  these crosslinks by graft 
polylnerizatión on hydrophobic  polymer  films. Lopatin and  Newep and Yasuda 
et  a L 7 s 9  used physical crosslinks of uncharged  domains in membranes  made from 
block copolymers. In  this  study, we used  a physically crosslinked  membrane. 
As a starting  material for the  membrane  preparation, a commercially  available 
polystyrene-polyisoprene-polystyrene (SIS) block  copolymer (Cariflex TR 1108) 
was used. A study was made of the overall  hyperfiltration  properties of these 
membranes  and of possible deswelling phenomena  under  actual use (influence 
of applied  pressure  and  .salt  concentration). 

Synthesis of the Polyelcctrolytcs . T  

A polystyrene-polyisoprenc--polystyrene (SIS) block copolymer  can be 
modified according to Van der Does, Hofman,  and Van Ut.teren.10 These authors 
investigated the reaction between polyisoprene and N-chlorosulfonyl isocyanate 
in'toluene  to  form  an uhcharged intermediate (I): 

N-C=O- 

SO&l 
l 

I 
Hydrolysis of polymer I with a 2N NaOH  solution a t  1OOOC'resulted in a poly- 
electrolyte (11) with  both carboxylate and  sulfonate groups: 

CH, CH, 
I I .  
I IR0 
I 'ox+ 

+C~I,--C-CH-,C€I,-);;(-CII,-C=CE-I-CH,9;;1." 

€IN C 

SOs-Na+ 
I1 

Membranes  prepared  from polymer 11, containing  a carboxylate, group,  are very 
sensitive to changes of pH in the range of pH'values 4 to 8 and have  large  sensi- 
tivity  toward  polyvalent  counterions. 
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For these  reasons  and the  fact  that  a postpolymer  reaction at  100°C can give 
problems in practice, we did  not hydrolyze  polymer I with  aqueous NaOH but 
with  aqueous  ammonia. The hydrolysis reaction was. carried  out with 1..65N 
ammonia at .room temperature. The reaction product  formed  during  this  re- 
action has the following  structure:11 

-. I 
SO~-NH~+ 

m 
The final reaction product 111, when starting  with  an SIS block copolymer, is 
indicated  as SISS-x, where x (in ?6) stands for the  ratio of the  number of moles 
of N-chlorosulfonyl isocyanate  added  to  the  number of moles isoprene units 
present  in  the polymer. 

However, since the modifying agent does not  react  quantitatively, x does not 
give the real degree of substitution. Van der DoesL2  found, for dilute polymer 
solutions in toluene, that  the  actual degree of substitution (u )  in the SIS analogue 
of poIymer I was about 0.7X. Using more  concqntrated polymer solutions, ive 
found for SISS-80.0 and SISS-28.3 polymers,  prepared at  (IOC:, by titration ion 
exchange  capacities of 1.10 and 1.47 meq/g, respectively. 

'Since the block copolymer  used  contains 29% polystyrene, the ion exchange 
capacity (Cd*) for the SISS-x polymers is given by 

10a 
94 + 1.59a Cd* = mcq/g polynler. 

With this equation, we c m  calculate that the experin?entd I.E.C. values given 
above are in agreement with the data  found by Van der h e s .  

Membrane Preparation 

hhmbranes were prepared from the SIS analogue of polymer I (SEX-x). 
Since  membrane  performance depends strongly on membrane morphology, it 
is impsrtant to cont.rol the latter  property. For both ways of preparing mern- 
branes, viz., by evaporation and by coaguiation, it is an advantage  t-hat the 
nonionic intermediate  product I can be used wide fixing the membrane  structure. 
From a 10% SISL-x solution  in t.oluene, a film was cast on a glass plate  with a 
doctor's knife. 

After  evaporation of the  toluene (90 min),  the film was hydrolyzed in 1.65N 
anlmoniá. The time  required for conzpletion of the reaction with arnnlonia was 
determined  from  the  disappearance of the absorpt.ion peak a t  1810 cm-l in the 
infrared spectrum (Figs- I b  and IC). A reaction  time of 45 min was  used  since 
the 1810 cm-' absorption peak had  disappeared conlplet.ely within 30 min (Fig. 
IC); after  the  film was rinsed  with  water, it was ready for use., 

Determinatiob of Water Content 

Weight fractions of membrane water were det.ermired by immersion and by 
thermogravimetric  analysis (du Pont TGA-950). . 
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4ooo 3000 2dOo leb0 lsbo 14bo 1;Oo &h60 6àl I - WAVENUMBER (cm") , 

Fig. 1. Infrared  spectra  from  CAFUFLEX TR 1108 (a) and the  SIS  analogues  I (b) and 111 (c). 

For the immersion  method, the films were equilibrated in water,  carefully 
wiped with filter paper, weighed, vacuum dried at 50°C, and weighed  again. For 
the TGA method, the films were handled in the same way as for the immersion 
'method, except for vacuum  drying.  Samples were then  studied  at  different 
heating  rates (2--15"/nlin) with a stream of nitrogen gas passing over. 

Hyperfiltration Experiments 

The experiments were performed with three different test upits. Two of these 
units were Amicon pressure cells (Type 420 for high pressures and  Type 401 S 
for low pressures)  connected  with a reservoir. These cells are  part of a noncir- 
culating  system  held  under  nitrogen  pressure. 

The feed  solution  in the cell is  stirred at 450 rotations  per  minute by means 
. af .a magnetic' stirrer  directly above the membrane. The  third  unit consisted 
of a closed hyperfiltration circuit, incorporatirig f i ~  flat cells (Fig. 2); a membrane 

brine 

, '  

Fig. 2. High-pressure  hyperfiltration  cell: 
(a)  @ring; (b) membrane;  (c)  porous  disc. 

product water 
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pump, ancl a cooling spiral.  Rejections were determined by measuring the salt 
cowcentrationa conductometricallly: 

ates contents of S1Ss-x films with  different degrees of substitution were 
determined. In those cases where x> 65% SISL-x films could not be prepared, 
since these films were extremely brittle (Fig. 3). In Figure 4, the weight fraction 
of water in the polymer, H*, is plotted as a function of x. 

' The SIESS-x bolymers with x>40?6 were highly swollen and could not be used 
as membranes for hyperfiltration because of lack of Inechanical strength. Ob- 
visuslly at degrees of substitution  higher than x = 40%, the physical erosslinks, 

rmed by polystyrene domains in the material, cannot prevent swelling t o a n  
inacceptably high level. Hence, we only studied the transport properties through 
membranes for x values from 29!:, up ta @S. 

HQXXIQ~~WQUS mernbranes prepared from SISS-x polymers with degrees of 
substitution lower than x = 20% were not. studiecl, since the illux~s through  these 
ramnbranes were very small. 

Fig. 3. Film cast from a SISL-80 solution in toluene (SEM photo made 
after carbon and @mina deposition). 
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Fig. 4. Weight  fraction of water in various SISS-x 
samples: (o) TGA  measurements; (o) immersion 
measurements. 

water of hydration and bulk water will be present. 
Figures 5 and 6 show; in combinhtion with Table T, that; when t.he feed solution 

contains no solut.es, ,the t.ransport af water t.hrough swollen SISS-x filrns a t  dif- 
ferent,  pressures ( p )  is liot  linear wit.11 p .  This  phenonmmn was also observed 
.by other aut.hors.'"-l5 

If the wder content  did not change  with  increasing  pressure, the flux should 
be givcil by 

Ju K l ( p  - A T )  (3) 

and with pure water, Jlo should  be  linear in p .  Yasuda et  al.7JGJ7 considered 
the influence of the volume fraction of membrane  water  on the flux, which rc- 
sulted in the equation 

I 

50 
7 
50 

Fig. 5. Flux through SISS-x membranes at Fig. 6. Flux through  SISS-x  membranes at 
low  pressures (A, B and C refer to Table I). high pressures (B and C refer to Table I). 
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TABLE I 
Water Content for  Three  Diffcrcnt  SISS-s.h.Iembranes 

Time stored i n  

no. .Membrane thickness, p H*, % hydrdysis, hr 

A SISS-28.3 35 80.4 72.80 
B SISS-2s.3 35 66.5 . 0.65 
G SISS-zo 46 41.0 2.45 

hienzbrane Dry membrane w-atcr after 

where M could be  a  function of p .  Yaiuda et al.16 found that the slope in the plot 
of flux versus  pressure was linear, which indicated that for the pressures  con- 
cerned, H was independent of p .  Whenever the plot k s  not  linear,  the  initial 
slope was used  for the calculation of Kl. 

As a result of this  approach B was calculated by using HO instead of H in eg. 
(4); B appeared to be. 1.32. It3s doubt.fu1, however, whether  the  replacement 
of H by HO is always  correct for membranes  under  hyperfiltratimi  conditions. 

ICatcIiaIskils showed that for  small  changes  in  the weight fraction of water of 
hydration, eq. (5) is valid: 

H Ho - K2p. (5) 

This  equation  can be rewritten by a truncation of a binomial  series: 

where A-is the fractionaI deswelling KpIHo. Equation (6) shows that only when 
A is small compared  with Ho the  replacement of H by Ho is correct. 

The water transport through both SISS-20 en SISS-2813 films was studied by 
measuring  the flux  with pure water  as feed. The experimental  results given in 
Table I and  Figure 5 show that  the water  content of SISS-28.3 films increases 
when the films are  kept  in  water.  Deviation of a linear J,,-p relation is observed 
already.at low pressures for high HO values. At higher pressurs (Fig. 6), all J,,-p 
curves become nonlinear.  By  extrapolation of the linear part *of the J,,-p curves 
t~ higher p values, the deswelling can be calculated  with the aid of eq. (7): 

h Ju, (linear) l - H  -1-IpO 
[Jw (experimental) 1 = B [H - HO 1- (7) 

In Figure 7, H ,  as  calculated by eq. (7); is plotted  as  a  function of the  applied 
pressure for the curved  lines  in  Figure 6, assuming HO and Ho* to be equal. The 
result is qualitatively in agreement  with Katchalski’s equation18 for the volume 
change of a swollen polyelectrolyte  gel and with other compression  dat.a for 
comparable  cation  exchange  membranes  based on the same SIS polymer.6 



Transport of Water Vapor Through SISS-s Films 

In general,  water of hydration  and loosely bound  bulk  water  can be distin- 
guished. The deswelling mentioned  above is due  to  the partial renwval of loosely 
bound bulk  water. .The amount of wat.er of hydration in n nonswollen rnernhne, 
hourever, influenccs%he magnitude of the water transport  through the memhntne 
under a vapof pressure gradiek. Therefore,  the.water transport through SISS-x 
films was studied  under  an  applied  difference of water  vapor pressure across the 
membrane. 

All experiments were carried  out in a Stnnton thermobnlance by measuring 
the wciglit decrease of c t ; ~ ~  as a fmction of time nt ;? t.entpcrature of ~ 2 . 5 0  k 
0.5"C; the' atmosphere i n  the therlnostateci chanlber of  the %:n t.on \.r;llatxe tvas 
circulated dxlrïng the experiments to keep.thc  relative  humidity i l t . .Wx, .  'I'tlc 
nonswollen SISS-x films separat.ed two compartn~ents with equal t.ot.ai pressures, 
but with rolative  humiditics of 56% and 1OO%,, respectivcty; l'crmeution coef- 
ficients were calculated by 

J =  P--  AP 
l '  

'l 
Fig. 7. Decline in weight  fraction of membrane  water at dif- Fig. 8. Permeation  coefficient of water  througll 
ferent  pressures  as  approximated by eq. 7. (B and C refer to S1SS-x films 
Table  I). 

In Figure 8, thii)~ermeat.ion coefficient5s P are  plotted  against Cd*; Cd* was cal- 
culated 011 the base of 65% effect.ive substitution, using eq. (1). From these re,- 
sutts, we can see t.hnt P incrcases linearly with &*. This result indicates  t.hat ' 
the  amount of water of hydra.tion and t he diffusive water t.ransport  through t he 
rnelnbranc  increase  linearly  with  the conccnt.ratio11 of ionic and polar groups. 

The straight line i n  Figure 8, hiwe.ver, does ribt pass through Cd* = O. This 
observation  can be explained by comparing these data with those for  viscous  flow 
through swollen  mcmbrancs. Yasucia et d l 7  showed t.hat viscous  flow is opposed 
by frictional resistance of the ~nacromolecules. At a critical swelling H,, however, 
there are enough permearit molecules to allow viscous flo!v. On the analogy of 
this phenomenon, it may be assumed that the nattire of the.diffusivc transport 
changes abruptly at some critical value of Cd* above which perhaps a continuous 
water  phase  forms between  some if not all of the  hydration centers. 



The SISS-x membranes  with x = ZO%, 28.3%,30%, and 40% were tested with 
sodium  chloride  solut.ions in an Amicon high-pressure cell. The rejection of 
Na2S04 was studied  with  a SISS-20 membrane. The results of these  tests are 
shown in Table IT. The results  obtained by using a closed-circuit hyyerfiltration 
c d  S ~ I Q W ~  higficr flux and rejection data.  This difference  may be due to the 
lower salt  concentration used  in the closed-circuit  experiments,  as well as the 
aggravation of concentration  polarization  in  the Amicon cell. 

Strathmnann*g studied the influence of the stirrer velocity on the concentration 
polarization in a stirred cell and showed that concentrat.ion polaization increases 
quickly with  decreasing stirrer velocity. In order to separate between the effect 
of both salt concentration  and  concentration  polarization  on the. ;observed salt 
rejection, we studied  the influence of the salt  concentration  in  the  feed on the 
observed rejection (Hot,?) at constant  stirrer velocity (w = 450 'rpm).  le ex- 
periments were carried out .with a SISS-28.3 membrane in an Amicon high- 
pressure cell; In agreement.witb Thomas,20 In (l - Robs) was linear  with the 
natural Pogarithm of the  sodium chloride  concen.tration in the  feed solution. 

Shmr et al.l have given a relation between rejection and some ionic membrane 
parametersp which can be written, as follows: 

TABLE I1 
Hyperfiltration  Results  with  Cation  Exchange SISS-x Membranes  at 40 atrn 

Hyperfiltration  Pressure,  Rejection,  Flux, 
apparatus X Feed solution atm 95 crn/hr 

Arnicon-BZ(P 20 0.078N NaCl 
0.654N Na,SO, 
0.0542V Na,SO, 
water 

water 
28.3 0.078N NaCl 

40 " 0.W S N  NaCl 
Closed circuit 20 0.04ON NaCl 

30 0.040N NaCl 
40 0.040N NaCl 

40 
40 
30 
40 
40 
40 
40 
40 
40 
49 

65 
82 
80 

42 

36 
82 
52 
58 

- 
- 

TABLE 111 
Calculated Water Contents  in SISS-x Membranes Under  Operation 

0.1 5 
0.25 
0.22 
0.4% 
0.40 
1.64  
0.62 
0 2 %  
1.29 
1.59 

Membrane Fee  d Pressure, atm H,  96 

SISS-20 water 2 45.5 
water 4Q 26.6 
0.078N NaCI 40 22.1 

water 48 30.7 
O.078N NaCl. 40 235' 

SPSS-28.3 water 2 60.6 
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Fig. 9. Dependence of rejection of sodium chloride  on the salt  concen- 
tration  for an SISS-28.3 membrane. 

According to eq. (g), the rejection should increase withjncreasing C*, decreasing 
Cfe&, or increasing z .  The results shown in Table I1 and Figure.9  are in agree- 
ment with eq. (9). 

From the flux results measured at low pressures  with pure water we can cal- 
culate &, since H = Ho. With  the use of this KO value; the actual  amount of 
membrane  water can  be  calculated for the high-pressure  experiments  (Table 
111). The values for the  actual  amount of membrane  water shown in Table I11 
give evidence for the  fact  that deswelling of ionic membranes is determined by 
both the applied  pressure  and by the salt concentration. 

Membrane Stability 

The stability of the membranes is primarily  determined  by.  the  degree of 
swelling.6 When the reaction hetween SIS and N-chlorosulfonyl isocyamte in 
toluene was carricd out at  a reaction temperature of 20°C and the films  were kept 
in water, SISS-x n1.embranes with x' = 30% and 40% showed degradation  within 
one day. During  the  hypcrfiltration  tests, these membranes showed a decrease 
of the observed  rejection already after 1 hr from startup. When the reaction 
temperature was lotvercd t o  O'C, it was'possible to produce membranes which 
wcre stable under  hypcrfiltrr~tion  conditions (SISS-28.3), or both  under hyper- 
filtraf.ion ocsndi~,io;~s and during longer per ids  at room icmpesnture water. 
After three clays, SlSS-20 memhrancs  still showed no change i n  the membrme 
perfornm-xe. Van der Does ct al . l2  showed that  the viscosity increased for 
SISS-x solutions prepnrcd at I o w r  reaction tcmpcratures. Hencc, the difference 
in stability betwccn SISS-x rncrTlbrancs.made a t  reaction temperatures of zero 
and 20°C, rcspectivcly, might be clue to cleavage of the polyisoprene chain i n  the 
poIymcr at higher rcaction temperatures. 
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conclusions 

From the rpsu1t.s  given above, it can be concluded that N-chlorosulfmyl  iso-' 
cyanate  can  be  used to modify polyisoprenes  into  polyelectrolytes. This route 
has the advantage that membranes can be cast from a neut.ral intermediate 
polymer. The format.ion of m e m h n e  structure with this neutral  product seems 
to be important. with  respect  to  physical  and c!lemícal crossli1lking and the 
preparation of coagulated (porous) cation exchange nlernbranes.  Afterwards, 
sulfonate groups were introduced in the membrane by reaction  with  ammo- 
nia. 

Homogeneous  cation  exchange  metnbranes, prepared  from  an SIS Mock co- 
polymer,  could  reject NaCl as well as Na$O,i up to 82%. Permeation  and hy- 
perfiltration  experiments  showed that  the flux is primarily determined by the 
weight  fraction of membrane  water, H ,  during operation, The actual  value of 
H depends both on  the  applied pressure and on the  salt concentration  in the 
feed. 

The most stable  membranes were made  from SISS-ZO polymer prepared at 
a reaction  temperature of O" C. 

Nomenclature 

fraction of isoprene units  in the polymer having a charged group 

constant 
salt concentration in  the feed  solution (molell.) 
sak concentration in the  permeate (moleb.) 
effective  charge density  in  the  membrarie (meq/g membrane 

ion exchange  capacity (meq/g dry  polymer) ' 

volume  fraction of water in the membrane 
weightfraction of water  in  the  membrane 
volume fraction of water  in  the  membrane at  p = 1 atm 
water flux through  the  membrane (cm3/cm2-hr) 
constants 
membrane thickness (cm) 
permeation coefficient (cm2/sec.cm Hg) 
applied pressure (atm or cm Hg) 
observed  rejection (96) 
ratio of moles N-chlorosulfonyl  isocyanate added  to moles of íso- . 

charge of coion . 

( W  

water) 

prene  present in the polymer (%) 

Greek Symbols 
A fraction of deswelling of the  membrane (= KZp/Ho) 
r Y&'Y, 
.Y&* mean  ionic  activity  coefficient of salt  in  the  mefnbrane 
T* mean ionic-activity  coefficient of salt  in  the  salt solution 
AZ osmotic pressure  difference  across the  membrane (atnh4 
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Initial Fllux Decline  and  Initial  Rejection Inerease fm 
Swollen  Ionic Membranes 

P. M VAN DER VELDEN and C .  A. SMOLDERS, Twente  University of 
Technology,  Enschede,  The  Netherlands 

During the initial stage of operation, membrane performance in  hyperfikration experiments 
will be time dependent. For swollen ionic membranes, fluxes show an initial decrease while re- 
jections initially increase in magnitude. These phenomena, ’also referred to as compaction, can 
be described by a model proposed here in which the wet membrane thickness decreases in time 
as a combined response to stepwise changed process parameters pressure and concentration. 
The response has been described by a linear first-order differential  equation and worked out by 
use of known. concepts of flux and rejection for swolIen ionic membranes. Experimental data ap- 
pBar to be in good agreement with model predictions. 

INTRODUCTION 

Compaction  is a concept in membrane  research  generally  used to indicate 
phenomena  like  initial  flux decline. Nonlinear  relations  between  rejection or 
flux  on the one  hand  and  the operating  pressure on  the  other  are also ascribed 
to “compaction.”  Because of the practical  importance of these  phenomena, 
several aut6ors  studied flux  changes  in  time.  Bertl  found for cellulose ace- 
tate .membranes that  the permeability is directly  associated  with the  state of 
hydration for a given membrane, the  hydration being determined by the pres- 
sure applied.  Yasuda and Schindles2r3 gave a mathematical description for 
the relation  between the  state of hydration and the flux for  highly hydrated 
membranes. The influence of membrane  thickness d on  the permeability 
through cellulose acetate  membranes was studied  by  Baayers  and Rosen4; 
they  found a linear  relationship  between the waterflux through  the mem- 
brane  and  the inverse  value of d. 

The influence of the  applied pressure on the flux has also been  investi- 
gated.  For  ionic  membramis, J o ~ ~ s o ~ ~  and  Lopatin  and NeweyG found  that 
flux and rejection  increased  nonlinearly  with  increasing  pressure. The  latter 
authors also studied several  ionic  membranes for the effect of different  con- 
centrations of NaCl solution  on  membrane swelling vdues  and for the effect 
of pressure  on  membrane deswelling. The compression  under  pressure fol- 
lowed  closely the  theory of Katchakki, Lifson, and  Ei~enberg,~  The swelling 
values inn NaCl  solutions were clearly dependent on the salt concentration: 
differences of up  to 50% in water  content of the  membranes were found at  
normal  pressures  for  solutions  between zero and 0.1N NaCL 
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1154 VAN  DER  VELDEN  AND  SMOLDERS 

The objective of our  investigation was to  study  the  initial flux  decline and 
initial  rejection  increase for swollen ionic membranes.  Although  all  refer- 
ences cited above deal  more or less with  the  compaction  phenomenon,  no 
model that could explain the simultaneous  occurrence of an ,initial  flux  de- 
cline and  an initial  rejection  increase  in  hyperfiltration experiments'has  been 
given up  until now. In'this  paper  such  a  model is proposed. 

MODEL 

The exact  amount of membrane  water  in  a  membrane  under  operation  can 
be determined at  any  moment  with  great  difficulty only, since the hydration 
H is a function of pressure p and  salt  concentration c .  We  will describe the 
flux and rejection  in terms of the wet  membrane  thickness d ,  as a variable. 
It is known from process dynamics that  the responses  on  simultaneous step 
changes in p and c can be summed.  This is of importance  here,  since  the  de- 
cline of the swollen membrane  thickness d, in  time  cannot be ascribed to  the 
influence of either  pressure p or concentration c alone. We therefore  pro- 
pose a model in which the. wet membrane  thickness  decreases in  time as a 
combined  response to  the stepwise  changed process parameters  pressure.and 
concentration. 

In  an ideal  relaxation process, the  rate of decrease of d,. is dependent on 
the deviation of d, from  the equilibrium  value deq. This relaxation process 
can  be  described  by a linear  first-order  differential equation,  with  the solu- 
tion 

Experimentally, eq. (1) cannot be verified directly.  Since  flux and rejection 
are  functions of the volume  fraction of hydration  water in the'membrane afid 
wet membrane  thickness d,, flux and rejection  can be studied as  functions of 
time. 

tial  with  respect to t  as follows: 
To describe the  initial changes in  flux and rejection, we write the differen- 

d X  aX ad, 
d t  ad, at 
--- - .- 

with X = -J, or X = R. If aX/ed,  is .a  constant (which assumption will be 
discussed below), we can  represent  the  initial flux  decline and  initial rejection 
increase by 

.. . 

These equations have been  tested  experimentally, and  results will be dis- 
cussed  in the results  section. But  first we will explore  from known concepts 
of flux  and rejection  for swollen ionic  membranes  which  conditions  should be 
fulfilled  for eqs. (3a) and (3b) to be valid. 
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SWOLLEN  IONIC MEMBRANES 1155 

Yasuda and S~h ind le r~9~  used the following equation  to describe the  influ- 
ence of the volume  fraction of hydration  water in the  membrane  on  the water 
flux for  highly swollen membranes: 

J, = Ko(Ap - A r )  exp [-B (%H)]. 

In  the case of flat homogeneous  (nonporous) membranes,  the following rela- 
tion  between H and  the  membrane  thickness is valid: 

dw - dd H =  
d ,  - 

Combination of eqs (l), (2), (4), and (5)  gives 

dJ, 
.dt 
-- - -K-  A - exp(-t/.r) 

The  term (d, - dd)  varies from (d: - ddj to (deq - dd)  and can be expressed 
by 

(dw - dd)  O dd (7) 

with 

With  this expression, eq. (6) can  be  rewritten  as 

with 

K1 = h (Ko(Ap - A r )  B ( d i  - deq)/ddT]. 

Since O depends  on t ,  the  term (K1 - In [02=exp(B/w)]) can decrease as d, ap- 
proaches.the  equilibrium  wet  membrane  thickness deq. 

Comparing eq (8) with eq.  (3a), we expect that eq. (3a) will be followed for 
initial flux decline if the  term In [w2-exp(B/w)] does  not depend too  much  on t 
in comparison with the  term t/.r. 

In  the description given above, the possible  influence of changes  in AT on 
the flux, eq. (4), through  an  initial  increase  in  the  rejection  has  been neglect- 
ed. 

Initial Rejection Increase 

According to Shor et al.,8 the rejection of an ionic membrane can be h i t t e n  
as 
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feed i n l e t  f eed o u t l e t  

Fig. 1. 
sintered 

. High-pressure  reverse osmosis cell:  (a)  O-ring; (b) magnetic stirrer; (c) membrane; 
metal disc. 

where R = (1 - PD:) and general1y.P = 1. After  substitution of {C$(l - 
H/M)j for C* and  eq.. (5) for M, eq. (9) can be differentiated  with  respect to 
d,. Assuming dI'/dd, = O, eq. (2) can  be  worked  out to  give 

~ ( l  - R )  
+In [- 

w2(1 - R )  ( Z  f z2)  + 
Since w2(1 - R ) ( z  + z2). is  much  smaller  than (o-C~/c,),  eq. (10) becomes 
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SWOLLEN IONIC MEMBRANES 

I I I I I 

O 40 80 120 16 O 20 o 240 280 320 - 
time f rom s t a r t  up 

(min) 

Fig. 2. Initial flux decIine and initial  rejection  increase  for an ionic S-14-48.3 membrane at 40 
atm with a 2100 ppm NaCl feed  solùtion. 

In <g) In [(d' -deq)  = Z -  (1 - R )  ] --. t (11) 
d t  W 7 .  dd 7 

We see that eqs- (11) and (3b) become identical if In (1 - R)/w does not  de- 
pend  on t. With  the help of eqs. (l), (?), and Ill), eq. (12) can be shown  to 
be valid  for z = 1 (and  in general  for all n-n electrolytes): 

a ~n [y] 
1 dw = -  

a t  

EXPERIMENTAL 

Membranes 

The negatively  charged  polymeric material  used for preparing  the mem- 
branes was made  from a commercially available polystyre~e-polyisopre~@- 
polystyrene (S-I-S) block copolymer (Cariflex TR 1108). The  preparative 
methods  have  been described e l s e ~ h e r e ~ , ~  and  are  summarized below. 
S-1-5-48.3. To a 8% S-I-S solution in dioxane, HS(b3Cl was added at 
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1158 VAN DER VELDEN  AND SMOLDERS 

room temperature.  The polyisoprene  middle block reacts  with  the acid as 
follows6: 

CH3 
I 

fcE-I,-&CH-CH2+ + nHS03Cl -+- fCH=k-CH-CH2& + nHCl 
I 
S03H 

If all the isoprene would be  modified  in  this  manner, we would obtain a water 
soluble  polyelectrolyte.  For  membrane preparation  purposes we modified 
part of the isoprene  in the  middle block (48.3%). The polymer solution was 
cast  on a glass plate  with a doctor's  knife, the solvent  evaporated  overnight, 
and finally the film was immersed  in a KOM solution to  form  the salt. 

S-I-S-S-20-HOM. To  a 12.8% S-I-S solution in toluene, a certain 
amount of N-chlorosulfonyl  isocyanate  (NCSI) was added. The  NCSI reacts 
with  isoprene according to 

& R3 .. 
I I  

R3 
I 1  
I I  f NH,OH - I I  
I I \  

RI-C-C-R, 

N-C=O ' HN c=o 
S0,Cl SOS- NH2 

NH,' 

All membranes were rinsed  with  water  before they were used. During  the 
test,  the  membranes were supported by Schleicher and Schuell  filter  paper. 

Apparatus 

An Amicon high-pressure cell type 420 (Fig. 1) was used  for  the hyperfiltra- 
tion  tests. The cell was connected  with  a  salt,  solution reservoir and  the 
whole system was put  under pressure  by  means of nitrogen gas. The  salt, so- 
lution  directly above the  membrane was mixed  with  a  magnetic  stirrer (450 
cycles per min).  The rejection was determined by  measuring  the  salt concen- 
tration conductometrically: 

R =  Cfeed - Cpermeate 100%. (13) 
Cfeed . .  
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Fig. 3. Plot of the  natural logarithm of dR/d€ and -dJJdt vs. time for an ionic S-I-S-48.3 
membrane at 40 atm, with a '2100 ppm NaCl feed solution. 

RESULTS AND DISCUSSION 

Equations  (3a)  and  (3  b) were tested  .with two different  types of ionic 
membranes. The  sulfonated S-I-S-48.3 membrane was tested  with  a 2100 
ppm NaCl  solution a t  40 atm.  The  initial €lux decline and rejection  increase 
are shown in  Figure 2. In  Figure 3,  In (dR /d t )  and In (-dJ,/dt) are given as 
a  function of time. 

The S-I-S-S-20-HOM membranes were tested with different  salts  and 
pressures. In  Figures 4a and 4b, the  results  are given for tests carried out 
with  a 4500 pprn  NaCl  solution at 40 atm. For this  membrane, we could not 
measure  a  significant initial flux decline. In  Figure 5a; the rejections are 
shown for tests at  30 and 40 atm, respectively,  with a 7700 ppm Na2SO4 solu- 
tion. The  final rejection values at  these two pressures are  almost  equal,  indi- 
cating that deq (30 atm) is just  a  little larger than deq (40 a h ) .  

Since NaZSO4 is not  a n-n electrolyte, .d In [,(l - R)/w]/at in eq. (12) be- 
conies negative, while K2 in eq. (3b) decreases in  time according to 

Since now  K2 is time  dependent,  the  linear  relation between In (dl?/&) and t 
does'not  hold  any longer. In  Figure 5b, we can  see that for both  kxperiments 
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Rejection 

( % )  

50. 

4 0 -  

l 
I0 

Fig. 4. Initial  rejection  increase  for  a S-I-S-S-20-HOM membrane at 40 atm,  with  a 4500 ppm 
NaC1,feed  solution. 

the  experimental  points deviate  more and  more  from  the  drawn lines  with  in- 
creasing time. Calculation of a relaxation time  from  Figure  5b  is  not possible 
for this reason. ' 

Figure  3 demonstrates  that  the slopes  for the lines describhg  the  initial 
flux  decline and rejection  increase  differ  from  each  other. According to eqs. 
(3aJ  and (3 b), howsver,  both slopes  should be  equal  to 1/7. The .deviation 
between experimental data  and model  predictions  may be due to. the presence 
of the  term In [w2=exp(B/w)] in eq. (8). The experimental  flux  data  in Figure 
3 indicate that  the  term In [w2-exp(B/w)] is not  constant  in time. Conse- 
quently, a relaxation  time cannot  be calculated  from  our  experimental  flux. 
data. 

A similar  phenomenon  can  be  observed in the work of Yasuda  and La- 
rnaze.l0.l1 These  authors investigated the  dependence of the permeability of 
solutes  through  uncharged  membranes, P2,13, when hydration M varied. 
They  found  the following relation  between  In P2,13 and l/H: 

Yasuda  and  Lamaze explained their  experimental  data by a linear  relation 
between In P2,13 and 1/H, without  exploring the significance of the  term In H. 

In Figure 6, the model  is checked with  data for  hydrous  Zr(IV).oxide  mem- 
b r a n e ~ . ~  Both In ( d R / d t )  and In (-dJ,/dt) are linear in t with  a  negative 
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Fig. 5, Initial rejection .increase for a S-PS-S-20-HOM membrane at 30 atm (O) and 40 atm 
(V), with a 7700 ppm Na2SO4 feed solution. 

slope  which is practically  equal for both lines, showing that eqs..(3a) and (3b) 
are followed. In the foregoing discussion, the  time  dependence of H was 
studied  for swollen ionic membranes. This  initial deswelling of the mem- 
brane is due to rernovgl of the loosely bound hydration water. 

Yasuda a d  Schindler2  approached  the flux also in a different way than 
given in eq. (4), by using a relation  in which the flux is described by a diffu- 
sion dependerkt CQnStZUlt & =d a viscous flOW dependent ConSt~mt Kf.* 

According to Peterfin,  Yasuda, and 0lF2  the viscous flow-dependent  term Kf 
is linear in H/(1- M) = o. This  means that Kt as well as d, decrease  expo- 
mnematially in  time, as a  response to  thb stepwise  changed process parameters. 

Since  the  initial decline of d, at constant  applied  pressure cc& be corn- 
~a l - ed  with the decrease of deq when the  applied  pressure increases, the andy- 

-56- 



1162 VAN DER  VELDEN AND SMOLDERS 

2 0 .  

0 -  

-2 

- 3  

- 4  

1 ~ 1 ' 1 1 1 " ' ' 1 1 '  
5 0  100 150 

t i m e   f r o m  
up ( m i n )  

s t a r t  

6 

4 

2 

- 2  

- 3  

Fig. 6. Initial  flux  decline  and  rejection  increase for  hydrous  Zr(1V)  oxide  membranes at 67 
atm;  feed  solution  contains 2900 ppm  NaCl  and 10-4 M hydrous  Zr(1V)  oxide.5 

sis given here  can also be  applied to flux/rejection  measurements at  different 
pressures. 

CONCLUSIONS 

The physical  meaning of the  model  proposed here lies in  the  initial removal 
of the loosely bound  hydration water due  to  the influence of pressure  as well 
as  salt  concentration. This removal of water  can be described  by an expo- 
nential  decrease of the wet membrane  thickness d,. 

The validity of the model is demonstrated for rejection  measurements  with 
1:l electrolytes and contains a function to explain the deviation of asymmet- 
rical  electrolytes.  Generally, it is not possible to calculate  relaxation  times 
from  the flux data  due  to  uncertainty  in  the value of o, assumed  constant in 
time. 

Experimental  data show that information on  membrane  performance  can 
be obtained by dynamic  measurements. 

Greek Symbols 

a constant 
P constant  mostly 1 
r T*x/Y* 
-y*x mean ionic activity coefficient of salt in the  membrane 
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mean ionic activity coefficient of salt  in  the  salt solution 
this  term describes the sieve mechanism  by  which  small molecules are 

permitted  to diffuse and larger molecules are  rejected  because the 
macromolecular  network  has-no hole of appropriate size 

osmotic  pressure  difference  across the  membrane  (atm) 
relaxation time  (min) 
time-dependent variable 

Nomenclature 

constants 
salt concentration in  filtrate (mole/l.) 
salt concentration in membrane (rnole/l.) 
salt concentration in  salt solution  (mole/l.) 
membrane  capacity  (eq/kg  membrane  water) 
ion  exchange  capacity  (meq/g  dry  polymer) . 

equilibrium wet membrane thickness at t = m under operating  pressure (cm) 
dry  membrane thickness at t = m under  operating  pressure (cm) 
wet membrane thickness at time t and  under operating  pressure (cm) 
wet membrane thickness at zero time  (cm) 
equilibrium  distribution coefficient of component (Y (cm/cs)  
diffusion coefficient of solute in  water (cm2/sec) 
volume  fraction of water in the  membrane 
water  flux  through the  membrane  (cm3/cm2  hr) 
constants 
applied pressure (atm) 
permeability of solute  through water-swollen membrane (cm2/sec) 
cross-sectional area of the diffusing molecule 

rejection (1 -c) 
time  from  startup  (min) 
free  volume of pure  water 
R or -Jw 
charge of coion 

- C f  
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CHAPTER Q 

ASYMMETRIC  ION-EXCHANGE MEMBRANES 

Vel. In t roduct ion  

The advantages  of  asymmetric membranes and  of  ion-exchange membranes 

are e n c o u n t e r e d   i n   l i t e r a t u r e   s e p a r a t e l y .  Asymmetric  porous membra- 
nes,   prepared by’ coagu la t ion ,   cons i s t   o f   an   u l t r a th in  homogeneous 
polymeric  f i lm  (skin)  supported  by a sponge-1ike. layer .  The resis- 

t a n c e   t o  water and s a l t  t r anspor t   t h rough   t he  membrane i s  mainly 
r e s t r i c t e d   t o   t h e   s k i n  and inc reases   w i th   t he   t h i ckness  of  t h e  
homogeneous skin.   Therefore  asymmetric membranes g ive   h igher   f luxes  
than homogeneous  membranes of t h e  same ove ra l l   t h i ckness .  
Ion-exchange membranes reject salts by the  presence  of a DONNAN- 

p o t e n t i a l  a t  t h e   i n t e r f a c e  membrane/feed so lu t ion .   S ince   these  
membranes are impermeable t o  co-iÖnso also  the  counter- ions  cannot  

pass   th rough  the  membrane. Dresnerll  and Yasuda and  Schindler21 
showed that  ion-exchange membranes have much higher.   f luxes  than neu- 
t r a l  membranes of t h e  same thickness   and  with  the same r e j e c t i o n .  
E s p e c i a l l y   h y p e r f i l t r a t i o n  membranes wi th   s t rongly   an ionic   g roups  
are of i n d u s t r i a l   i n t e r e s t   b e c a u s e  of the i r   reduced   pH-sens i t iv i ty  
and  reduced  fouling.  Nevertheless little at tent ion  has   been  paid 
t o  ion-exchange membranes with  an asymmetric s t ruc tu re .   P repa ra t ion  
of these asymmetric i o n i c   h y p e r f i l t r a t i o n  membranes i s  r a t h e r   d i f f i -  
c u l t ,   s i n c e   t h e   c o a g u l a t i o n   s t e p  of p o l y e l e c t r o l y t e s  i s  troublesome 
and the  polyelectrolyte   swel l ing  must   be  opposed a t  increasing  ion-  
exchange  capacity,  which  can  be  achieved by i n t r o d u c i n g   e i t h e r  
phys ica l  o r  chemical   crossl inks.   Sect ion 11.1. mentions  three  methods 
t o   p r e p a r e  asymmetric ion-exchange membranes. Kesting3’  recently 
p u b l i s h e d   r e s u l t s   f o r  asymmetric Quaternized‘   Cel lulose T r i E s t e r  

(QCTE) membranes w i t h  a pos i t ive   charge .  Due t o   t h e   i n c r e a s e d  water 
c o n t e n t   i n   t h e   s k i n   t h e s e  membranes e x h i b i t  a h igher  w a t e r  f l u x  a t  
t h e  same r e j e c t i o n s  as the  comparable   neutral  C.A. membranes e 

Shchor i   and   J agur -Gr~dz insk i~ ’   r epor t ed   abou t  homogeneous n e u t r a l  
membranes containing  18-crown-6-rings  incorporated  into  the  poly- 
meric backbone.  These  groups are capable  of b i n d i n g   a l k a l i  metal 

-60- 



ions,  giving  an  anion-exchange  type membrane i n  a manner as des- 

c r ibed   before  (Ch. 11. l ,  p o i n t  2 ) .  
Our modified SISL-x polymers   a re   a l so   qu i te   su i tab le   for   p repa-  
ring  asymmetric  ion-exchange membranes by t h i s  roundabout  route. 
The 6-lactam-N-sulphonylchloride groups  are   neutral ,   a l lowing a 
coagu la t ion   s t ep   u s ing   t he   neu t r a l ,   po la r  SISL-x polymer,  but  can 
react with ammonia, NaOH, amines etc. This  procedure  gives membranes 
which  are   physical ly   crossl inked (by’ polystyrene  domains),   while 
a l so   in t roduct ion   of   chemica l   c ross l inks  i s  poss ib le   (e .g .  by reac- 
t ion   wi th   d iamines) .  Depending  on f u r t h e r  membrane post-treatments 
chosen,  both  anion-exchange  and  cation-exchange membranes can  be 
made. 

Since w e  wanted t o   p r e p a r e  membranes with  water   f luxes  higher   than 
those   r epor t ed   i n  Ch. I11 f o r  homogeneous  membranes, the  prepara-  
t ion  of  asymmetric  membranes,and  the  influence  of some v a r i a b l e s  
on membrane morphology  and  on h y p e r f i l t r a t i o n   p r o p e r t i e s  were s t u -  
died.  

V.2. Experimental 

Preparation of asymmetric  ion-exchange  membranes 

Membranes prepared by a w e t  coagulat ion  process  were obtained by 
b r i n g i n g   t h e  polymer s o l u t i o n ,   c a s t  on a g l a s s   p l a t e ,   i n  a coagu- 
l a t ion   ba th   con ta in ing  a non-solvent.   After some prel iminary ex-. 
periments a series of homologous a l i f a t i c  normal  alcohols was selec- 
t e d  as non-solvents  (methanol +o hexanol) . F i l m s  were c a s t  from 
SISL-x s o l u t i o n s   i n   t o l u e n e   w i t h  a d o c t o r ’ s   k n i f e ;   t h e   c a s t e d  f i l m  
th ickness  was 0.48 mm. A l l  f i lms   were   b rought   in to   the   coagula t ion  
ba th   immedia te ly   a f te r   cas t ing .   Af te r   one   hour   the  membrane was 

removed from the   a l coho l  and p o s t - t r e a t e d .   I n   t h i s  way the   fo l lowing  
membranes were obtained: 
SISS-x: t reatment   with 1 . 6 5  M aqueous ammonia during 45  minutes 

a t  2OoC (see ch.  11.3,4) 
SISC-x: t reatment   with a 2 w t %  hexamethylene  diamine  solution  in 

ethanol  d.uring 1 7  hours a t  2OoC. The g e n e r a l   s t r u c t u r e  
of th i s   chemica l ly   c ross l inked   product  is: 
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6 N H R ~  

l i  
with  Ri = -Hp -S02R' or -C-R" 

Con tac t ing   t h i s  membrane wi th  a hydrogen  chlor ide  solut ion  yielded 
a weakly  anion-exchange membrane, 

. .  

Microscopy 

Macro phase  separat ions w e r e  s tud ied   wi th  a JEOL-JSMIU3 Scanning 
Electron  Microscope (SEM) .eguLpped wi th  a cryo-unit.  Photographs 
w e r e  made a t  an   acce le ra t ing   vo l t age   o f  25 kV and a t  an  average 
temperature  of 150 K. Al1 membranes w e r e  broken  and  defrosted  in 
t h e   a i r l o c k  chamber before   b r inging  them i n t o  t& microscope. The 
membrane s t r u c t u r e s   o f   t h e  SISS-x o r  SISC-x membranes w e r e  essen- 
t i a l l y   t h e  same a s   f o r   t h e  SISL-x  membranes from  which  they w e r e  

O 

. prepared. 

A l l  h y p e r f i l t r a t i o n  tests were c a r r i e d   o u t   i n   a n  Amicon high  pres- 
su re  ce l l ,  type  420r shown i n  Ch. I V .  The f l u x  was  measured volume- 
t r i c a l l y  and the   r e j ec t ion   conduc tomet r l ca l ly .  The salt  concentra- 
t i o n   o f   t h e   s o l u t i o n s   u s e d  w a s  1 0 0 0  ppm N a C l .  

V.3. Phase  separation  and membrane s t r u c t u r e  

The formation mechanism  of  porous membranes has  been  discussed 
extensively  by several authors5-l  51 . S i n c e   h y p e r f i l t r a t i o n  membra- 
nes are e s s e n t i a l l y  asymmetric, preparat ion  techniques as m e l t  
spinning  of a two  component system  and  washing away one component 
w i l l  no t   be   d i scussed   here .   TheEecbiquesappl ied   can   be   d iv ided  
i n t o   d r y  and w e t  coagulat ion  processes .  The p r i n c i p l e  of both i s  

p h a s e   s e p a r a t i o n   i n   t h e   s o l u t i o n  (sometimes ca l led   phase   invers ion) ,  
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but  it can   be   accompl ished   in   d i f fe ren t  ways. Well known methods 

to   ach ieve   phase   separa t ion   a re :  
1. exchange of a so lvent  by a non-so lvent ,   resu l t ing   in  a change 

o f   t h e   p o l a r i t y   o f   t h e  medium and  hence  precipi ta t ion of t h e  
polymer: 

2 .  temperature  changes 
a )   i f   t h e   s o l v e n t   h a s   t h e   l o w e r   b o i l i n g   p o i n t  it w i l l  evaporate  

fas te r   than   the   non-so lvent .   Consequent ly   the   po lar i ty   o f   the  
medium changes  and  the  polymer  precipitates.   This  process 
usua l ly   r equ i r e s   h ighe r   t empera tu re   fo r   coagu la t ion   t o   occu r ;  

b)  temperature  lowering, by  which t h e  medium becomes a non-sol- 
vent,  without  any  change i n   t h e  overall composition  of  the 
so lu t ion ;  

c)  temperature  lowering, whereby  one  of t h e   s o l v e n t  components 
f r eezes   ou t ;  

3 .  changes i n   t h e   s o l u b i l i t y  of t h e  polymer  by modif icat ion of t h e  

polymer i t s e l f .   T h i s   m o d i f i c a t i o n  may be a chemical  one due t o  
i r rad ia t ion ,   thermal   decomposi t ion   o r  a r eac t ion   w i th   fo r   i n -  
s t a n c e  a r eac t ive   non- so lven t   d i f fus ing   i n to   t he  polymer  solu- 
t i o n .  A l s o  c r o s s l i n k i n g   r e a c t i o n s   s t a r t i n g  a t  an  e levated tempe- 
r a t u r e  may occur .   Final ly   physical   in teract ion  between  the  poly-  
mer and the  non-solvent may e f f e c t   t h e  polymer s o l u b i l i t y .  

Phase   s epa ra t ion   i n   t he  polymer/solvent/non-solvent systems  s tudied 
i n   t h i s   c h a p t e r  i s  achieved by exchange  of  solvent by nonysolvent. 
This   type  of   coagulat ion i s  adequately  described by Strathmann 
e t  a l .  and Koenhen,  Mulder and  Smolders13’ I making use  of a 
te rnary   phase   d iagram  ( f igure  1) . 
Thermodynamic parameters   de te rmine   the   loca t ion   of   the  two phase 
regions.  One must realize t h a t  polymer gelation  (sometimes  caused 
by c r y s t a l l i s a t i o n )  and l iqu id- l iqu id   phase   separa t ion   a re   the  two 

determining  processes   for  membrane formation. A l s o  k i n e t i c   f a c t o r s  
should  be  taken  into  account .   Both  together   determine  the  f inal  
resu l t   o f   the   coagula t ion   and   one   should   therefore   apply   the   phase  
d i ag ram  fo r   l oca l   cond i t ions  i n  each   s l i de  of t h e   f i l m .  
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POLYMER 

Two phase ’ region \ 
SOLVENT NON -SOLVENT 

Ftgure 1 

T e r n a r y  phase diagram 

S o Z u b i Z i t y   p a r a m e t e r s  

For our   morphological   s tudies  w e  used a series of  normal  ,alcohols 
from  methanol t o  hexanol .   Al though  severa l   phys ica l   p roper t ies   o f  
t hese   a l coho l s  show d i f f e rences ,  w e  w i l l  l i m i t  o u r s e l v e s   h e r e   t o  
t he   d i f f e rences   i n   t he   so lub i l i t y   pa rame te r ,   s ince   t h i s   pa rame te r  
proved t o   b e  a v a l u a b l e   t o o l   i n  polymer  coagulation  studies16 17’-, 

i nd ica t ing   t he   (non- ) so lven t   cha rac t e r   o f   t he   a l coho l s .  The solu- 
b i l i t y   o f  a polymer  can  be  descr ibed  using  the  solubi l i ty   parameter  

concept  developed by H a n ~ e n ~ ~ ’ ~ ~ ’ ~  who s p l i t   t h e   o v e r a l l   s o l u b i l i t y  
parameter 6 i n t o   t h r e e   c o n t r i b u t i o n s  

6 2  = 6; + 2 + 2 

where 6 i s  t h e   c o n t r i b u t i o n  of t h e   d i p o l e   i n t e r a c t i o n s ,  cTd of t h e  
d i s p e r s e   i n t e r a c t i o n s   a n d  6 h  of t h e  hydrogen-bond i n t e r a c t i o n s .  
I n   t a b l e  I these   separa te   cont r ibu t ions   a re   g iven   for   the   so lvent  
and  non-solventsusedhere.  A s  shown i n   t a b l e  l the  approach of 

Hansen €or l i qu ids   has   a l so   been   app l i ed   t o   po lymers .  

. P  
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T a b l e  1 

S o l u b i l i t y   p a r a m e t e r s   a n d   m o l a r   v o l u m e s  o f  s o m e  0 r g a n i . c  
s o l v e n t s   a n d   p o l y m e r s .  

So lubi l i ty   parameters   a re   re la ted   to   the   energy   of   mix ing ,  
by the   Hi ldebrand   re la t ion20 '211 , .  

'Ernix r 

where  and @ 2  a r e   t h e  volume f r a c t i o n s   o f  component 1 and 2; 

V, i s  the  average  molar volume based  on mo'le f r a c t i o n s .  With t h e  
use  of eq. 2 it i s  p o s s i b l e   t o   c a l c u l a t e   t h e   e n e r g y  of mixing 
between two organic  so1ve.nts  or  between a polymer  and a solvent .  
It i s  c l e a r   t h a t   t h e  ener,gy  of  mixing'  between  toluene  and  an 
alcohol   decreases   with  increasing  a lcohol  number,  which i s  favou- 
rab le   for   mix ing  (AG = AEm ,- TAS should  be  ,minimal) . With res- 
pec t   t o   t he   so lub i l i t y   o f   po lymers  it has  been  suggested  that  , 

6 vs  6 h  p l o t s   a r e   s u f f i c i e n t l y   a c c u r a t e  for p r a c t i c a l  purposes18.1, 

m 

P '  
. .  
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Never the less ,   s ince  may vary  from 7 t o  1 0  it i s  b e t t e r   t o   u s e  
three   d imens iona l   p lo ts  as shown i n   f i g u r e  2. 

O water 

1-10 series of   a lcohols  
a-d  polymers  from  Table 1 

Q 

6h 

F i g u r e  2 

Three  d i m e n s i o n a l   p l o t  w i t h  t h e  l o c a t i o n  o f  s o m e  o r g a n l c  s o l v e n t  
and p o l y m e r s  i n  t he  s o l u b i l i t y   s p a c e .  

Froehl ing  e t  al.22' s tud ied   t he   r e l a t ion   be tween   t he   swe l l ing   o f  
a polymer i n   s o l v e n t   m i x t u r e s  (AW/Wo) and t h e   d i s t a n c e  A between 
the   loca t ion   of   po lymer   and   so lvent -mixture   in   the   so lubi l i ty   space .  

A =  2 
'('d,l - 'd,pol. + (",l - Gp,pol. l 2  f ( & h , l  - 'h,pol. 

Fo r   po lyv iny l   ch lo r ide   t he   cu rves   o f  AW/Wo and o f  A versus  swei i ing 
mixture  composition w e r e  found t o  be  each  others image: a maximum 
in   t he   swe l l ing   cu rve   occu r red  a t  t h e  same composition  where A 

showed a minimum. S i m i l a r  A ca lcu la t ions   could   no t   be   car r ied   ou t  
f o r  SISL-x samples ,   s ince   the   so lubi l i ty   parameters  o f  the  middle  
blocks are unknown. F igure  3 shows t h e  A-curve for   several   polymer/  
a lcohol   systems;   f igure 4 shows the   swe l l ing   cu rves   fo r  homoge- 
neous f i l m s  of S IS  and SISL-20 i n   d i f f e r e n t   a l c o h o l s .  T h e  gradual  
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i nc rease   i n   swe l l ing   o f  S IS  ind ica tes   resemblance   o f   the  A-curve 
of SIS  to   t ha t   o f   po ly i soprene ,   po lybu tad iene  and SBR rubber .  The 
excess ive   swe l l ing   fo r  SISL-20 i n  lower  a lcohols ,   g iving a minimum 
i n   t h e   s w e l l i n g   c u r v e ,  i s  therefore   p robably   due   to  a s p e c i f i c  
physical   in teract ion  betweeh  the  modif ied  middle   block  and  the 
swel l ing   agent  (water, methanol ) .   S ince   for   the   coagula t ion   s tep  
i n  membrane p repa ra t ion  good non-solvent(s)   must   be  usedl   a lcohols  

from  methanol  to  butanol  might  be  the  most  suitable  non-solvents 
from t h e  series s tud ied   he re .  

K i n e t i c   a s p e c t s  of membrane f o r m a t i o n  

The  mechanism  of membrane formation  involves  both  thermodynamic 
and 'k ine t ic   parameters .  Several C 31 d i scussed   t he  
ternary  phase  diagram  as  a u s e f u l   t o o l   f o r   t h e   s t u d y  of  thermo- 
dynamic  parameters. The fact ,  however, t h a t  membranes can  be  used 
i n   h y p e r f i l t r a t i o n   p r o c e s s e s   d e r i v e s   f r o m   t h e i r  asymmetric s t ruc -  
t u r e .  On t h e   h i g h   p r e s s u r e   s i d e   o f   t h e  membrane t h e r e  i s  a dense 

homogeneous skin  layer ,   which i s  r e s p o n s i b l e   f o r   t h e   r e j e c t i n g  capa- 
b i l i t y .   o f   - t h e  membrane. ..On the o p p o s i t e   s i d e  of t h e   r n d r a n e   ' ( f i g ,  5 

t h e r e  i s  a r e l a t i v e l y   t h i c k   s u p p o r t i n g   l a y e r   c o n s i s t i n g   o f  an 

open  pore  structure  and  sometimes  showing  f inger-l ike  cavit ies.  
G e n e r a l l y   t h e   p o r e   d i a m e t e r   i n   t h i s   s u p p o r t i n g   l a y e r   i n c r e a s e s  

wi th   t he   d i s t ance   f rom  the   sk in .  Between t h e   s k i n   a n d   t h e  sponge- 
l i k e   s t r u c t u r e   t h e r e  i s  a l a y e r   w i t h   t r a n s i t i o n a l   p o r e s   d i f f e r i n g  
from t h o s e   i n   t h e   l a y e r  below  by t h e   f a c t   t h a t   t h e   f o r m e r   p o r e s  
a r e   i s o l a t e d  and  not   connected  with  each  otherg L . These  diffe-  
rences '   over   the   th ickness   o f   one  membrane, determining  the  qual i -  
t y   o f  a membrane i n   h y p e r f i l t r a t i o n   p r o c e s s e s ,   d e p e n d , o n   k i n e t i c  
f ac to r s   du r ing  the p repa ra t ion .   K ine t i c   f ac to r s  are governed by: 
- the   in te rac t ion   forces   be tween  so lvent  (s)  and  non-solvent (s)  ; 

- t he   i n t e rac t ion   fo rces   be tween  polymer  and so lven t  (s) and 

. .  

between  polymer  and  non-solvent (s) ; 
- the   loca l   t empera ture ;  

- t h e   l o c a l  polymer  concentration; 
- t he   evapora t ion  t i m e ;  
- t h e  membrane geometry. 



Since   the   t e rnary   phase   d iagram  dea ls   on ly   wi th   equi l ibr ium  s ta tes ,  
t h e  sequence o f   ac t ions  a t   d i f f e r e n t  l a y e r  th ickness  i n  time, re- 
s u l t i n g  i n  t h e  f i n a l  s t r u c t u r e ,  i s  not  descr ibed such a diagram. 

When a polymer  f i lm,  cast   on a g l a s s   p l a t e ,  i s  b rough t   i n to   t he  
coagula t ion   ba th   severa l  phenomena may occur.  
1. Sometimes t h e r e  i s  a time in t e rva l   de l ibe ra t e ly   i n t roduced  

be tween  cas t ing   the   f i lm and  immersing it i n   t h e   c o a g u l a t i o n  
b a t h ;   t h i s  t i m e  i n t e r v a l  i s  ca l l ed   t he   evapora t ion  time. For 
a number of  casting  solutions  (e.g.   C.A./acetone/formamide) 
t h i s   e v a p o r a t i o n  t i m e  cannot  be  neglected  because of t h e   f a s t  
evaporation of one o r  

. .  
more c o n s t i t u e n t s  of t h e  c a s t i n g  s o l u t i o n .  

I n   t h e s e   c a s e s   t h e  polymer concen t r a t ion   i n   t he   t op   l aye r  o f .  

t h e   f r e s h l y   c a s t   f ' i l m  w i l l  increase  and hence  gelat ion  occurs  

here .  When th i s   f i 1m. i . s   b rough t   i n to  a coagula t ion   ba th   the  
t o p   l a y e r  w i l l  s o l i d i f y   w i t h o u t  any l iquid- l iquid  phase  separa-  
t i on   occu r r ing .  A s k i n  i s  formed  which w i l l  d iminish   the  rate 
of  exchange  of  solvents  and  non-solvents. 

2 .  The n e t t   r e s u l t   o f   c o a g u l a t i o n  i s  usua l ly  a shr inkage  of   the 
f i lm.  The c a s t  f i l m  w i l l  loose  more so lvent   than  it w i l l  re- 
gain  in   non-solvent   content .  Hence t h e   o v e r a l l  polymer  concen- 
t r a t i o n   i n c r e a s e s  from 10-25  % i n   t h e   c a s t i n g   s o l u t i o n   t o  
50-60 % i n   t h e   f i n a l  membrane. When the   coagula t ion  rate i s  de- 
creased symmetric membranes a re   ob ta ined   wi th   h igher   pore  vo- 
lumes than  asymmetric membranes. When  no solvent   evaporat ion 
has   taken  place  the  formation of a skin  can s t i l l  t ake   p l ace  
as a r e s u l t   o f   t h i s   s h r i n k i n g  phenomenon a t   r e l a t i v e l y   h i g h  
coagu la t ion   r a t e s :   i n   con tac t   w i th  the coagulat ion me.- 
dium t h e   s o l v e n t   a t   t h e   i n t e r f a c e   m i g r a t e s   f a s t e r  from t h e  

membrane than   t he   non- so lven t   d i f fuses   i n to   t he  membrane. 
Hence t h e  polymer c o n c e n t r a t i o n   i n   t h e   t o p   l a y e r  may increase  
t o   r e a c h   t h e   g e l   p o i n t   a n d  a s k i n  i s  formed a s  ,above,  followed 
by  normal   phase  separat ion  in   lower  layers   ( f ig .  5 )  ( e - g .   t h e  
system polyacrylonitrile/dimethyl formamide/water  behaves i n  
th i s  way) . . .  

3 .  The polymer concen t r a t ion   i n   t he   ca s t ing   so lu t io ' n  may be  too 
low; then   l iqu id- l iqu id   phase   separa t ion   takes   p lace  by nu- 
c l e a t i o n  and  growth  of the  concentrated  phase.  
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c: 

F i g u r e  5:  C r o s s  s e c t i o n  o f  a SISC-'ZO membrane, with membrane 
s u r f a c e ,   s k i n ,   t r a n s t i o n a l   p o r e s   ( a )   a n d   s p o n g e - l i k e  
s u b s t r u c t u r e .  The l e n g t h  o f  t h e   b a r   r e p r e s e n t s  10 p. 

Figure  6: Membrane w i t h   l a t e x - l i k e   g l o b u l e s   i n s t e a d  o f  a r e g u l  
s k i n .  The l e n g t h  o f  t h e  b a r  r e p r e s e n t s  40 p. 

:e 
, . . ... . . . 

t u r e  
. .... .. . .. . 

a r  
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4 .  F l a t   f i l m s   c a s t   o n  a g l a s s   p l a t e .   con tac t   t he   coagu la t ion  medium 

on  one  s ide  only.  Hollow f i b e r s  and tubular  membranes are o f t e n  
prec ip i ta ted   f rom  both   s ides .  Hence vo ids !   f i nge r - l i ke   cav i t i e s ,  
sk ins   on   bo th   s ides  o r  o the r   s t ruc tu ra l   changes  may be   in t ro-  
duced i n   t h e  membrane depending on i t s  geometry. 

Apart   from  skin  formation  other  top  structures  are  sometimes  foundl 

as shown i n   f i g u r e  6.  This  photograph shows a f l a t  membrane pre- 
pared  from a water coagulated 1 0  w t %  polymer so lu t ion   i n   d ime thy l -  
formamide. The polymer  used w a s  a p o l y a c r y l o n i t r i l e   d e r i v a t i v e  
(polymer I A ,  d e s c r i b e d   i n   t a b e l  2 ,  s e c t i o n  1 1 . 2 .  ) . This   s t ruc tu re  
o r i g i n a t e s  from a change-over i n   t h e   t y p e   o f   n u c l e i  formed during 

t h e   l i q u i d - l i q u i d   p h a s e   s e p a r a t i o n .   I , n i t i a l l y ,   t h e  polymer  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  l i es  below t h e   c r i t i c a l   p o i n t   i n  
t he   t e rna ry   phase   d i ag ram  r e su l t i ng   i n   t he   nuc lea t ion  of a more 
concentrated  polymer  phase  which  forms  latex-like  globules. A s  a 
r e su l t   o f   so lven t   mig ra t ion ,  however, t h e  polymer concentrat . ion 
increases  and a change-over to   nuc leus   format ion   of  a polymer-poor 

phase takes   p lace .  The f i n a l   s t r u c t u r e  shows a sponge-like  sub- 
s t r u c t u r e   w i t h   l a t e x - l i k e   p a r t i c l e s   a t   t h e   t o p   l a y e r .   A l t h o u g h  
t h i s   s t r u c t u r e  i s  unwanted  and r a t h e r   p e c u l i a r  it i l l u s t r a t e s  
t h e   p o s s i b l e   e f f e c t s   o f   k i n e t i c   p a r a m e t e r s .  

H 

When f l a t  membranes a re   coagu la t ed   t he   phase   s epa ra t ion   s t a r t s  
o n   t h e   a i r   s i d e   ( t o p   l a y e r )  and moves from tha t   po in t   towards  

the   g l a s s   p l a t e .   Seve ra l   au tho r s   s tud ied   t he   consequences  of t h e  
r a t e  of t he   coagu la t ion   f ron t  on t h e   f i n a l  membrane s t r u c t u r e .  
Strathmann  et,a1.6-81  and Frommer et .a1.14‘151  pointed  out   that  

f i n g e r - l i k e   c a v i t i e s  are more l i k e l y   t o   o c c u r  a t  high  penetrat ion 
rate.  Kest ingg’lo’  and G i t t e n s  e t . a l . l 2 I  mentioned  the  presence 
of an i n t e r s t i t i a l   l a y e r  between the   dense   t op   l aye r   and   t he  
porous  substructure  (see a l s o   f i g .  5 ) ,  which i s  formed a t  a coa- 
gu la t ion   r a t e   l y ing   be tween   t ha t   o f   t he  two other   layers .   During 
the  coagulat ion  experiments   in   the  a lcohols   methanol   to   hexanol  
w e  observed   . tha t   the  t i m e  e laps ing   before   the  membranes became 
opaque increased  with  increasing  a lcohol  number n(CnH2n+10H). 
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Figure  7: Cross sec t ions   o f  SISS-20 membranes cas t ed  from a 10 w t % .  
SISL-20 s o l u t i o n   i n   t o l u e n e  and  coagulated  in  methanol ( a ) .  
e thano l  (b) and  propanol (c>. The l eng th  of t h e   b a r   n e x t  t o  
each  photo  represents  20 p. 
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Figure 8: Cross  sections of SISS-20 membranes,  casted  from  a 17% wt%. 
SISL-20 solution  in  toluene  and  coagulated  in  methanol  (a) , 
ethanol (b), l.propanol (c) , l.butano1 (d) , l.penkanol  (e) 
and  l.hexano1 (f). The  length of the  bar in each  photo 
represents 20 u .  
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Figures  7 and 8 show a series of   e lectron  micrographs  of  membrane 
cross sect ions  prepared from a 10 w t %  resp .  17 .5  w t %  SISL-20 

s o l u t i o n   i n   t o l u e n e  and  coagulated  in   .d i f ferent   a lcohols .   These 
series of   photographs  give  evidence  of   the  importance  of   the non- 
solvent   used.  
In   o rde r   t o   p reven t   so lven t   evapora t ion  from t h e  cast f i l m   t h e   f i l m s  

were immedia te ly   b rought   in to   the   a lcohol .  Once t h e  f i l m  being immer- 
s e d   i n   t h e   a l c o h o l ,   s o l v e n t  moves away from t h e  f i l m  a t  a higher  
rate t h a n   t h e   a l c o h o l   d i f f u s e s   i n t o   t h e   f i l m  and ge la t ion   o f  

t h e  top  layer   occurs .  we +Tways found  smaller membrane th ick-  
n e s s e s   t h a n   t h e   o r i g i n a l  cast f i l m  th ickness ,  For SIS so lu t ions  
i n   t o l u e n e   t h e   s o l u t i o n  becomes a highly  viscous  gel   above 20 w t % .  
When the   ca s t ing   so lu t ion   con ta ins  a high  polymer  concentration 
t h i s   g e l a t i o n  w i l l  occur more e a s i l y  and more ex tens iv i ly ,  as 

shown by   f igures  7 and 8. Higher  polymer  concentrations are known 
t o   g i v e  membranes wi th   lower   poros i t ies6’ .   This   a l so   expla ins   the  
pore   g rad ien t   in   porous  membranes.  The d e s o l v a t a t i o n   i n   t h e   t o p  
layer   causes  a g r a d i e n t   i n   t h e  polymer  concentration  over  the mem- 
brane  thickness .  Hence the   pore   d iameter  may increase  going from 

t h e   a i r   s i d e   t o   t h e   g l a s s   s i d e   o f   t h e  membrane. W e  found  these 
p o r e   s i z e   g r a d i e n t s   f o r  membranes coagulated  in   methanol ,   e thanol  

and  propanol. The  membranes coagula ted   in   h igher   a lcohols  showed 
a more open   po re   s t ruc tu re   t han   t he  membranes coagula ted   in   lower  

alcohols,   Rapid  coagulation  causes  very  often stress i n . t h e   f i n a l  
s t ructure   which  cannot   easi ly   be  re l ieved.   Creep i s  one  consequence, 

another  consequence may. be rup tu re  of t h e  f i l m ,  
Rupturing  always  occurred  with  the 10 w t %  SISL-20 s o l u t i o n  coagu- 
l a t e d   i n   m e t h a n o l ,   b u t  a t  h i g h e r   c o n c e n t r a t i o n s   - t h i s   s i t u a t i o n  
improved. S t ruc tu res   w i th   i so l a t ed   po res  w e r e  observed   in  a l l  
coagulated SIS  membranes,  and i n   t h e   i n t e r s t i t i a l   l a y e r  o f  SISL- 

20 membranes coagu la t ed   i n   me thano l   ( f i g .  5 )  and, t o  a s l i g h t  
ex ten t ,   i n   t hose   coagu la t ed   i n   e thano l .  U s e  of   h igher   a lcohols  
gave a s low  coagulat ion  and  resul ted  in   highly  porous membranes. 
A t  t h e   t o p  side t h e s e  membranes usual ly   have a ve ry   t h in   sk in ,  
which  sometimes i s  even  missing,  depending  on  the  polymer con- 
cen t r a t ion   u sed ;   on   t he   g l a s s   s ide  of t h e s e  membranes w e  could 
never   de tec t   any  asymmetry. T h i s   d i f f e r e n c e   i n   s u r f a c e   s t r u c t u r e  
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between  the a i r  s ide   and   t he   g l a s s   s ide  was a l so   obse rved   v i sua l ly .  
The skinned a i r  “s ide   sur face  i s  g lossy ,   whi le   the   unskinned   g lass  
s ide   su r f ace  i s  d u l l .  The methanol  coagulated membranes however 

were skinned  on  both  s ides ,   a l though s t i l l  some d i f fe rences   could  
be  observed  ( f ig .  9 )  . 
The f o r e g o i n g   o b s e r v a t i o n s   i l l u s t r a t e   t h a t   t h e  membrane morphology 
depends  on  the  non-solvent  used.  With  increasing  alcohol number t h e  

coagulated rate and  skin  thickness   decreases ,   whi le   the membrane 
th ickness  and  pore volume inc reases .   Af t e r   ge l a t ion  of th,e t o p  
layer ,   l iqu id- l iqu id   phase   separa t ion   wi th   nuc lea t ion   and   growth  
o f   t he   d i lu t ed   phase  was shown t o   o c c u r   i n  a l l  systems. 

V . 4 .  E f f e c t   o f   t h e   n o n - s o l v e n t   o n   h y p e r f i l t r a t i o n   r e s u l t s  

The in f luence   o f   t he   a l coho l  as coagulat ion medium on  the  hyper- 

f i l t r a t i o n   r e s u l t s  was s tud ied   fo r  a series of SISS-20 membranes., 
For   the  1o.wer alcohols,  methanol  and  ethanol, no. rupture-free 
membranes could ,be   ob ta ined  when a l0 w t %  SISL-20 c a s t i n g   s o l u t i o n  
was used .   Therefore   on ly   resu l t s   for   cas t ing   so lu t ions   wi th  15 

w t %  SISL-20 a r e  shown i n   f i g u r e  1 0 .  All experiments were performed 
a t  5 a t m .  i n   o r d e r   t o   p r e v e n t   c o l l a p s e   o f   t h e  membrane (see V. 6 .  ) ; 

measurements were done 2% hours a f te r  s t a r t  up. The r e s u l t s  show 
a small   f lux  increase  and a s h a r p   d e c r e a s e   i n   t h e   r e j e c t i o n   w i t h  
increasing  chain  length  of   the  a lcohol .   Taking  into  ac’count   the 
d i f f e rence   i n   app l i ed   p re s su re ,   t he   obse rved   f l uxes   a r e   a lmos t  . 

equal  t o  those   r epor t ed   fo r  homogeneous  membranes. The lower  rejec- 
t i ons   may ,be   t he   r e su l t   o f   sk in   imper fec t ions   o f t en   found   i n  
sk.inned membranes prepared by r ap id   deso lva t ion   (pn t .  2 ,  page . 

69 ) .  Since t‘he sk in   th ickness   decreases   wi th   increas ing   a lcohol  
number a p o i n t  may be  reached  where  decrea.Se i n   s k i n   t h i c k n e s s  
involves  a loss i n   t h e   r e j e c t i n g   c a p a b i l i t y   o f   t h e  membrane. 
Obviously membrane performance  can  be  monitored  by  an  effective 
choice  of   the  non-solvent ,   g iving membranes c a p a b l e   f o r   e i t h e r  
u l t r a f i l t r a t i o n   p r o c e s s e s ,   h y p e r f i l t r a t i o n   p r o c e s s e s   o r   h y b r i d  
membrane a p p l i c a t i o n s .  

-75- 



a 

b 

F i g u r e  9 :  S e r v i c e  o n  t h e   a i r   s i d e  (a) and on  t h e   g l a s s   s i d e  ( b )  
o f  a S I S S - 2 0  membrane c o a g u l a t e d  i n  methanol .  The 
l e n g t h  o f  the b a r   n e x t  t o  t h e   p h o t o ' s   r e p r e s e n t s  10 1-1. 
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F i g u r e  10  

 erfil filtration r e s u l t s  o f  S I S S - 2 Q  membranes  as  f ' u n c t i o n  
o f  the c o a g u l a t i o n   m e d i u m   u s e d   ( C , H 2 n + 1 0 H ) ,  

V . 5 .  I n f luence   o f   t he   deg ree   o f   subs t i t u t ion  

SISL-x polymers   wi th   d i f fe ren t   degrees   o f   subs t i tu t ion  were a l s o  
prepared   dur ing   th i s   s tudy .  The o b j e c t i v e  was t o  make membranes 
wi th  a la rger   e f fec t ive   ion-exchange   capac i ty ,  and  hence a higher  
re ject ion.   Since  polymers   with x values  above x = 65  % had no 
f i lm-forming  propert ies ,  we t r i e d   t o   p r e p a r e  SISL-x membranes 
with X = 3 0 ,  4 0 ,  5 0  and 5 7 .  Viscometric  experiments  revealed 
t h a t   t h e   v i s c o s i t y  of a 10 w t %  SISL-x so lu t ion   decreased  re- 

markably  between x = 30 and X = 40 %. It i s  assumed t h a t  a t  
about 40  % of s u b s t i t u t i o n   p h a s e   s e p a r a t i o n   s t a r t s   t o   o c c u r  t o  

give a d i s p e r s i o n  of inso luble   po ly isoprene   lac tam,   s tab i l ized  
by the   po lys ty t ene   b locks , in   t he   t o luene   so lu t ion .  Only with 
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g r e a t   d i f f i c u l t y  membranes could  be  obtained  from SISL-57 and 
SISL-40. SISL-57'3'. membranes w e r e  made by u-se of 1 , 2  d ich loro  
benzene as t h e   s o l v e n t  and  a(20/8O~water/rnethanol  mixture  as 
the  non-solvent.  S I S - 4 0  membranes could  be  obtained by  coagu- 
l a t i o n   o f  a 1 0  w t %  s o l u t i o n   i n   t o l u e n e   i n  a. (60/401  toluene/ 

methanol  mixture.   Neither  of  these two cas t ing   so lu t ions   gave  
membranes  when coagula ted   in   the   pure   a lcohols   methanol  t o  
hexano l. 

Post- t reatment  of the  asymmetric SISL-40 membranes with 2 . 0  N 

NaOH a t  100°C gave a product  with  an  excessive  swelling  and low 
mechan ica l   s t r eng th .   The re fo re   t he   ob jec t ive   t o  make SISL-x 
membranes with  larger   effect ive  ion-exchange  capacfty w a s  n o t  
successfu l .   Chemica l   c ross l ink ing   of   the   o le f in   g roups   dur ing  
f ive   minutes  by  S2C12' be fo re   t he  membrane w a s  pos t - t rea ted   wi th  
NaOH, great ly   reduced  the  swel l ing.   Al though  these mem- 
branes  gave NaCl  r e j e c t i o n s   o f  40 % and  higher,  and a f l u x  of. 
circa 0 . 4  cm/hr,   (f ig.  ll), t h e   v e r y   d i f f i c u l t   p r e p a r a t i o n   p r o c e -  
dure of these membranes limits f u r t h e r   e x p l o r a t i o n ,  The l i m i t e d  

f l ex ib i l i t y   o f   ca s t ing   so lu t ions   con ta in ing   b lock   copo lymers ,  
p red ic t ed   i n   s ec t ion   I I . 5 . ,   appea r s   t o   be   conf i rmed  by t h e   r e s u l t s  
given  above. 

. -  

V. 6.  Deformation  of asymmetric membranes unde r   hype r f i l t r a t ion  
condi t ions  

The e f f e c t   o f   h y d r o s t a t i c   p r e s s u r e   o n   t h e   c o m p r e s s i b i l i t y  and 

mechanical  behaviour  of  polymers in   gene ra l   has   been   s tud ied  
e x t e n s i v e l y   i n   t h e   p a s t 2 3 r 2 4 1  . Also   t he   e f f ec t  o f  h y d r o s t a t i c  
pressure   on  the performance of homogeneous, water swollen mem- 
branes  has   been  s tudied  by  several   authors  (see Ch, IV]. Recent- 
l y  Van Duin e t  al.251 s tud ied   t he   s t eady   f l ux   ob ta ined   du r ing  
ope ra t ion   unde r   hype r f i l t r a t ion   cond i t ions  (50  a t m . )  f o r  dyna- 
mically  formed membranes cons i s t ing   o f  a l a y e r   o f   l a t e x   p a r t i c l e s  
(Young's  moduli  ranging  from 10 t o  over  104 kg/ca 1 on  Mil l ipore 

filters as porous  support. Under the   p re s su re   app l i ed ,  
polymers  with  an E-modulus below 90 kg/cm2 deformed,  giving 
a more e f f i c i e n t   b l o c k a g e   o f   t h e   p o r e s   i n   t h e   " s u p p o r t i n g   f i l t e r .  
Hence lower  f luxes w e r e  ob ta ined  for polymers w i t h  low E-modulus. 

2 
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Hyperfiltration  results of two  modLfied SIS membranes  as 
function of the  pressure  applied.  a)  a  .crosslinked SISL-40 
membrane  post-treated  with 2 N  NaOH  at 100 O C ;  b)  an  un- 
crosslinked SISS-20 membrane. 
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In our  experiments  we  did not change  the'  E-modulus  at  constant 
pressure,  but  we  varied  the  pressure  under  constant  E-modulus 
and  with  a  fixed  time  interval.  For  these  experiments  we  used 
SISC-20 membranes  coagulated  in  propanol  and  containing 17 wt% 
water in the  polymer.  Typical  results of these  experiments  are 
shown in figure 12; the  three  membranes  used  rejected  salt for 
approximately 10 %. 

7 

Jw(cm/hr) 

t, 
3 

1 

J / 

P 

A 

B 

C 

Figure 12 
Dependence  of  the  flux o f  SISC-20 membranes as a function 

of the  pressure  applied 
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The experiments  show  a  linear  increase of the  flux  at  low  pressures, 
following  the  equation  Jw = K (P - A n )  * Around 15 atm.  however  the 
curves  reach  a  maximum  after  which  the  flux  decreases slightly, 
and  finally  becomes  constant.  Each  point in these  curves  was 
measured  after  precisely one hour.  After the  maximum  pressure of 
40 atm.  was  attained,  pressure  was  gradually  reduced, whereupon: 
the  flux  measured  decreased  linearly  towards'zero.  The  reason  for 
this  phenomenon  is  an  irreversible  collapse of the  membrane  struc- 
ture. SEM photo's  from  membranes  subjected  to  pressure  and  from 
the  original  membranes  showed  a  dramatic  effect  of  the  applied 
pressure on the  membrane  structure (fig'. 13) r especially so on 
the  highly  porous  substructure. 
Generally  the  flux  determining  resistznce in asymmetric  .membranes 
is  assumed  to  be  the  dense  homogeneous  skin.  The  lower  fluxes 
found  for  membrane C,in figure 12, in comparison  with  those of 
membranes  A.arid B c  are  assumed  to  arise  from  differences  in  the' 
skin  thickness  between  membranes  'A, B and C. Up to 10 atm. the- 
membrane  behaviour  is  quite  normal.  At  higher  pressures  the  ,mem- 
branes  start  to  deform  and  consequently  the  overall  membrane  Yesis- 
tamce  increases. When the  membrane  resistance,  equal  to K-' is., 
plotted  as  a  function of the  applied  pressure, K at P = 1 atm. -1 

being  taken  as 100 %, the  influence of membrane  deformation on 
the  flux  could  be  compared  for  membranes A, B and  C. The membrane 
resistance of all  membranes  showed  the  same  pressure  dependence 
(fig. 14) with  a  critical  pressure  between 15 and 20 atm. The 
same  experiments  with  non  crosslinked  SISS-20  membranes  gave  a 
similar  curve  with  the  critical  pressure  at 3-5 atm. The  latter 
critical  pressure  agrees  with  that  found f o r  homogeneous  SISS-x 
membranes. In chapter I11 we  explained  the  deviation of the  li- 
nearJw-Prelationship above  the  critical  pressure  by  deswelling 
of  the  membrane.  Since  deswelling  alone  cannot  explain  the  mem- 
brane  collapse  discussed  herec  we  must  also  take  into  account 
the  structural  membrane  changes  by  polymer  creep  above  the  criti- 
cal  pressure.  With  respect  to  the  results of Martinez  Guerero261 
and  those of chapter  IV  we  must  conclude  that  hyperfiltration 
membrane  are  subjected  to  a  relaxation  process  in  which,  polymer  com- 
pression  also  may  play  a  part.  This  additional  mechanism  has no conse- 
quences  for the rejection  increase  or  flux  decline  in  time.  at 
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Figure 13 

Cross  sections  of SISC-20 membranes 
(10 wt%/propanol)  both  before (a) and 
a f t e r   (b , c )   t he  membrane w a s  subjected 
to   p re s su res  up t o  40 atm. The length 
of  the   bar   represents  10 v.  
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lower  pressures. It should,  however,  be  taken  into  account  in  flux 
measurements  at  different  pressures  and  in  flux  decline  measure- 
ments  at  higher  pressures  using  polymers  with  low  E-modulus, 
Carter,  Psaras  and Price271 found  for  cellulose  acetate  membranes 
( 2  20.  wt%  water3)  and  a  E-modulus of about 20,000 kg/cm ) also 
an  increase of  the  membrane  resistance  at  pressures  above 20 atm., 
with  a  much  smaller  dK’l/dp  value,  however, than.we found  for  our 
membranes. 
We  conclude  that  deformation  by  creep  is  a  normal,  regular  membrane 
phenomenon.  Whether  or  not  this  deformation  is  reversible of irre- 
versible  (collapse),  however,  depends on the  critical  pressure.  The 
main  parameter  in  this  respect  appears  to  be  the  E-modulus  of  the 
po  lymer  us  ed. 

2 251 

K-’ 

I 

O 10 20 30 40 
I I I I I I I 

P (atm.) 
, F i g u r e  1 4  

I n c r e a s e   o f   t h e  membrane r e s i s t a n c e  K as  a f u n c t i o n  o f  t h e  
p r e s s u r e ’ a p p l i e d .   a )  S I S S - 2 0  membrane ( o ) ;  b )  S I S C - 2 0  mem- 
brane  ( o ,  V ,  A ) .  

- 1  
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CHAPTER V I 

IMPROVEMENT OF MEMBRANE PROCESSES BY FLUIDIZED  PARTICLES 

V I .  l. In t roduct ion  

In   p re s su re   d r iven  membrane p rocesses ,   so lu t e   t r anspor t   occu r s  
while  some o f   t he  components i n   s o l u t i o n  are r e j e c t e d ;   t h e r e f o r e  
c o n c e n t r a t i o n   p o l a r i s a t i o n   t a k e s   p l a c e   i n   t h e   s t a g n a n t   l a y e r   a d j a -  
c e n t   t o   t h e  membrane sur face .   This  means t h a t   t h e   c o n c e n t r a t i o n  

‘ o f   t h e   r e j e c t e d  components i nc reases  a t  t h e  membrane/feed s o l u t i o n  
in te r face   g iv ing   d i f fus ion   f rom  the   in te r face   back   in to   the   bu lk  
so lu t ion .  The f i r s t  mathematical   descr ipt ion of  the   concen t r a t ion  
p o l a r i s a t i o n  phenomenon i n   p r e s s u r e   d r i v e n  membrane processes  w a s  
given by Sherwood e t  a1.l’ i n  1965.  Var ious   aspec ts   o f   the  phenome- 
non w e r e  s tud ied  by seve ra l   au tho r s   l a t e r   0n2-9 ’ .   F igu re  l a  shows 
the   f l ow  cond i t ion   nea r   t he   su r f ace  of a h y p e r f i l t r a t i o n  membrane 
i n   t h e  case of   turbulent   f low,  

f lux - f lux 

membrane 

c 

x 

t, 
d 

F i g u r e  1 
Schematic  Vîew o f  c o n c e n t r a t i o n   p o l a r i s a t i o n   i n   t h e   b o u n d a r y  
l a y e r   a d j a c e n t   t o   t h e  membrane s u r f a c e .   a )   i n   h y p e r f i l t r a t i o n  
p r o c e s s e s ;   b )   i n   u l t r a f i l t r a t i o n   p r o c e s s e s   w i t h   g e l   l a y e r   b u i l d  
UP 0 
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The  boundary l a y e r  i s  cons ide red   t o   be  a t h i n   f i l m ,  which sepa ra t e s  
t h e  membrane su r face  from the   tu rbulen t   core   ( f i lm  model ) .  Concen- 

t r a t i o n   p o l a r i s a t i o n   a c t u a l l y   e f f e c t s   t h e  membrane performance i n  
f o u r   d i f f e r e n t  ways. F i r s t ,   t h e   i n c r e a s e d   s a l t   c o n c e n t r a t i o n   a t ' t h e  

membrane/feed so lu t ion   i n t e r f ace   i nc reases   t he   o smot i c   p re s su re  
d i f f e r e n c e   a c r o s s   t h e  membrane. S i n c e   t h e   f l u x  i s  a l i n e a r   f u n c t i o n  
of (P - A T ) ,  t h e  water t ranspor t   th rough  the  membrane w i l l  be  redu- 
ced by the   occur rence   o f   concent ra t ipn   po lar i sa t ion .  A s econd   e f f ec t  

concerns  the  rejection  observed,  which  decreases  with  increasing 
s a l t  concent ra t ion  a t  t h e   i n t e r f a c e  ( C w ) .  Th i rd ly ,   t he  maximum solu-  
b i l i t y   o f  one o r  more solutes  can  be  exceeded  (e,g.  C a  and Mg carbo- 
n a t e   o r   s u l f a t e )  which   leads   to   sca l ing  on t h e  membrane su r face  and 
t o  a decrease   o f   the  water f lux   t h rough   t he  membrane. F i n a l l y  mem- 
b r a n e   l i f e  i s  assumed to   be   shor tenedl0  when t h e  membrane i s  

exposed to   h igh ly   concen t r a t ed  s a l t  so lu t ions .  These   four   e f fec ts  
expla in   the   impor tance   o f   concent ra t ion   po lar i sa t ion   for  membrane 
processes.  For  ion-exchange membranes a f i f t h  argument e x i s t s ,   s i n c e  
t h e   i n t r i n s i c   r e j e c t i o n   i t s e l f   d e c r e a s e s   w i t h   i n c r e a s i n g   s a l t  con- 
cen t r a t ion '  ' '' . Therefore   occurrence  of   concentrat ion  polar isa-  
t i o n  w i l l  even  have a more dramatic   inf luence  on  processes   with 
ion-exchange membranes than   w i th   neu t r a l  membranes. 
Neglecting mass f l o w   p a r a l l e l   t o   t h e  membrane sur face  w e  can  des- 
c r i b e   t h e   c o n c e n t r a t i o n   b u i l d  up a t  t h e  membrane sur face  as a. one 
dimensional  flow  problem  for  which  under  steady s ta te  condi t ions  
t h e   n e t t   f l u x   i n  any  place i s  given by 

In t eg ra t ion   o f   eq .  1 with  boundary  condition c = Cf a t  y = 6 ,  

y i e l d   f o r  c " =  cw and y = O .  

C e = - = .  W exp [Jw m l  
C f Ri + ( l - R i )  exp. [Jw &/D] 

i n  which t h e   i n t r i n s i c   r e j e c t i o n  i s  given by 

Ri - - (cw - 
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During  the  experiments,  however,  one  measures 

and o n l y   i n  case c approaches t o  c f ,  a t  i n f i n i t e  m a s s  t r a n s f e r ,  
Robs w i l l  approach t o  Ri. The f i l m  th ickness  B i s  taken   equal  t o  
that  under  normal mass t r a n s f e r   t o   t h e   w a l l ,   t h e   T n f l u e n c e   o f   t h e  
water f lux   t h rough   t he  membrane being  neglected  because of t h e  small 
r a t i o  [Jw/U] 2 9 7  . The f i l m   t h i c k n e s s   r e s u l t s  from t h e  mass t r a n s f e r  
c o e f f i c i e n t  k 

W 

Subs t i t u t ion   o f   eqs .  4 and 5 i n  eq. 2 g ives  

Using t h e   g e n e r a i   r e l a t i o n   f o r  mass t r a n s f e r  

S t  = cons t  . Re-m . Sc-n ( 7  1 

with SC = v / D  and S t  = k / U  one  can  e l iminate  k from  eq. 6 t o  ob- 
t a i n  

I n  l ~ ~ : b j  = cons t  . - JW u = R e  m . S c  n f I n  

- Robs 

Robs - 
R .  can now be  determined  by  plot t ing  In  
I 

r 7 

I J 
versus  WP ~e~ U 

and ex t rapola t ing   towards  U = QJ. The concen t r a t ion   po la r i sa t ion  
modulus 8 can   then   be   ca lcu la ted  by 

I n   u l t r a f i l t r a t i o n   p r o c e s s e s   t h e   s i t u a t i o n  i s  somewhat d i f f e r e n t  
from t h a t   i n   h y p e r f i l t r a t i o n   p r o c e s s e s .  The rejected  molecules  
are u s u a l l y  much l a r g e r  and a re   t he re fo re   r e j ec t ed   comple t e ly ,  
whi le   the   osmot ic   p ressure  i s  neglec tab le .  
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A s  a consequence  of  complete  rejection and t h e  low back   d i f fus ion  
ve loc i ty   o f   t he   mo lecu le s   t he   so lu t e   concen t r a t ion   a t   t he   i n t e r -  

face   increases  and a g e l   l a y e r  may be  formed  on t h e  membrane 
s u r f a c e   ( f i g .   l b ) . . A s   i n   s c a l i n g ,   t h i s   g e l   l a y e r   l o w e r s   t h e   f l u x  

through  the membrane. 
S ince   s eve ra l   app l i ca t ions   o f   bo th   u l t r a -  and h y p e r f i l t r a t i o n  
processes are g r e a t l y   e f f e c t e d  by concen t r a t ion   po la r i sa t ion ,  w e  
s tud ied   t he   r educ t ion   o f  i t s  d e l e t e r i o u s   e f f e c t s  by using  turbu- 
lence   p romotors .   In   th i s   s tudy  w e  u sed   f l u id i zed   bed   pa r t i c l e s ,  
s ince  this   turbulence  promotor   might   a lso  be  able   to  remove mecha- 
n i c a l l y   t h e   g e l   l a y e r  formed i n   u l t r a f i l t r a t i o n   p r o c e s s e s ,  

V I .  2 .  Turbulence  promotors 

Methods t o  minimize   the   concent ra t ion   po lar i sa t ion  modulus 0 ,  

i .e.  increase  of t h e  mass t r a n s f e r   c o e f f i c i e n t  k ,  a r e   i nc rease  
of   the   f low  ra te , the   use   o f   very   nar row  channelsc  stirrers e t c .  

Severa l  of the  authors  mentioned  below  conclude  that   use  of  tur-  
bulence  promotors   gives   great   cost   advantagel  o 31 . The most 

f r u i t f u l   a r e a   f o r   f u r t h e r  work on t h i s   s u b j e c t  was sugges ted   to  

b e   t h e   s t r o n g l y   f o u l i n g   s i t u a t i ~ n S ~ ~ I - . T h e   o b j e c t i v e  of a turbu- 
lence  promotor i s  t o  enhance  the  convective  f low and to   i nduce  
turbulences ,   thereby   increas ing   the  mass t r a n s f e r .   S i n c e   t h e  
a c t i o n  of  the   tu rbulence   p romotors   does   no t   necessar i ly   involve  
tu rbu len t   f l ow,   t he  name convection  promotor i s  a l so  sometimes 
used1 61 . Good turbulence  promotors  introduce no s tagnant   regions,v 
they do not  damage t h e  membrane and they  act   cont inuously.  
Thomas e t  a112-l 41 used  detached  turbulence  promotors made of 
e i t h e r  a twis ted   meta l   t ape   o r  a s p i r a l  w i r e  i n   h i s   expe r imen t s  
with  dynamical membranes. These  turbulence  promotors  proved 
to   be   very   e f fec t ive   for   Reynolds  numbers of  about 2100 ;  re jec-  
t i o n   i n c r e a s e d  from 2 5  % t o  72  %. A t  higher'  Reynolds numbers 
( 1 5 , 2 0 0 )  t h e   r e j e c t i o n   i n c r e a s e  was reduced  to  3 %. An addi t io-  
n a l   r e s u l t ,   a l s o   o b s e r v e d   i n  some o t h e r   s t u d i e s ,  .was t h e  in- 
c r eased   f l ux  when turbulence  promotors were used. Pitera and 
Middlemanl'I used   another   type   o f   twis ted   t ape ,   the   Kenics   S ta t ic  
Mixer, i n   hype r f i l t r a t ion   expe r imen t s   w i th   ce l lu lose   ace t a t e  mem- 

-89- 



nes. The device o f   t h i s   mixe r  relies o n   t h e   s y s t e m a t i c   s p l i t t i n g  
o f   t h e   f l u i d  stream by  means of a series o f   l e f t -  and  right-hand 
r o t a t i o n   f l o w ' s e p a r a t i o n s   f i t t e d   i n s i d e  a s t r a i g h t   t u b u l a r  mem- 
brane. It w a s  found tha t   t h i s   t u rbu lence   p romoto r   l eads   t o   an  im-  
proved membrane performance a t  low  Reynolds  numbers. Pulsed  feed 
flow  also  proved  to  be  an  effective  turbulence  promotor17-l  a 

Shaw e t  presented  a rather  complicated  design,  which re- 
duced the   concen t r a t ion   po la r i sa t ion   by   u s ing  membranes w i t h   i n t e r -  

mediate   non-re   ject ing  sect ions.  
The  other   turbulence  promotors   ment ioned  in   l i terature  make con- 
t ac t  wi th   t he  membrane s u r f a c e   i n   e i t h e r  a s ta t ic  o r  a dynamic 

way, Tubular membranes, e . g .  wi th  a p l a s t i c   c o i l   t u r b u l a t o r   o n  
t h e  membrane ~ u r f a c e l ~ ' ~ ~ ~  are s t a t i c .  Dynamic turbulence  promo- 
t o r s   c o n t i n u o u s l y   s t r i k e   t h e  membrane su r face  and  thereby  prevent 
no t   on ly   t he   occu r rence  of concen t r a t ion   po la r i sa t ion   o r   depos i -  
t i o n   o f   f o u l i n g  matter, b u t   a l s o  remove t h e  matter t h a t   h a s  al- 

ready  been  deposited. The main difference  between s ta t ic  and dy- 
namic turbulent .   promotors  i s  t h e r e f o r e   t h e   s e l f - c l e a n i n g   a c t i o n  

o f   t he  system. bloving polyurethane  sponge  bal ls ,  are a 
w e l l  known dynamic  method t o  c o m b a t t   f o u l i n g   i n   u l t r a f i l t r a t i o n  
p r o c e ~ s e s ~ ~ ' ~ ~ \ .  used moving g l a s s   sphe res   w i th  a 
diameter  almost as l a r g e  as the   ins ide   d iameter   o f   the   tubular  
membranes. Better than   these   l a rge   spheres  i s  a dispersed  bed 
of many small p a r t i c l e s ,   t h a t   c o n s t a n t l y  bomb t h e  membrane sur-  
face.  By t h i s  mechanism a so l id - l iqu id   f l u id   bed  removes depos i ted  
matter   f rom  the membrane surface  and  reduces  scal ing  and  foul ing 

i n   a d d i t i o n   t o   r e d u c i n g   c o n c e n t r a t i o n   p o l a r i s a t i o n .   I n   t h e i r   i n -  
ves t iga t ion   Csurny  e t  al.261 used  f luid  beds  with Lead s h o t , '  
s t a i n l e s s  steel  f i l i n g s ,   s t a i n l e s s  steel p a r t i c l e s ,   p e l l e t s   c u t  
from s t a i n l e s s  steel  w i r e ,  t ungs t en   pa r t i c l e s   and   sphe r i ca l   g l a s s  
beads.  The m e t a l  pa r t i c l e s   soon   gave   co r ros ion   p roduc t s   i n   t he  
tes t  u n i t  and a l l  the  beds employed w e r e  no t   success fu l  when 
applied  both  to  dynamically  formed membranes and c e l l u l o s e  ace- 
ta te  (C. A. ) membranes.  The authors   concluded  that   their   survey 
d i d   n o t   l e a d   t o  a convincing  evaluation  pro  or  con. Later on  both 
L a i l o '  and   Lolachi l5)   p roved   the   feas ib i l i ty  of  a f l u i d  bed t o  
improve t h e  membrane performance.   In   spi te   of   these  s tudied  several  
questions  remained  unanswered,  especially  questions  concerning 
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the  possible  damage of,the membrane  by  the  fluid  bed, the  optimum 
diameter  of  the  spheres  and  the application.of fluid  beds  in  ultra- 
filtration  processes  where  previous  studies  are  unknown.  Therefore 
we studied  the  effects  of  fluid  beds  as  turbulence  promotor on the 
membrane  performance,  in  both  hyperfiltration  (reverse  osmosis)  and 
ultraf  iltration  processes. 

VI.3. Experimental 

Fluid  bed  equipment 

F i g u r e  2 

H y p e r f i l t r a t i o n   a p p a r a t u s :   a )   m e m b r a n e   m o d u l e ;   b )   b l i n d  
m o d u l e   w i t h o u t   m e m b r a n e s ;   c )   p a r t i c l e   C o l l e c t o r  v e s s e l ;  
d )   r e f e r e n c e   m o d u l e ;   e )   a c c u m u l a t o r ;  f )  pump; g )  t w o  
f i l t e r i t e   f i . l t e r s  o f  10 p; h )  f e e d   s o l u t i o n   w i t h   c o o l i n g  
i>  u l t r a v i a i e t   s t e r i l i z e r ,  

The experiments  were  carried  out  with  commercial  membranes  made 
from  cellulose  acetate  (C.A.)  or  polyacrylonitrile  (PAN),  since 
ion-exchange  membranes  were  not  available  in  this'geometry.  Each 
test  module  contained  seven 1.5 meter  polyvinyl  chloride  tubes 
in parallel,  each  equipped  with  a  tubular  membrane,  one  of  which 
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usual ly   being  used  and  the  others   blocked.  The  membranes w e r e  
cast on t h e   i n s i d e  of a non-woven support   tube.   During  the  experi-  
ments w e  used  both PAN u l t r a f i l t r a t i o n  membranes (18 mm i - d .  ) and 
C.A. h y p e r f i l t r a t i o n  membranes (12.mm i . d . )  I made after Ivlanjikia11~~1- 
by  using. a 1:l blend  of  Eastmah Kodak E 383-40 .and E 398-6s poly- 
mers and a curing  temperature   of  8OoC. Two similar types  of  appara- 
t u s  were used ,   one   fo r   t he   u l t r a f i l t r a t ion   expe r imen t s  a t  about 
4 - 5  a t m .  and  one for   hyper f i l t ra t ion   exper iments  a t  40 a t m .  Both 
un i t s   con ta ined  two  modules: a module wi th  membranes below (a, i n  
f i g .  2 )  and a b l i n d  module  on t o p   ( b ,   i n   f i g .  2 )  o A t  the  bottom of  
the  lower  modules a p e r f o r a t e d   p l a t e   d i s t r i b u t o r  w a s  i n s t a l l e d .  
The h y p e r f i l t r a t i o n   u n i t  w a s  equipped  with a u l t r a v i o l e t  sterili- 

z e r  (i',. f i g .  2 )  and two f i l t e r i t e  10 micron f i l t e r s  (g) to   r educe  
t h e   e f f e c t s   o f   b a c t e r i a l   g r o w t h  and fou l ing   du r ing   l ong  t e r m  expe- 

r iments .  The feed  w a s  recycled  through a s t a i n l e s s  steel p a r t i c l e  
c o l l e c t o r  (c> r back to   t he   supp ly   ves se l   (h )  p which w a s  thermosta- 
t e d  by a c o o l i n g   s p i r a l .  Parallel  t o   t h e   f l u i d   b e d  equipment  and 
con'nected t o   t h e  same pump t h e  membrane performance  of a r e fe rence  

membrane without   f luid  bed  could  be  measured  (b)   under   the same 

condi t ions  as t h e  module wi th   t he   f l u id   bed .  The f l u i d  bed   par t i -  
cles used were Ba l lo t in i   g l a s s   sphe res   o f   va ry ing   d i ame te r .  

F i g u r e  3 

&-U c u r v e s  o f  g l a s s   s p h e r e s  of v a r y i n g   d i a m e t e r   [ 3 1 8 - 4 5 2  IL 
( 1 )  452-520 1 ~ -  ( 2 ) ,  1225-1390 p (3), 1.0 mm ( 4 )   a n d   2 . 0  mm ( 5 ) j ,  m e a s u r e d  in a 1 2  mm t u b e .  
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Figure 3 shows E-U cu rves   fo r   t he   d i f f e ren t   g l a s s   sphe res   u sed ,  as 
measured i n  a 1 2  mm i . d .   t ube .  The cu rve   fo r   t he   l a rges t   sphe res  

shows a kink,  which i s  due   to   the   format ion   of   b r idge- l ike   'par t i -  
cle agglomerates.  Richardson and Zaki2*'  found  the same for   dp/d 
r a t i o s  above 10 %. A t  h igher   bed   poros i t ies  however t h i s   e f f e c t  
d i sappears   l ead ing   to  a k i n k   i n   t h e  &-U curve. 

Microscopy 

During t h i s   i n v e s t i g a t i o n   t h e  membrane surfaces   where  s tudied  with 
both a Transmission  Electron  Microscope (TEM) and a Scanning E l e c -  

tron  Microscope (SEM). Direct   observat ion of t he   su r f aces  up t o  a 
magnif icat ion of 1 0 , 0 0 0  was performed  with a JEOL-JSM.U3 SEM ope- 
r a t i n g   a t  a vol tage  of  1 5  kV. The samples were shadowed with  carbon 
and coa ted   wi th   go ld   before   observa t ion .   Ind i rec t   observa t ion  of 
t he   su r f aces  was done  with a P h i l i p s  EM 200 TEM o p e r a t i n g   a t  a 
vol tage  of  80  kV. Replicas of the   su r f aces  were made by shadowing 
with  platinum  under  an  angle of 30 OC. Afterwards a th ick   carbon 
l a y e r  was deposi ted on the   su r f ace  by evaporat ion  and  the membrane 
was d isso lved  i n  an  appropriate  solvent:   dimethyl formamide f o r  
PAN and ace tone   for  C.A. 

VI. 4. Resul ts  and Discussion 

Hyperfiltration  experiments 

Hyperf i l t ra t ion   exper iments   have   been   car r ied   ou t   wi th   par t ic le  
diameters  of 0.4; 0 .5 ;  1 . 0 :  1 .3  and 2 . 0  mm f l u i d i z e d   a t   d i f f e r e n t  
v e l o c i t i e s ,  A t  the   s ta r t   o f   an   exper iment   the   whole  membrane tube 

was f i l l e d   w i t h  a packed  bed.  After  the  system was pressur ized  
t h e   a x i a l   v e l o c i t y   g r a d u a l l y   i n c r e a s e d   u n t i l   t h e  minimum f l u i d i -  
s a t i o n   v e l o c i t y  was reached. The system was kept  under  these con- 
d i t i ons   ove rn igh t  whereupon t h e   r e j e c t i o n  and f l u x  were measured 

a t  d i f f e r e n t   a x i a l   v e l o c i t i e s .   I n   f i g u r e  4 t h e   r e j e c t i o n  depen- 
dence  on the s u p e r f i c i a l   v e l o c i t y  (Uo) i s  shown. Due t o   r e l a t i v e l y  
small   changes  in  (P - A T )  i n   t h e s e   e x p e r i m e n t s   a t  low s a l t  con- 
c e n t r a t i o n  (3000  ppm), t he   f l ux .o f   t he   f l u id   bed   p romoted  membranes 
d id   no t   ve ry  much wi th  U, and was gene ra l ly   t he  same a s   i n   t h e  
module wi thou t   f l u id   bed rapa r t  from t h e   i n d i v i d u a l   d i f f e r e n c e s  
between t h e  membranes. 



a 

R.  = 70,9 % 

Jw = 6.4 cm/hr. 
0.5 mm qLass 

Figure 4 
Observed r e j e c t i o n s   w i t h   ( l i n e  a) and  .without   ( l ine  b)  
f luid  bed  turbulence.   promotor.  
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The r e s u l t s   i n   f i g u r e  4 show t h a t   a p p l i c a t i o n   o f  a f l u i d  bed enables  

one t o   r e d u c e   t h e   a x i a l   v e l o c i t y   t o  5-20 % o f   t h e   v a l u e   i n   t h e  ex- 
periments  without  turbulence  promotion. The maximum found i n   f i g u r e  
4 can   be   r e l a t ed   t o  a maximum i n  mass t ransfer   normally  observed 
f o r   f l u i d   b e d s .  When t h e   a x i a l   v e l o c i t y   t h r o u g h  a packed  bed  in- 
creases ,   the   bed w i l l  expand;   fur ther   increase  of  U w i l l  increase  
t h e  bed  heigth and  bed  porosity,  while a t   very  high  Uo-values  by- 
d r a u l i c   t r a n s p o r t   o f   t h e   p a r t i c l e s   o c c u r s .   T h e r e f o r e   a t   h i g h   v e l o -  
c i t i e s ,  when a l l   p a r t i c l e s  have l e f t   t h e   t u b e ,   t h e  Rob; vs  U. curve 
o f   t he   f l u id   bed  promoted membrane will coinc ide   wi th   tha t  of t h e  
unpromoted membrane. S ince   t he  maximum value  of   the  curves   never  
a t t a i n s  Ri comple t e ly ,   t he   t u rbu lence   ac t ion   o f   t he   f l u id  bed 
appears   no t   to   be   e f fec t ive  enough to   r educe   t he   concen t r a t ion  
p o l a r i s a t i o n  modulus 8 comple te ly   to  1. The tubular  membranes used 
here   are   permeable   to  water g iv ing  a radial   f low  which is  uncomon 

i n  homogeneous f l u i d   b e d s .  On the  assumption,   however ,   that   the  

i n f l u e n c e   o f . t h i s   r a d i a l   f l o w  on the  hydrodynamics  of  the  axial  
flow may be   neglec ted ,   the   fo l lowing   equat ions   for  mass t r a n s f e r  
between a wall and t h e   f l u i d  bed a re   va l id311  . 

O 

S t  = Const. R e I m .  
' r  

with:  Const. = 1 . 2  0 . 1  and m = . 0 . 5 2  f o r  G R e  < 200 ( 9 4  
Const. = 0 . 4 3  2 0 . 0 5  and m = 0 . 3 8  f o r  2 0 0  < R e  < 2 4 , 0 0 0  (9b) 

P 

P 

Equation 9 e n a b l e s   u s   t o . c a l c u l a t e   t h e  Robs v s  U. c u r v e   i n   c a s e   t h e  
mass t rans ' fe r   in   our   sys tem would fol low  the  normal   f luid  bed be- 
h a v i o u r   ( d o t t e d   l i n e s   i n   f i g .  4 ) .  It was found t h a t   t h e   i n c r e a s e  
i n  mass t r a n s f e r  i s  more when us ing   l a rge r   pa r t i c l e   d i ame te r s .   Th i s  
was confirmed by c a l c u l a t i o n   o f   t h e  minimum p o l a r i s a t i o n   a t  ma.ximum 
mass t r a n s f e r   i n   t h e   f l u i d  bed  employing d i f f e r e n t   p a r t i c l e  s i z e s  
and flow v e l o c i t i e s .  The Stanton number calculated  (eg.  9 )  may now 
be compared t o   t h e   S t a n t o n  number der ived from t h e   h y p e r f i l t r a t i o n  
exper iments   wi th   f lu id  bed  promotor,  for  which eq. 10 holds 
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a 

b 

' ' ' ' ' 'e'.' 

Re, 

Figure 5 

MaSS t r a n s f e r   i n  a f l u i d  bed  promoted t u b u l a r  membrane 
module  using C.A. membranes (40 a t m )  . a) 0 . 5  mm diameter 
g l a s s   p a r t i c l e s ;   b )  1 . 0  mm d i a m e t e r   g l a s s   p a r t i c l e s .  
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With t h e   u s e   o f  
r imental  R - obs 

exp [ J ~ - E / U ~  st] 
+ (1 - R ~ )  exp [ J ~ . E ’ / U ~  st]” 

eq. 10 S t  numbers can   be   ca lcu la ted  from t h e  expe- 
U. curves   ( f ig .  5 ) .  Although  these  Stanton numbers 

cannot  be  considered  extremely  accurate,   the St-numbers  observed 
a r e   c l e a r l y   l o w e r ,   e s p e c i a l l y   f o r  low Reynolds  numbers. S ince   the  
p o i n t s   i n   f i g u r e  5 are a l r eady   co r rec t ed   fo r   t he   s a l t   en t i chmen t  

and the   dec reas ing   ax ia l   ve loc i ty   ove r   t he   l eng th   o f   t he   t ube ,   t hese  
e f fec ts   cannot   expla in   the   devia t ion   of   the   exper imenta l  S t  numbers 

from t h e   S t  numbers ca lcu la ted .   In   our   op in ion   the   occur rence   o f  a 
less p a r t i c u l a t e   f l u i d i z a t i o n  i s  t h e  more l i k e l y   r e a s o n   f o r  mass 
t r a n s f e r   b e i n g  less than  we.would  expect it from the  curves   calcu-  
l a t e d .   I n  a review Beek3”-showed t h a t   a t   t h e  same Reynolds number 
higher   Stanton  values  were found f o r   t h e   l a r g e r   p a r t i c l e   d i a m e t e r s .  
This   observat ion was explained by the   fo rma t ion   o f   pa i r s   o r   l a rge r  
a g g l o m e r a t e s   f o r   t h e   s m a l l e r   p a r t i c l e s ,   w h i l e   l a r g e r   p a r t i c l e s   a c t  

i n d i v i d u a l l y  (see also Coeuret3 21 ) . This phenomenon might  also 
occur   in   our   exper iments .  

Another   explanat ion  concerns  the  t rans  membrane f lux .  
Al though  the   in f luence   o f   the   t rans  membrane f l u x  was not  consi-  
dered  ‘before ,   the   decrease  in   axial   f low  caused by t h e   a p p l i c a t i o n  
o f   t h e   f l u i d   b e d   m u s t   o f   n e c e s s i t y   e f f e c t   t h e   r a t i o ,  ( J w / U o ) .  

Schl ich t ing3  31 and  Thomas301 observed   tha t   the   in f luence   o f   the  
t r a n s  membrane flux  on  the  hydrodynamic  behaviour  of  the  boundary 
l a y e r  becomes important  above a (J / U )  r a t i o  of 1.18 x 10; . Be- 
sides,  Csurny e t  a l .  2 6 1  observed a t  high  water  f luxes  accumulation 
o f   f l u id   bed   pa r t i c l e s   on   t he  membrane surface.   These two s p e c i f i c  
e f f e c t s   o f  a t r a n s  membrane f l u x  on t h e   f l u i d  bed  behaviour may 
a l s o   e x e r t  a nega t ive   in f luence   on   the  mass t r a n s f e r   i n   o u r   e x p e r i -  
ments.  Therefore w e  conc lude   t ha t   t he re  i s  an  important  increase 
i n  m a s s  t r a n s p o r t  by app l i ca t ion   o f  a f l u i d  bed i n  membrane proces- 
ses ,  although less than  expected from theory. 
A s  w e  assumed t h a t  a fluid  bed  might  have  an  important  cleaning 
a c t i o n   o n   t h e  membrane w e  d i d  some u l t r a f i l t r a t i o n   e x p e r i m e n t s .  

‘ -4 
W 
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U Z t r a f i Z t r a t i o n   e x p e r i m e n t s  

I n   t h e   u l t r a f i l t r a t i o n   e x p e r i m e n t s   t u b u l a r   p o l y a c r y l o n i t r i l e  mem- 
branes w e r e  applied.   Pohyethylene  glycolwas  used  with a molecular 
weight  of 4,000,OQO t o  make a 500  ppm feed   so lu t ion ,   s ince  it w a s  
e x p e c t e d   t h a t   t h i s   s o l u t e  would  form a ge l   l aye r   on   t he  membrane 
su , r f ace   ( f ig .   l b )  e During  the  experiments w e  u s e d   e i t h e r   t h r e e  
tubes  pro module (2,O mm part ic le   diameter   experiments)  or all 
tubes ( O  ., 5 and 1 - O mm part ic le   diameter   experiments)  a With t h e  
except ion o f  the  experiment   with 1 = 0  m p a r t i z l e  diameter, all 
exper iments   s ta r ted   wi thout  a f l u i d   b e d   i n   t h e  test  module. A t  

the  end  of  each  experiment  the membranes w e r e  observed  both  by 
eye  and  with a scanning  electron  microscope. A l l  membranes were 
covered  with a v i s i b l e   g e l   l a y e r  which  could  be removed  by r i n s i n g  
wi th  puxe water .  SEM-photographs  showedl  however, t h a t  when small  
f l u id   bed   pa r t i c l e s   d i ame te r s  w e r e  u s e d ,   t h e   g e l   l a y e r   p e r s i s t e d  
on t h e  membrane sur face .   This   l ayer   se r ious ly   h indered   the   s tudy  
of membrane  damage af ter  simple  cleaning. The  SEM-photographs 
a . lso revea led   the   p resence  of  b a c t e r i a .  which  could  not  be elimi- 
nated  completely. SEM-photographs  showed tha t   the   mechanica l  
breakdown o f   t h e   g e l   l a y e r  w a s  more e f f e c t i v e  when l a r g e r   p a r t i c l e  
diameters  were used. The pe r s i s t ence   o f  a g e l   l a y e r   a f t e r   a p p l i -  
ca t ion   of  a f luid  bed  might   be  poksible  when t h e   p a r t i c l e s  do 

not  have  enough momentum t o  remove t h e   h i g h l y   s w o l l e n c   e l a s t i c  
po lye thylene   g lycol   ge l   in   the   boundary   l ayer .  
F l u x   r e s u l t s  o f  the  experiments  with 0 - 5 ;  1 . 0  and 2 .0  mm p a r t i -  

cles a.re shown i n   f i g u r e  6 ,  The r e s u l t s   a r e   p l o t t e d  on a double 
loga r i tmie  sca*he as i s  usua l ly  e The d o t t e d   p a r t   o f   t h e  
cu rves   r ep resen t s   t he  time when t h e  membrane d i d   n o t   c o n t a i n  a 

f l u i d  bed. Because  of  the low pressures   being  appl ied  (about  4.5 

atm.) mextbrane compaction i s  small and the   observed   f lux   dec l ine  
i n  tiae can   be   ascr ibed  t o  g e l   l a y e r   b u i l d  up. Breakdown o f   t he  
ge l  l a y e r   r e s u l t s   i n  a h ighe r   f l ux  as shown for curves  b)  and c ) ,  
The low f l u x  and the  absence of  an   i nc rease   i n  f l ux  when a f l u i d  
bed i s  a p p l i e d   i n d i c a t e s   t h e  momentum o f   t h e  0 .5  m p a r t i c l e s  
(curve a) b e i n g   i n s u f f i c i e n t   t o  remove t h e  ge l  l a y e r .  
A.lthough t h e s e   u l t r a f i l t r a t i o n   r e s u l t s  do not  answer a l l  qqes- 
t ions ,   the   sehf -c leaning   behav2our   o f   f i l t ra t ion   sys tems  conta i -  
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ning a f l u i d  bed turbulence  promotor   can  concluded  to   be  insuff i -  
c i e n t l y   e f f e c t i v e   f o r  small p a r t i c l e s .  The f l u x e s   i n   a l l   f l u f d . b e d  
expe r imen t s   w i th   t he   l a rge r   pa r t i c l e   d i ame te r s   t end   t o   be   h ighe r ,  

however, de f in i t e   conc lus ions  on t h e   p r a c t i c a l   v a l u e   o f   t h e s e   r e s u l t s  
cannot   yet   be  drawn. Future   exper iments   wi th   be t te r   re jec ted   so lu tes  
a re   necessary   to   s tudy   the   in f luence  of t h e   f l u i d  bed on r e j e c t i o n  
and f lux   under   p rac t ica l ly   impor tan t   c i rcumstances ,  

(cm/ flux hr) ' O h  

' 
1 

1 I I I I I I I  l I I  

5 10 50 I ' ' \.b I I l l  

500 
time (hrs.) - 

Figure 6 

Flux  measurements  on  polyacrylonitrile  membraness  with  and 
without  fluid  bed.  .a) 0.5 mm;  b) 1.0 mm; c). 2.0 mm. -----_ without  fluid  bed; -.t..,..-......- with  fluid  bed. 

Damage o f   t h e  membrane s u r f a c e   b y   f l u i d   b e d   p a r t i c Z e . s  

The continuous bombardment o f   t h e   f l u i d  bed p a r t i c l e s  on t h e  membrane 
sur face  may r e s u l t  i n  damage of t h e   t h i n  homogeneous s k i n  of asym- 
metr ic  membranes genera l ly   in   use .   Al though  bo th   La i l  and Lolachil  

r e p o r t e d   t h a t  no damage of   the   sur face   occur red ,   the i r   conc lus ion  
i s  b a s e d ' o n   j u s t  a few r e s u l t s  from experiments   of   short   durat ion and 
hence  are  uncertain.   Because of  t he   g rea t   impor t ance   fo r   t he   ac tua l  
l i f e  time o f   t he  membranes, w e  s tud ied   th i s   p roblem more ex tens ive ly .  
A s  ment ioned   before ,   the   ge l   l ayer   bu i ld  up  .on p o l y a c r y l o n i t r i l e  
membranes, when a s o l u t e  of high  molecular  weight was used, made t n e  
s tudy of  membrane damage d i f f i c u l t .  A s  f a r   a s   t h e  membrane sur face  
was made v i s i b l e ,  no damage by 0 . 5  and 1 . 0  mm d i ame te r   pa r t i c l e s  
w a s  observed. On one membrane, howeverp   severa l   s l ide   pa t te rns   o f  a 
sphe r i ca l   i nden te r  were found   ( f ig .   8a ) .   I den t i ca l   pa t t e rns  on poly- 
meric sur faces  were r epor t ed   fo r  wear tests by Bethune3''  and Lawn 
and  Wilshaw3 5' ,, 
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The only way these   pa t t e rns   can   be  formed i s  by a p a r t i c l e   s c r a p i n g  
over   the  surface.   Therefore   these  pat terns   can  only  be  formed when 
the   bed  is  r a p i d l y   s t a r t e d  up. The pat terns   found  had  indeed  the 
same d i r e c t i o n  as the   l eng th   o f   t he   t ube .  The magnitude  of  the 
d e l e t e r i o u s  effects of membrane  damage by glass  spheres  depends  on 
a l a rge   ex ten t   on   t he   sk in   t h i ckness .  For t h e   p o l y a c r y l o n i t r i l e  
membranes t h e   s k i n  i s  about two micron  thick,   while for t h e   c e l l u -  
l o s e  acetate membranes it i s  about 2000 8. Hence the  occurrence  of  

damage i s  l i k e l y   t o   b e  more e a s i l y   o b s e r v e d   i n   h y p e r f i l t r a t i o n  ex- 
pe r imen t s   w i th   ce l lu lose   ace t a t e  membranes tha t   exc lude   ge l   l aye r  

b u i l d  up. 

(cmhr) 

34 

o Time (hrs) - 

F i g u r e  

J, 
(cm/ hr) 

t 
'i 

Robs 

O 50 100 

@ Time (hrs) - 
7 4  

t 

7 .  

40-1 

I n f l u e n c e   o f  a f l u i d   b e d  on  c h e   p e r f o r m a n c e  o f  C . A .  h y p e r f i l t r a t i o n  
membranes   compared  w i t h  r e fe rence  ' C . A .  m e m b r a n e s   t e s t e d   w i t h o u t   f l u i d  
b e d .   a )   f l u i d   b e d  with 0 - 5  mm d i a m e t e r ;  b )  1 . 0  mm; c )  1.*3, mm; d )  2 . 0  

( o , .  u n p r o m o t e d   m e m b r a n e s ;  A ,  A f l u 5 d   b e d   p r o m o t e d   m e m b r a n e s )  
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These  experiments were performed i n   t h e   a p p a r a t u s  as descr ibed 

b e f o r e   i n   f i g u r e  2.  Figure 7 shows t h e  membrane performance  of 

some fluid  bed  promoted  and some unpromoted C.A. membranes i n   t h e  
course  of  t i m e  when d i f f e ren t   pa r t i c l e s   d i ame te r s   a r e   u sed .  The 
experiments were performed a t   t h e   a x i a l   v e l o c i t y   o f   t h e  maximum 
i n   t h e  Robs vs  U. curve   ( f ig .  4) ; t h e   a x i a l   v e l o c i t y   o f   t h e  re- 
ference  experiments   without   f luid  bed w a s  about 20-30 times higher .  
Obvious ly   the   ra te  o f  r e j e c t i o n   d e c r e a s e   i n  t i m e  lowers when l a r g e r  

p a r t i c l e s   a r e   u s e d ;  no important  change  could be observed   for   the  
smal le r   par t ic les .   Af te r   these   exper iments   the  membranes W e r e  s tu-  
d ied   wi th   bo th  a Transmission  and a Scanning  Electron  Microscope, 
The TEM was used in   o rde r   t o   avo id   t he   p rob lem  o f   bu rn ing   i n   t he  
membrane by t h e   e l e c t r o n  beam o f   t he  SEM and to   r each   h ighe r  
magnif icat ion.  Even a t  low vol tages  (9-15 kV) burning-in  occurredc 
although a t  a lower rate. The p o l y a c r y l o n i t r i l e  membranes were 
much more s t a b l e   i n   t h i s   r e s p e c t ,   p r o b a b l y  due t o   t h e i r   t h i c k e r  
sk in .  Some’SEM and TEM photographs  of damaged membranes a r e  

shown i n   f i g u r e s  8 and 9 .  A s e r i o u s  damage o f   t h e  membrane sur face  

w a s  observed when 1 .3   o r  2.0 mm d i a m e t e r   p a r t i c l e s  were used. Ob- 

v ious ly   t hese   pa r t i c l e s   mechan ica l ly  damage t h e   s k i n   w h i c h   r e s u l t s  
i n  a rap id   decrease  of t h e   r e j e c t i o n   i n  t i m e ,  wh i l e   a l so   t he   f l ux  
t e n d s   t o   i n c r e a s e   a f t e r  some time. SEM photographs of, t h e  1. O mm 
diameter  experiments showed a smaller  number of damages and t h e s e  
were of   smaller  s i z e ;  t he   dec rease   i n   r e j ec t ion   found  was about 10 % 

a f t e r  100 hours,   while  the  1.3  and 2.0 mm diameter  experiments 
a f t e r   t h a t  time showed decreases   of   over  25 %. F i n a l l y   t h e  membra- 

nes   exposed  to   the 0.5-mm p a r t i c l e s  showed damage t o  a s l i g h t  
extent   both  on SEM and TEM photographs,  while no change i n   t h e  
f lux / re jec t ion   behaviour  was found  within 200 hours. Use of 
l a r g e r   f l u i d   b e d   p a r t i c l e s   o f f e r s   g r e a t   a d v a n t a g e b y   a n   i n c r e a s e d  

mass t r a n s f e r  and i n c r e a s e d   a b i l i t y  .of the   sys tem  for   se l f -c leaning  
T h e s e   l a r g e r   p a r t i c l e s  damage t h e  C.A. membranes, however, t o  an 
inaccep tab le   l eve l  when dp > 0.5 mm. Hence f lu id   beds   w i th  0 . 5  mm 
pa r t i c l e s   shou ld   be   cons ide red  as the  upper  l i m i t ,  when C.A. mem- 
branes  are   used.   This   conclusion i s  n o t   i n   c o n f l i c t   w i t h   t h e  re- 
su l t s   o f   La i l   and   Lo lach i l5 )  , a l though  these   au thors   d id   no t  
t a k e   v i s a b l e  membrane damage in to   account .  The resu l t s   on   de to-  
r i a t i o n  found  by  Csurny e t  w i t h   o t h e r   k i n d s   o f   p a r t i c l e s  



Figure 8: Scanning Electron  Microscope  photographs of some t y p i c a l  
examples of membrane dmage  by a f l u i d  bed; a) polyacrylo- 
n i t r i l e  membrane,- 1. O mm d i a m e t e r   g l a s s   p a r t i c l e ;  b )  r d)  p 
f )  PAN membra&, 1 .3  mm d i ame te r   g l a s s   pa r t i c l e ;  c) Cellu- 
l o s e  acetate membrane 1 . 3  m d iame te r   g l a s s   pa r t i c l e ;  e) 
PAN membrane, 2 .0  mm d i a m e t e r   s t a i n l e s s  steel particle. 
T h e  length  of t h e   b a r   r e p r e s e n t s  5 p. 
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Figure 9 
Transmission  electron  microscope  photographs of some  typical 
examples of membrane  damage  by  a  fluid  bed;  a) C.A. membrane, 
O .  5 mm diameter  glass  sphere;  b) C.A. membrane, 1 .'3 mm diameter 
glass  sphere;  c) C.A. membrane, 2.0 mm diameter  glass  sphere; 
d) PAN membrane, 2. O mm diameter  glass  sphere. 
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canno t   be   compared   he re ,   pa r t ly   due   t o   t he   i r r egu la r   pa r t i c l e s  
u sed   and   pa r t ly   by   t he   d i f f e ren t   t ype   o f  damage t h a t   o c c u r   f o r  
a dynamically  formed membrane b y   f l u i d  bed p a r t i c l e s ,  The mem- 
b r a n e s   o f   u l t r a f i l t r a t i o n   e x p e r i m e n t s   i n  which e i t h e r   g l a s s  (1.3 

and 2 .0  m m ) ,  s t a i n l e s s  steel ( 2 . 0  mm) or l e a d  (3 .0  mm) spheres 
w e r e  usedc w e r e  a l s o   v i s u a l l y   s t u d i e d .  On none  of  these membranes 
a g e l   l a y e r  w a s  observed, numerous  damages w e r e ,  however, v i s i b l e  
( f i g s .  8 and 9 ) .  Obviously PAN membranes are less s e n s i t i v e   t o  
damage  by f l u i d  bed p a r t i c l e s   t h a n  C.A. membranes, a l though  not  
a l toge the r  immune towards damage. 

V I .  5. Conclusions 

The s tudy   descr ibed   here  shows t h a t  a f l u i d  bed  can  be  effective 
i n . c o m b a t t i n g   c o n c e n t r a t i o n   p o l a r b a t i o n   i n   t u b u l a r  membrane modu- 

les. When the   bed  i s  r a p i d l y   s t a r t e d  up care   must   be  taken  to  

avoid   c rack   pa t te rns  of s l i d ing   ( sphe r i ca l )   i nden te r s .  The f l u i d  
bed w a s  sound t o   b e   u s e f u l   b o t h   f o r   h y p e r f i l t r a t i o n   a p p l i c a t i o n s  
and u l t r a f i l t r a t i o n   p u r p o s e s .   A c c u r a t e   r e j e c t i o n   d a t a   f o r   t h e  lat ter,  
however  must become ava i l ab le .  
A proper   choice   o f   the  optimum p a r t i c l e   s i z e  i s  e s s ' e n f i a l   i n   o r d e r  
t o   p r e v e n t  membrane damage b y   t h e   f l u i d  bed p a r t i c l e s .   E s p e c i a l l y  
t h e  asymmetric c e l l u l o s e   a c e t a t e  membranes are e a s i l y   d e t e r i o r a t e d  
by beds   w i th   pa r t i c l e s   l a rge r   t han  0 , 5  mm diameter,  No  membrane 
damage .of t h e   p o l y a c r y l o n i t r i l e  membranes w a s  observed  with smaller 

.g l a s s   beads ;   w i th ' l a rge r   pa r t i c l e s   o f   bo th  glass and  metal.membrane 
damage w a s  observed. The f lu id   beds   used  were u n a b l e   t o  remove t h e  
ge l   l ayer   comple te ly  (0 .5  and 1 . 0  mm g l a s s )  or t o  remove t h e   g e l  
l ayer   wi thout  damaging t h e   s u r f a c e  ( 1 . 3  and 2 .  O mm glass)   Appli -  
ca t ion   o f  a f lu id   bed   enab le s   t he   u se   o f  low a x i a l   v e l o c i t i e s .  It 

w a s  found t h a t   e s p e c i a l l y   f o r  low  Reynolds  numbers the   observed  
m a s s  t r a n s f e r  from t h e   f l u i d  bed t o  t h e  w a l l  w a s  lower  than  expected 
from  theory.   This may b e   p a r t i a l l y   r e l a t e d   t o   t h e   t r a n s  membrane 
f lux ,  
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V I .  6.  Nomenclature i 
C 

C 
P 

Cf 
cW 

d 

dP 
D 

Jw 

k 

m 
n 

P 

Ri 

Robs 
R e  

R e  
P 

Sc 
S t  
U 

uO 

'mf 
Y 

concent ra t ion   (mole / l i )  

Concent ra t ion   in   p roduct   (mole / l i>  
c o n c e n t r a t i o n   i n   t h e   f e e d   s o l u t i o n   ( m o l e / l i )  
concent ra t ion  a t  t h e   i n t e r f a c e  membrane/feed 
so lu t ion   (mole / l i )  
i n s ide   d i ame te r   o f   t he   t ubu la r  membrane 

p a r t i c l e   d i a m e t e r  
d i f f u s i o n   c o e f f i c i e n t  ( m 2 / s )  
water f lux   th rough  the  membrane (cm/hr = 4 . 9  gfd 

= 2.78  x 10 -6 m / s )  

(m 
(m 

mass t r a n s f e r   c o e f f i c i e n t  
cons tan t  
cons tan t  (- 1 
appl ied   p ressure  
i n t r i n s i c   r e j e c t i o n  = 1 - (c,/cW) 
obse rved   r e j ec t ion  , = 1 - ( C P / C f )  

L .. 

Reynolds number based  on  tube  diameter 

Uod (y) (-1 

UodP 
(--~) 

Reynolds number based   on   par t ic le  diameter (-1 

Schmidt number 
Stanton number 
i n t e r s t i t i a l   v e l o c i t y  ( m / s )  
s u p e r f i c i a l   v e l o c i t y  ( m / s  
minimum f l u i d i z i n g   v e l o c i t y  h / s )  

d i s t ance  from t h e  membrane sur face  

(- 

(- 

(m 1 

g r e e k   Z e t t e r s  

B f i lm   t h i ckness  
E voidage   f rac t ion  

(m) 
(- 1 
(-1 
(- 

E 
O 

voidage   f rac t ion   of  a packed  bed 
6 concen t r a t ion   po la r i sa t ion  modulus = (cW/cf)  
V k inemat i c   v i scos i ty  ( m 2 / s )  
AT osmot ic   p ressure   d i f fe rence   across   the  membrane ( a t m . )  
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CHAPTER V I 1  

SOLUTE MEMBRANE INTERACTIONS OF SODIUM  DODECYLSULPHATE WITH 

UNCHARGED  AND CATION EXCHANGE MEMBRANES 

A b s t r a c t  

S p e c i f i c   s o l u t e / m e m b r a n e   i n t e r a c t i o n s   h a v e   b e e n   s t u d i e d   b e t w e e n  

a n   a n i o n i c   s u r f a c t a n t  (Sod5um d o d e c y l s u l p h a t e ,  SDS)  as a s o l u t e  

and d i f f e r e n t  membranes. S p e c i f i c   i n t e r a c t i o n s   b e t w e e n  SDS and 

ca t ion   exchange  membranes were s t u d i e d  by  comparing  resul ts   f rom 

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

m e m b r a n e s ,   w i t h   r e s u l t s   f r o m   h y p e r f i i t r a t i o n   e x p e r i m e n t s   u s i n g  

cation  exchange  membranes.  

The u l t r a f i l t r a t i o n   e x p e r i m e n t s  showeg a r e m a r k a b l e   d i f f e r e n c e  

i n   t h e   d e p e n d a n c e   o f   f l u x   a n d   r e j e c t i o n  on t h e   c o n c e n t r a t i o n  

SDS be low  and   above   t he   c r i t i ca l   mice l l e   concen t r a t ion   (C .M.C. ) .  

T h i s   d i f f e r e n c e   i s  due t o  t h e   f o r m a t i o n  of m i c e l l e s   i n   t h e   s o l u -  

t i o n   a b o v e   t h e  C . M . C .  and o f f e r s   t h e   p o s s i b i l i t y  t o  c a l c u l a t e  

mass t r a n s f e r   c o e f f i c i e n t s   f o r   t h e  SDS m i c e l l e s .  

H y p e r f i l t r a t i o n   e x p e r i m e n t s   w i t h   c a t i o n   e x c h a n g e  membranes 

showed a l r e a d y   a n   i n c r e a s e   i n   r e j e c t i o n   f a r   b e l o w   t h e  C . M . C . ,  

which   a l so   could  b e  a s c r i b e d  t o  m i c e l l e   f o r m a t i o n .  It  i s   c o n c l u -  

d e d   t h a t   t h e   f o r m a t i o n   o f   m i c e l l e s  b e l o w  t h e   b u l k  C . M . C .  can 

s t a r t   s i n c e   t h e   i o n i c   g r o u p s   i n   t h e  membrane ac t  l i k e   a n   i n d i f -  

f e r e n t   e l e c t r o l y t e   l o w e r i n g   t h e  C . M . C .  a t   t h e   i n t e r f a c e .  

C o n c e n t r a t i o n   p o l a r i s a t i o n   m o d u l i   a n d  mass t r a n s f e r   c o e f f i c i e n t s  

w e r e   c a l c u l a t e d   b y   p l o t t i n g   t h e   r e j e c t i o n  and f l u x   a g a i n s t   t h e  

l o g a r i t h m   o f   t h e   s u r f a c t a n t   c o n c e n t r a t i o n .  The e x p e r i m e n t a l  

r e s u l t s   p r o v e d  t o  b e   i n   f a i r   a g r e e m e n t   w i t h   t h e   t h e o r e t i c a l  

v a l u e s .  
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VII.1, Introduction 

Although  membrane  processes  like  hyperfiltration,  ultrafiltra- 
tion  and  electrodialysis  proved  to  be  possible  technically, . 

numerous  problems  are  left  with  respect  to  large  scale  indus- 
trial  use.  Both  Puschl’  and  Porter2’  gave  as  their  opinion  that 
the  occurrence  of  concentration  polarisation  will  be  the  most 
important  problem  for  large  scale  utilisation  of  membrane  pro- 
cesses.  Concentration  polarisation‘results in flux  and  rejection 
limitations,  by  means  of  an  increase  of  the  osmotic  pressure 
difference  across  the  membrane  or  by  deposition of salts  or 
organic  matter on the  membrane.  Since  concentration  polarisation 
will  happen  regardless  of  the  chemical  composition  of  the  mem- . 

brane  used,  a  general  approach  and  mathematical  description  is 
possible1 21 . 
Apart  from  these  considerations  the  chemical  composition  of  the 
membrane  material  and  the  physical  interactions  between  solutes 
and  membranes  determine  whether  or  not  the  membrane  is  suitable 
for  specific  applications.  Most  membranes  are  destroyed  when 
solvents  other  than  water  are  used. 
Hydrolysis  of  ester  groups  in  cellulose  acetate  membranes  and 
ion-pair  formation in ionic  membranes  are  also  examples of 
specific  solute-membrane  interactions.  The  extensive  use of 
cellulose  acetate  membranes  was  the  reason  for  research  on  the 
prevention of hydrolysis  of  the  ester  group  in  this  type  of 
membranes. In order  to  study  specific  chemical  interactions  in 
membrane  separation  experiments , re~ently~-~’ several  surfactant 
solutions  were  used. 
Kesting,  Subcasky  and Paton3’ studied  the  fluxes  of  water  and 
sodium  chloride  through  cellulose  acetate  membranes  when  a 
nonionic  surfactant  is  added.  By plotting‘the normalized  fluxes 
of  water  and  sodium  chloride  against  the  logarithm  of  the  con- 
centration of nonionic  surfactant in the  saline  solution,  it 
was  found  that  the  slope  of  both  lines  became  less  negative at 
the  critical  micelle  concentration.  Kesting  et.al.  explained 
this  observation  by  assuming  the  formation of a,liquid layer  of 
the  surfactant on the  membrane  surface.  Both  fluxes  decrease 
when  this  layer  grows;  until  the  C.M.C.  was  reached  the  membrane 
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should  be  covered  by a p a r t i a l   l i q u i d  membrane,  The much 
smaller va lue   for   the   s lope   above   the  C.M.Ce was explained 
by assuming  compaction  of  the  l iquid.  membrane. 
Short,.  Skrinde  and Newton4’ used   ce l lu lose  acetate membranes 
wi th   r a f f inose   i n s t ead   o f  sodium c h l o r i d e   a s   t h e   s o l u t e .   I n  
con t r a s t   w i th   Kes t ing  e t .a l .  t h e y   d i d   n o t   f i n d  a s i g n i f i c a n t  
e f fec t   o f   the   concent ra t ion   of   nonionic   sur fac tan t   on   the  
r a f f i n o s e   r e j e c t i o n .  
P a l m e r ,  Wopfenberg  and Fe lder51   recent ly   s tud ied   the   f lux  l i m i -  
t i n g   e f f e c t s  of ca t ion ic ,   an ion ic   and   non ion ic   su r f ac t an t s  ,on 
b o t h   c e l l u l o s e  acetate a n d   p s l y s a l t   u l t r a f i l t r a t i o n  membranes. 
These   au tho r s   found   t ha t   t he   r e j ec t ion   o f   a l l   su r f ac t an t s  be- 
came h igher  a t  h igher   concent ra t ions .  The observed  f lux  decl ines  
completely  vanished after f l u s h i n g   t h e  membranes w i t h   d i s t i l l e d  

w a t e r .  Froin t h e i r   r e s u l t s  Palmer et.al. conc lude   t ha t   spec i f i c  
solute-membrane . i n t e r a c t i o n s   c o n t r i b u t e   s i g n i f i c a n t l y   t o   f l u x  
dec l ines  a t  low so lu t e   concen t r a t ions ,  However, s u r f a c t a n t s   a s  
a class o f   ma te r i a l s  would n o t   l e a d   t o   s i g n i f i c a n t   f l u x   l i m i t i n g  
membrane i n t e r a c t i o n s .  
Kamizawa and   I sh iaaka61  a l so   s tud ied   the  membrane performance 
o f   c e l l u l o s e   a c e t a t e  membranes with  both  ionic  and  nonionic 
s u r f a c t a n t s .  I n  agreement   with  Kest ing  e t .a l .   they  found  an 
e f f e c t   o f   t h e   s u r f a c t a n t   c o n c e n t r a t i o n  below o r  above  the C,M.Co 

on t h e   s o l u t e   f l u x .  The poisoning  of   anion  exchange  e lectrodialysis  
membranes by both  sodium  dodecylsulphate  and  humic  substances was 
s tud ied  by Kobus and Heertjes7P8’. A s  a r e s u l t   o f   t h i s   k i n d   o f  
poisoning  the volume  of t h e  membranes i n c r e a s e d p   t h e  w a t e r  con- 
t e n t  decreased,. t h e  membrane r e s i s t ance   i nc reased   and   t he  perm- 
se lec t iv i ty   decreased   towards   zero .  A very  special   k ind  of   speci-  
f i c   p o i s o n i n g  was observed   wi th   ca t ion ic   sur fac tan ts   on   ca t ion  
exchange p a r t i c l e s  by Richterg1  and  BonhoefferloI.  The s u r f a c t a n t s  
w e r e  a b l e   t o  form a l i p i d   l i k e   l a y e r  on t h e   s u r f a c e  of t h e s e   p a r t i -  
c l e s .  The explanation  of  Kesting e t , a l .  suggests   the  formation  of  
a s i m i l a r   s u r f a c t a n t   l a y e r  a t  the   in te r face   be tween a c e l l u l o s e  
acetate membrane and t h e   s a l i n e   s o l u t i o n   i n   h y p e r f i l t r a t i o n  expe- 
r iments  D 

-110- 



None  of  the  studies  mentioned  above  deals  with  solute-membrane 
interactions  between  a  cation  exchange  membrane  and  an.anionic 
surfactant. 
In this  paper we  will  report  our  observations  for  this  type of 
systems  and  compare  the  results  with  those  for  the  interactions 
of  an  anionic  surfactant  with  uncharged  membranes. 

VI1.2.  Experimental 

Membranes 

For  the  ultrafiltration  and  hyperfiltration  experiments we used 
two  different  types of membranes.  Cation  exchange  membranes  were 
made  as  described  before1 ' 21. 

For the  preparation  of  these  ionic  membranes  a  polystyrene- 
polyisoprene-polystyrene block  copolymer  (CARIFLEX TR 1108) was 
used,  that  was  modified  with  the  use  of  N-chlorosulfonyl  isocyanate 
and  subsequently  hydrolysed  with  ammonia.  The  general  structure  of 
this  polyelectrolyte  can be  given  as 

SISS-x 

J 

NH: 

The  mole  ratio  of  added  N-chlorosulfonyl  isocyanate  to  isoprene 
units  in  the  polymer  is  defined  as .X (in  per  cent.).  This  number 
defines  the  membrane  used:  SISS-x.  The  ratio  (y/m+y>  is  generally 
about 65 % from  the  value  of x. 
During  this  investigation  polymers  were  used  with  experimentally 
verified  ion  exchange  capacities  of 1.10 meq/g  for  polymer SISS-20 
and 1.47 meq/g  for  polymer SISS-28.3. The  membranes  were  homogeneous 
and  had  a  dry  thickness  of 75 microns.  Experiments  with  uncharged 
membranes  were  carried  out  with  coagulated  polyacrylonitrile 
membranes.  These  membranes  were  prepared  from  a 20 % polymer  solu- 
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tiOn  in  dimethyl  formamide. A f t e r  c a s t ing   w i th  a d o c t o r ' s   k n i f e  
and 3 m i n u t e s   w a i t h g ,   t h e  membrane w a s  c o a g u l a t e d   i n  water of 
20-25OC. 

S u r f a c t a n t  

For a l l  experiments  sodium  dodecylsulphate (SDS;  C12H25S04Na1 
w a s  used as a n i o n i c   s u r f a c t a n t  (BDH, s p e c i a l l y   p u r e   q u a l i t y ) .  

Measurements 

The f lux  and  re ject ion  measurements  w e r e  c a r r i e d   o u t   i n  a s t i r r e d  
Amicon h igh   pressure  ce l l  ( type  420)  a t  d i f f e r e n t   s t i r r i n g   v e l o -  
c i t ies  and  pressures ,  The water f l u x  w a s  determined  volumetrical-  
l y ;   r e j e c t i o n s  w e r e  determined  conductometrically- The c r i t i ca l  
micelle concentratLon w a s  determined  conductometrically a t  2 .34  

g/1. A l l  experiments were c a r r i e d   o u t  a t  24  5 2OC. S t i r r i n g  veie- 
c.ities w e r e  determined  with  the  use 0.f a stroboscope, 

VII. 3.  Results  and  Discussion 

Uncharged  membranes 

I n   o r d e r   t o  examine t h e   s p e c i f i c   i o n i c   i n t e r a c t i o n s  between  anionic 
s u r f a c t a n t s  and cation  exchange membranes w e  f i r s t   s t u d i e d   t h e  
concentration  dependence  of  the SDS r e j e c t i o n  and o f   t he   wa te r  
and . su r fac t an t   f l uxes   t h rough   uncha rged   po lyac ry lon i t r i l e   u l t r a -  
f i l t r a t i o n  membranes. I n   f i g u r e s  1 and 2 these  parameters  are 
p l o t t e d   v e r s u s   t h e ' l o g a r i t h m  of  t h e  sodium dodecylsulphate  concen- 
t r a t i o n   i n   t h e   f e e d   s o l u t i o n ;   t h e  stirrer v e l o c i t y   i n   t h e s e  cases 
w a s  1750 resp .  600  ro ta t ions   per   minute   ( r .p .m. ) .  
The r e j e c t i o n  of SDS is  determined  by  measuring the f r a c t i o n  of 

surfactant   which i s  r e j e c t e d  by t h e  membranes.  Monomeric SDS and 
SDS miceiles h a v e   d i f f e r e n t   r e j e c t i o n s  ( Rs and Rm resp .  ) , which 

are independent   f rom.each  other ,   because  there  i s  no equi l ibr ium 
between  the  solut ions on bo th   s ides  o f  t h e  membrane. For t h i s  
reason w e  cannot   use   the   usua l   express ion   for  the r e j e c t i o n .  

Cb - c 
R = *- 

'b 
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I I I l l  I I I I  

4 10 40 x . .  

SDS buik concentration (gm / I )  
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O(1 1-0 10 
SDS bulk concèntration (gm /I> 

F i g u r e  2 

E f f e c t  of SDS c o n c e n t r a t i o n   o n   t h e  r e j e c t i o n  R ,  f o r  
a) P o l y a c r y l o n i t r i l e  membrane, p = 8 atm, w = 6 0 0  r . p . m .  
b )  S I S S - 2 0  membrane, p = 40 a t m ,  w = 1 7 0 0  r . p . m .  
c )  SISS-28.3 membrane, p = 40 atm, w = 1 7 0 0  r . p . m .  

but have  to  use  another  expression  which  takes  into  account  the 
presence of two different  rejection-values: 

rejection of monomeric SDS : Rs - - - CL"' - CLS) (2 )  
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re j e c t i o n  of m i c e l l a r  SDS: Rm - 
- (3) 

S i n c e   t h e   t o t a l   c o n c e n t r a t i o n  SDS in   t he   bu lk   can   be   wr i t t en  as 

( S )  
cb  cb ( 4 )  

a n d   t h e   t o t a l   c o n c e n t r a t i o n  SDS f n   t h e   p r o d u c t  as 

c = C ( S )  f , (m) 
P P  P 

( 5 )  

equat ion 1 can  be  rewrit ten: 

Above t h e  C.M.C. Cbs) ( i s  t a k e n   t o   b e   c o n s t a n t   f o r   p r a c t i c l e  
purposes  and  equal  to Ck; equat ion ( 7 )  becomes 

ck   r ep resen t s   t he   concen t r a t ion  a t  t h e   k i n k   i n   t h e   p l o t  of R versus  
the   concen t r a t ion   o f  SDS. Ck i s  d i f f e r e n t  from t h e  C.M.C, when 
concen t r a t ion   po la r i sa t ion   occu r s   w i th   t he  SDS molecules. Concen- 
t r a t i o n   p o l a r i s a t i o n  i s  one of t h e   e f f e c t s   t o  b e   s t u d i e d   i n   t h i s  
pape r ,   bu t   i n   t he  case o f   u l t r a f i l t r a t i o n  it does  not   occur   for  

monomers. Furthermore it is  our   op in ion   t ha t   t he   equ i l ib r ium which 
does  exist   between monomers and   mice l l e s   on   e i the r   s ide   o f   t he  
membrane produces  only  minor   changes  . in   the  actual  C and Cb va lues  
f o r  monomeric  and mice l l a r   de t e rgen t   ( a l though   t he  micellar s i z e  
d i s t r i b u t i o n  may d i f f e r   o n   b o t h   s i d e s )  and  hence  does  not  signifi- 
cantly  change  the  independent  values  for Rs and Rm:In f i g u r e  3 

R. Cb i s  p lo t t ed   aga ins t   ( cb  - Ck) f o r   t h e   r e j e c t i o n   v a l u e s   o f   t h e  
p o l y a c r y l o n i t r i l e  membranes shown i n   f i g u r e  2;  Rm r e s u l t s  from t h e  
slope and was determined a t  88 %. 

P 
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20 

5 

F i g u r e  3 

R e j e c t i o n   i n c r e a s e   f o r  cb > C . M . C . ;  r e j e c t i o n   d a t a  
from l i n e  a)  i n   f i g u r e  2 p l o t t e d   a c c o r d i n g   t o   e q u a t i o n  
8,  

Since   t he  SDS micelles w e r e  a lmost   completely  re jected  and  their  
back   d i f fus ion   ve loc i ty  i s  s m a l l  compared wi th   the   convec t ive  
t ranspor t   towards   the  membrane i n t e r f a c e ,   t h e   c o n c e n t r a t i o n  of 
sodium  dodecylsulphate a t  t h e   i n t e r f a c e ‘ i s   q u i t e   h i g h .   T h e r e f o r e  
w e  can use t h e   g e l   p o l a r i s a t i o n  model as descr ibed  by Porter2’  
and  Strathmann13’.  Under t h e   a s s u m p t i o n   t h a t   t h e   i n t r i n s i c  rejec- 
t i o n  Ri i s  almost 1, equat ion  9 can   be   rewr i t ten   in to   equat ion  11. 



exp [ Jw/kl 
e = c /Cb = 

W Ri + ( l-'Ri') 'exp.  [Jw/k] 

I f   t h e   s a l t   c o n c e n t r a t i o n  a t  t h e   i n t e r f a c e  (Cw) can  be  considered 
to   be   cons tan t ,   equa t ion  11 e x p l a i n s   t h e   l i n e a r   r e l a t i o n s h i p  
between J and  log Cb when t h e  SDS concent ra t ion   exceeds   the   c r i -  
t i c a l  micelle concent ra t ion .   Therefore ,   the  mass t r a n s f e r   c o e f f i -  

c i e n t  k can  be  calculated from f i g u r e  1 wi th   the   use   o f   equa t ion  
11. With equat ion 10 and a known va lue   for   the   d i f . fus ion   coef5 i -  
c i e n t  Dm, 6 c  can  be  calculated.  
St igter ,   Wil l iams  and  Mysels   s tudied  the  self   d i f fusion  coeff i -  
c i e n t ,  Dm, of  sodium  dodecylsulphate  micelles a t  25OC. They found 

t h a t .  Dm depends on the   concent ra t ion  SDS and  on t h e  amount of  in- 

d i f f e r e n t ' e l e c t r o l y t e   p r e s e n t .   I n  SDS so lu t ions   w i thou t   add i t ives  
t h e  micellar s e l f   d i f f u s i o n   c o e f f i c i e n t   p r o v e d   t o   b e   a b o u t  
0.9.10-~ c m  /sec.  
From o u r   r e s u l t s ,   a s  shown i n   f i g u r e  1, for  uncharged  polyacrylo- 
n i t r i l e  membranes w e  c o n c l u d e   t h a t   t h e   l a r g e   f l u x   d e c l i n e   r e s u l t s  
from  an  increase o5 t h e  hydrodynamic  resistance of t h e  membrane 
and t h a t   t h e   l i n e a r   r e l a t i o n s h i p  between  the  f lux and log  Cb 

(above  the C.M.C.) can  be  explained by app l i ca t ion   o f   t he   po la r i sa -  
t i o n  model. A s  i s  shown i n   f i g u r e  3 t he   obse rved   r e j ec t ion   i nc rease  
can  simply  be  explained by the  formation  of  micelles. 
Kes t ing   e t . a l .   sugges t   t ha t   t he  membrane/feed s o l u t i o n   i n t e r f a c e  

becomes progressively  covered by a l a y e r   o f   s u r f a c t a n t   a s   t h e  
c o n c e n t r a t i o n   o f   s u r f a c t a n t   i n   t h e   f e e d   s o l u t i o n  i s  increased.   This  

l aye r   shou ld   o f f e r   an   i nc reas ing   r e s i s t ance   t o   t he   t r anspor t  ,of ' 

both water and s a l t  up t o   t h e  C.M.C., a t  which  concentration  the 
coverage  of  the membrane sur face  i s  assumed t o  be  complete. The 
minor  changes i n  material t r a n s p o r t   r a t e s  which occur a t  concen- 
t r a t i o n s   i n   e x c e s s   o f   t h e  C.M.C. a re   cons idered  by K e s t i n g   e t . a l .  
t o  be  second-order  effects  primarily  associated  with  compaction 

W 

1 4 1  

2 
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of the a l ready   deve loped   sur fac tan t   l ayer .  A s  w e  a l ready  pointed 
out  above, w e  a l s o  assume C t o   b e   c o n s t a n t   f o r  Cb > C.M.C. due 
to   the   format ion   of  a dynamic membrane of micelles on the  poly-  
a c r y l o n i t r i l e  membrane, however we .  have  another  explanation 
for   the   observed  phenomena, v i z .   p a r t i a l   l a y e r  below  the 

C-M=C.  and   compact ion   of   the . l iqu id   l ayer   on   the  me&rane 
s u r f  ace. 
S ince   equat ion  11 i s  on ly   va l id  when t h e   i n t r i n s i c   r e j e c t i o n  Ri 

approached I ,  it i s  u n l i k e l y   t o  assume t h a t   t h i s   e q u a t i o n   a l s o  
exp la ins   t he   l i nea r   r e l a t ion   be tween  J and l o g  Cb experimental ly  

found f o r  Cb C.M.C; b o t h   i n   t h i s   s t u d y  and  by  Kesting e t .a l .  
Tanny  and Jag~r-Grodi inski l~’   have  s tudied  dynamical ly   formed 
c a t i o n i c   p o l y e l e c t r o l y t e  membranes on p a r t i a l l y   c u r e d   c e l l u l o s e  
acetate membranes. These   au tho r s   po in t ed   ou t   t ha t   spec i f i c   i n t e r -  
actions  (hydrogen  bonding or e l e c t r o s t a t i c   i n t e r a c t i o n )  between 
ac t ive   g roups ’a t   t he   po re   su r f ace  and t h e   s o l u t e  may r e s u l t   i n  a 

snake-cage e f f e c t .  Due t o   t h i s  effect t h e   p o r e   s i z e  w i l l  decrease  
wi th   i nc reas ing  monomeric S D S  concentratLon,  and  consequently 
a l so   the   observed   f luxes  w i l l  dec l ine .   S ince   t he  membranes used 
in   our   experiments  are h i g h l y   p o r o u s   u l t r a f i l t r a t i o n  membranes, 
the   average   pore   d iameter  i s  subs t an t i a l ly   l a rge r   t han   t he   doub le  

l aye r   o f   t he   adso rbed   so lu t e  on the   i nne r   po re  walls and  there- 
f o r e   t h e   s o l u t e   r e j e c t i o n  w i l l  n o t   i n c r e a s e   u n t i l  micelles are 
formed  above t h e  C.M. C. 

The mass t r a n s f e r   c o e f f i c i e n t  k c a l c u l a t e d   w i t h   t h e   u s e   o f   e q u a t i o n  

l1 conce rns the  mass t r a n s f e r   c o e f f i c i e n t   f o r   t h e  SDS micelles. 

Experiments as described  above were c a r r i e d   o u t   w i t h  a whole 
r ange   o f   d i f f e ren t   po lyac ry lon i t r i l e  membranes made i n  coagula- 
t i o n   b a t h s   w i t h  small d i f fe rences   in   t empera ture .  Also some 
measurements w e r e  done a t  d i f f e ren t   ope ra t ing   p re s su res .  A l l  t h e s e  
experiments  gave  curves similar t o   t h o s e   i n   f i g u r e  I ,  however w i t h  
d i f f e r e n t   s l o p e s  a t  d i f f e r e n t  trans-membrane f l u x e s   ( f i g u r e  4 ) .  

A theore t ica l   explana t ion   for   the   dependence   of  k on Jw i s  given 
by Schl ich t ing16’ ,  Thomasl7’  and  Mizushina18 t L g l  .I These  authors 
s t u d i e d   t h e   i n f l u e n c e  of suct ion  through a porous w a l l  on  the 
hydrodynamic  behaviour  of  the  fluid  and  on  the  magnitude  of  the 
mass t r a n s f e r   c o e f f i c i e n t .  Though t h e   i n f l u e n c e   o f   t h i s  phenomenon 

W 

W 



will  be  present  in  our  experiments,  the  large  effect  shown in 
figure 4 cannot  fully  be  understood  by  assuming  the  occurrence 
of suction  alone.  Therefore  we  suggest  that  the  presence  of  an- 
ionic  groups in the  immobilized  layer on the  membrane  increase 
the  back  diffusion  of  the  micelles  by  means  of  repulsive  forces; 
consequently also the  magnitude of the  mass  transfer  coefficient 
(equation 10) will  increase. 
Nevertheless  a  quantitative  explanation  for  the  resu-lts  shown  in 
figure 4 cannot  be  given  at  this  moment. 

I 
10 

I 
20 

I 
30 

J, (cm /hr) _____oc 

F i g u r e  4 
Mass t r a n s f e r   c o e f f i c i e n t s   p l o t t e d   a g a i n s t   t h e   t r a n s  
membrane f lux   t h rough   po lyac ry lon i t r i l e   membranes .  
A l l  expe r imen t s   were   ca r r i ed  o u t  a t  w = 6 0 0  r . p . m .  
The s t a r t i n g   p o i n t  was c a l c u l a t e d   w i t h   u s e  o f  
S t r a t h m a n n ' s   d a t a 2 3 1 .  
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Cation  exchange  membranes 

The r e s u l t s  from  experiments  with  cation  exchange membranes d i f f e r  
c l e a r l y  f rom  those   wi th   uncharged   po lyacry loni t r i le  membranes. An 
i n c r e a s e   o f   t h e  SDS re jec t ion   was-observed  a t  SDS concent ra t ions  
f a r  below t h e  C.M.C. of SDS. I n  f i g u r e  2 t h i s  e€€ect i s  shown for 
both a SISS-20 and a SISS-28.3 membrane. 
These  ionic  membranes w e r e  t e s t e d  a t  p re s su res  o f  40 a t m  and  with 
s t i r r i n g   v e l o c i t i e s  of 1 7 0 0  r o t a t i o n s  per minute. B y  p l o t t i n g  
R . C versus  (Cb - Ck, as w a s  done i n   f i g u r e  3 for polyacryloni-  

t r i l e  membranes w e  checked  whether or not   the   observed   re jec t ion  
increase  could  be  explained  by micelle formation. 

b 

A V  OU SlSS 
A V o SlSS 

1 

20-0 

O 0-1 0.3 0.4 

R e j e c t i o n   i n c r e a s e   f o r  cb > Ck; r e j e c t i o n   d a t a  from 
l i n e s  b a n d  c i n  f i g u r e  2 a c c o r d i n g   t o   e q u a t i o n  8 .  
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Figure 5 g i v e s   e v i d e n c e   f o r   t h e   f a c t   t h a t   t h e   r e j e c t i o n   i n c r e a s e  
indeed was caused by micelle formation: it was found t h a t  Rm = 

100  %. 
A t  f i r s t   s i g h t  it i s  r a the r   a s ton i sh ing   t ha t   mice l l e   fo rma t ion  
would start  a t  SDS concentrations  about 50  times below t h e  C.M.C. 

However, t h i s  phenomenon can  be  explained when t h e  effect  of  added 

i n d i f f e r e n t   i o n s  on t h e   c r i t i c a l   m i c e l l e   c o n c e n t r a t i o n  i s  t aken   i n to  
account. The f eed   so lu t ion   a t   t he   i n t e r f ace   w i th   t he   ca t ion   exchange  
membrane i s  then   cons ide red   t o   ac t   l i ke  a SDS so lu t ion   having  a con- 
c e n t r a t i o n  of i n d i f f e r e n t   e l e c t r o l y t e   e q u a l   t o   t h e   c o n c e n t r a t i o n   o f  
an ion ic   g roups   i n   t he  membrane. Hence, micelles w i l l  be  formed  on 
t h e   i n t e r f a c e   a t  SDS concentrat ions  lower  than  required  for   micel le  

fo rma t ion   i n   t he  bulk s o l u t i o n   ( f i g u r e  2 ) .  In   genera l   th i s   lower ing  

o f   t he  C.M.C. i s  accompanied  by  an  increase i n   t h e  micelle s i z e  
(20,21) w h i l e   a l s o   t h e   m i c e l l a r   s e l f - d i f f u s i o n   c o e f f i c i e n t   i n -  
creases1 41 . 
The C.M. C. f o r   t h e  SDS s o l u t i o n  a t  the   i n t e r f ace   can   be   ca l cu la t ed  
wi th   the   use  of equat ion 1 2 2 0 1 .  

I n  C.M.C. = - K I n  ci + cons tan t  (12) 

ci i s  t h e   c o n c e n t r a t i o n   i n d i f f e r e n t   e l e c t r o l y t e .  
Will iams,  Phill ips  and  Mysels221  investigated  the  dependence  of 
t h e  C.M.C. from SDS on the   concen t r a t ion   o f   i nd i f f e ren t   e l ec t ro -  
l y t e  (.NaCl).  With the  experimental   data   of   these  author 's  w e  were 
ab le   to   check   our   explana t ion   for   the   observed  phenomenon. 
Figure 6 shows tha t   under   the   assumpt ion  C.M.C. = Ck and I . E . C .  

- - Cit the   exper imenta l   da ta  l i e  on   t he   p red ic t ed   l i ne .  

S ince   t he   r e j ec t ion   o f  SDS molecules  with SISS-28.3 cation  exchange 
membranes i s  about 50  % w e  can   ca lcu la te   the   concent ra t ion   po lar i -  
s a t i o n  from the  difference  between  the  observed Ck and t h e   c r i t i c a l  
micelle concent ra t ion  a t  Ci = I . E . C .  Since  formation  of  micell.es 

. a t   t h e   i n t e r f a c e  w i l l  s t a r t  before   the   bu lk   concent ra t ion  has 

reached  the C.M.C., 0 can be ca lcu la ted   wi th   use   o f   equa t ion  13 .  

e = (CW/Cb) = - C.M.C. 

'k 
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concentration indifferent electrolyte (eq / I )  

F i g r r r e  6 

Cr i t i ca l   mice l l e   concen t r a t zon  f o r  SDS p l o t t e d  aga ins t  
the concent ra t ion   ind i f fe ren t   monovalen t   e lec t ro ly te  c . .  . 

T h e  open c i r c l e s   a r e   e l e c t r o l y t e   c o n c e n t r a t i o n s  due  to’the 
i o n i c   c h a r g e s   i n  S I S S  membranes. 

B y  measur ing   the   re jec t ion   versus   the   concent ra t ion  a t  d i f f e r e n t  
s t i r r i n g   v e l o c i t i e s  Ck values  w e r e  obtained as a func t ion  of w 

and 8 w a s  ca l cu la t ed   w i th   t he   u se  of equat ion 13. 
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F i g u r e  7 

C o n c e n t r a t i o n   p o l a r i s a t i o n   d a t a   m e a s u r e d   o n  a SISS-28.3 
m e m b r a n e .   a )   c a l c u l a t e d   w i t h   e q u a t i o n  1 3  w i t h   t h e   u s e  o f  
C . M . C .  = 2 . 3 4  g / l ;  b )  t h e o r e t 2 c a l   l i n e '   c a l c u l a t e d  w i t h  
e q u a t i o n  1 4 ;  c )   c a l c u l a t e d   w i t h   e q u a t i o n  13  w i t h   t h e   u s e  
of C . M . C .  = 0 , 0 5 9  g / l .  

F igure 7 shows  two curves (a and c) ca l cu la t ed  for two d i f f e r e n t  
va lues  of  t h e  C.M.C. Obviously  the  "corrected" C*M.C. g ives   t he  
more probably  values   for  8. 
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Strathmann231  gave a mathemat ica l   express ion   for   the   ca lcu la t ion  

of 0 i n  a s t i r r e d   c e l l .  

When Ri i s  taken 0 .5 ,  D = 5 . 1 0  cm / s c  J i s  the   observed   f lux  
and i f   f o r   t h e  'cell t h e  same da ta   a re   used   as   S t ra thmann  d id ,  
w e  can   ca l cu la t e  0' a s  a function  of w .  I n   f i g u r e  7 it i s  shown 
t h a t   t h e r e  i s  a f a i r  agreement   between  the  calculated  curve 
(curve  b) and the  measured  curve  (curve c) . 
The r e s u l t s   o f   t h e   p o l y a c r y l o n i t r i l e   u l t r a f i l t r a t i o n  menbranes 
showed a dec rease   i n   t he   f l ux   be low  the   c r i t i ca l   mice l l e  concen- 
t r a t i o n ,  due t o  the  occurrence  of  a snake-cage  effect .  With t h e  
cation-exchange membranes s tudied  here ,  however, t he   wa te r   f l ux  . 

proved to   be   v i r tua l ly   cons t an t   be low Ck ( f i g u r e  8 ) .  This   p la teau  
value i s  a lmost   the  same a s   t h e  trans-membrane f l u x   f o r   p u r e  
water, being 1 . 6 4  cm 3 /cm2.hr. . T h i s   r e s u l t   i n d i c a t e s   t h a t  
t h e r e  i s  no detectable   adsorpt ion  of  SDS on t h i s  homogeneous 
non-porous  cation-exchange membrane. I n   a d d i t i o n   t o   t h e  work 

of Tanny and  Jagur-Grodzinski w e  have  here  an  example  of  speci- 
f i c  solute/membrane  interaction  based on a n   e l e c t r o s t a t i c   r e p u l -  

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

-6 2 
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V I I - 4 .  Conclusions 

1. Kesting e t .a l .  3 l  expla ined   the   observed   f lux   dec l ine  w i t h  

i nc reas ing   su r f ac t an t   concen t r a t ion  above t h e  C.M.C. by 
compact ion  of   the  dynamical ly   formed  gel   layer .   In   this  
paper w e  have   found  tha t   the   exper imenta l   resu l t s   can   be  ex- 
p l a i n e d   b e t t e r  by micelle formation and a g e l   p o l a r i s a t i o n  
model. From t h i s  model it was p o s s i b l e   t o   c a l c u l a t e   t h e  mass 
t r a n s f e r   c o e f f i c i e n t  k on   the   h igh   pressure   s ide   o f   the  mem- 
b rane   for  SDS micelles, by p l o t t i n g  Jw versus  log Cb. 
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2. In   con t r a s t   w i th   expe r imen t s   u s ing   uncha rged   po lyac ry lon i t r i l e  
membranesc w e  found  with  cation  exchange membranes increased  
r e j e c t i o n s   f o r   t h e   a n i o n i c   s u r f a c t a n t  SDS. a t  concent ra t ions  

far  below t h e  C.M.C. S ince   t h i s   i nc rease ,   cou ld   be   a sc r ibed  
t o  micelle formation, w e  conclude   tha t   the   format ion   of  

micelles i s  inf luenced  by the   i on ic   g roups   i n   t he  membrane, 
a c t i n g  as an   i nd i f f e ren t   e l ec t ro ly t e .   The re fo re  micelles can 
be  formed a t  t h e   i n t e r f a c e  membrane/feed so lu t ion   be fo re   t he  
s u r f a c t a n t   c o n c e n t r a t i o n   i n   t h e   s t i r r e d   b u l k   s o l u t i o n   h a s  
reached  the C.M.C. of 2.34 g/1. 

3. It i s  poss ib l e   t o   measu re   concen t r a t ion   po la r i sa t ion   modu l i  
form  re ject ion  measurements   only,   us ing  detergents .  

VII.5. Nomenclature 

A 

'b 

'i 

'k 

C 
P 

cW 

d 
d " 
D 

Dm 
JW 
k 

m 
R 

Ri 
S 

cons tan t  
concentrat ion  of  SDS i n   t h e   s t i r r e d   b u l k  
s o l u t i o n  
concen t r a t ion   o f   i nd i f f e ren t   un iva len t  
e l e c t r o l y t e  
concentrat ion  of  SDS i n   t h e   f e e d   s o l u t i o n  
a t  t h e   b r e a k   p o i n t   i n   t h e   r e j e c t i o n   c u r v e  

concentrat ion  of  SDS i n   t h e  permeate 

concent ra t ion  SDS a t  t h e   i n t e r f a c e  membrane/ 
f eed   so lu t ion  
l eng th  of the  magnet ic  stirrer 
d iame te r   o f   t he   s t i r r ed  cel l  
d i f f u s i o n   c o e f f i c i e n t  o f  SDS molecules 
d i f f u s i o n   c o e f f i c i e n t   o f  SDS micelles 
w a t e r  f l ux   t h rough   t he  membrane 
mass t r a n s f e r   c o e f f i c i e n t  
i ndex ,   r e f e r ing   t o   t he  micellar SDS 

rejected p a r t  SDS (re j e c t i o n )  
i n t r i n s i c   r e j e c t i o n  
index ,   r e f e r ing   t o   t he  monomeric SDS sal t  
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Greek  symboZs 

6C 
e concentration  polarisation  modulus (-1 
V kinematic  viscosity (m2/s) 
w stirrer  rotations (min-’) 

thickness  of  the  mass  transfer  layer  (micron) 
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CHAPTER V I I I 

SUMMARY 

The o b j e c t i v e   o f   t h e   p r e s e n t   s t u d y  was t o   i n v e s t i g a t e   t h e   s y n t h e s i s ,  
p rope r t i e s  and application  of  ion-exchange membranes i n   h y p e r f i l t r a -  
t i o n  (reverse osmosis)  processes,  By p a r t i a l   m o d i f i c a t i o n   o f   t h e  
middle  block  of a polystyrene-polyisoprene-polystyrene (SIS)  block 
copolymer  with  N-Chlorosulfonyl  isocyanate  and  thereafter a reac- 
t i o n   w i t h  ammonia, a s t r o n g l y   a n i o n i c   p o l y e l e c t r o l y t e  w a s  ob ta ined ,  

Research  on a second  react ion  type,   us ing 1 , 3  propane  sultone,  w a s  
s topped   premature ly   because   o f   carc inogenic   p roper t ies   o f   the  reac- 
t a n t .  Both homogeneous and  asymmetric membranes were s tud ied   w i th  
r e spec t   t o   t he i r   cha rac t e r i s t i c   pe r fo rmance :   f l ux   and   r e j ec t ion .  
The pa rame te r s   du r ing   t h i s   i nves t iga t ion  w e r e  p ressure ,  s a l t  con- 
c e n t r a t i o n ,  salt  type   and   degree   o f   subs t i tu t ion .  It w a s  found  tha t  
ion-exchange membranes  showed s e r i o u s   c o m p a c t i o n   d u r i n g   t h e   i n i t i a l  
2-3 hours after start  up,  which phenomenon could   be   descr ibed   in  
t e r m s  o f   t r a n s i t i o n  state behaviour   of   the  membrane.  The coagula- 
t e d  membranes not   on ly  showed a revers ib le   compact ion   bu t   a l so  irre- 

vers ib le   deformat ion  when the  appl ied  pressure  exceeded a c r i t i ca l  
pressure.  Both  during  compaction  and  during  irreversible  deforma- 
t i o n   t h e   f l u x   d e c r e a s e d   a n d   t h e   r e j e c t i o n   i n c r e a s e d .  It w a s  con- 
c l u d e d   t h a t . h y p e r f i l t r a t i o n  membranes must  be  prepared  from  poly- 

m e r s . w i t h   p r e f e r e n t i a l l y  a high E-modulus. 
The. performance of t h e  membranes c o a g u l a t e d   i n   d i f f e r e n t   a l c o h o l s  
showed t h e   g r e a t   i n f l u e n c e   o f   t h e   c o a g u l a t i o n  medium on t h e   f i n a l  
membrane performance. 
S i n c e   t h e   s a l t   r e j e c t i n g   c a p a b i l i t y   o f   a n  ion-exchange membrane 
decreases   both when a more concent ra ted   feed   so lu t ion  i s  used  and 
when concen t r a t ion   po la r i sa t ion   occu r s ,  the reduction  of  concen- 
t r a t i o n   p o l a r i s a t i o n  by a f l u i d  bed  turbulence  promotor w a s  s tu-  
d ied .  The experiments w e r e  done  with  commercial   tubular  cellulose 
acetate membranes. App l i ca t ion   o f   a f lu idbed   i nc reased   t he  m a s s  

t r a n s f e r  enormously  and  allowed a r educ t ion   o f   t he   ax i a l   ve loc i ty  
t o  5 - 20 % o f   t h e   o r i g i n a l   v a l u e .  
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The  optimum s i z e  of t h e   f l u i d  bed p a r t i c l e s  was grea t ly   condi t ioned  
by   t he  membrane  damage which i s  caused  by a cont ineously bombing 
o f   t h e   f l u i d  bed p a r t i c l e s  on t h e  membrane su r face .   In   ou r  expe- 
r i m e n t s   t h i s  damage was minimal  using 0 .5  mm g l a s s   p a r t i c l e s .  Parti-  

cles wi th  a hardness  comparable t o   t h e  membrane m a t e r i a l  seem t o  
be more preferab le .  
The spec i f ic   in f luence   o f   f ixed   an ionic   g roups  was s tud ied  by 

comparing t h e   f l u x  and Sodium Dodecylsulfate (SDS) - r e j e c t i o n   f o r  
bo th   po lyac ry lon i t r i l e  and modified SIS  cation-exchange membranes 
as a func t ion   o f   t he   concen t r a t ion   o f  SDS. It was concluded  that  
t h e   f i x e d   i o n i c - g r o u p s   i n   t h e  membrane s h i f t   t h e   c r i t i c a l   m i c e l l e  
concentrat ion  to   lower  values   and  that   the   accumulat ion  of  SDS 

micelles i n   t h e  boundary  layer   increase  the mass t r a n s f e r  by elec- 
t r o s t a t i c   r e p u l s i o n .  

SAMENVATT I NG 

Doel  van he t   i n   d i t   p roe f sch r i f t   besch reven   onde rzoek  was na t e  
gaan in   hoeverre   ionogene membranen gebru ik t  kunnen  worden  voor 
h y p e r f i l t r a t i e  (omgekeerde  osmose)  prócessen.  Hiertoe  werd  van 

een polystyreen-polyisopreen-polystyreen (SIS)  block  copolymeer 
h e t  midden b lok   par t iee l   gemodif iceerd  m. b.v.  N-Chloorsulfonyl 

isocyanaat   en ammonia. Onderzoek  aan  een  tweede  reactie,.  gebruik 
makend van 1 , 3  propane  sul ton,   moest   voort i jdig worden beëindigd 
vanwege  de carcinogene  eigenschappen  van  het 1 , 3  propaan  sulton. 

Van de  gemodificeerde S IS ,  membranen werden  zowel homogeen' inge- 
dampte a l s  .asymmetrische membranen bereid,  welke a l l e  werden  onder- 
zocht  op hun k a r a k t e r i s t i e k e  membraaneigenschappen: f lux  en  zout-  
r e t e n t i e .  D e  var iabe len   t i jdens   d i t   onderzoek   waren   de   d ruk ,   zout -  
concent ra t ie ,   type   zout   en   subs t i tu t iegraad .  E r  werd  gevonden d a t  
ionogene membranen ernstige  compactie  vertonen  gedurende  de 
eerste 2-3 uur,  welke  kan  worden  beschreven a l s   e e n   r e l a x a t i e  
proces.  D e  onderzochte  gecoaguleerde membranen b leken   naas t  
deze  revers ibele   compact ie   ook  i r revers ibel  t e  kunnen  .deformeren, 
indien  de  druk hoog  genoeg  werd  opgevoerd. B i j  zowel  compactie 

a ls  i r r eve r s ibe l e   de fo rma t i e  was de  f lux afname aanz ien l i jk ;   de  
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z o u t   r e t e n t i e  nam daarentegen  toe.  Geconcludeerd  werd  dat  voor 
h y p e r f i l t r a t i e  membranen polymeren m e t  een  hoge E-modulus dienen 
t e  worden gese lec teerd .  
D e  f l ux l r e t en t i e   e igenschappen   van   de   i n   ve r sch i l l ende   a l coho len  
gecoaguleerde membranen b leken   s te rk '  af t e  hangen  van het   coagula-  
t i e  medium. 
Aangezien  de  zoutretentie  van  ionogene membranen afneemt b i j  ge- 
bruik  van  een  meer 'geconcentreerde  voeding,   of   0 . i .v .   concentrat ie  
p o l a r i s a t i e ,  werd nagegaan of de  gevolgen  van  concentrat ie   polar i -  
satie e f f e c t i e f  konden  worden bes t reden  m.b.v. een  f luid  bed.  Voor 
d i t   d o e l  werd gebruik gemaakt  van  commerciële  tuburlaire  cellulose 
a c e t a a t  membranen. Toepassing  van  een  f luid  bed  bleek  de  stof- 
overdracht   aanz ien l i jk  t e  vergroten  en  maakte  een  verlaging  van  de 
langss t roomsnelhe id   mogel i jk   to t  5 à 20 % van  de  oorspronkel i jke 
waarde. D e  keuze  van  een  opt imale   deel t jes   diameter  werd s t e rk   be -  
paald  door  de membraan s l i j t a g e   w e l k e   h e t   g e v o l g  i s  van he t   voor t -  
durend   s to ten   van   de   f lu id  bed dee l t j e s   t egen   he t  merdsraanoppervlak 

B i j  gebruik  van O ,5 mm g l a s   b o l l e t j e s  werd   de   mins te   s l i j t age  
waargenomen. Mogelijk zou het   gebruik  van  zachtere   mater ia len 
dan g l a s   d e   s l i j t a g e   v e r d e r  kunnen  verminderen. 

D e  specifieke  invloed  van  anionogene  groepen  in  de  polymeermatrix 
op d e   r e t e n t i e  werd bes tudeerd   in   een   verge l i jkend   onderzoek .  
Hier in  werden  zowel p o l y a c r y l o n i t r i l  membranen als gemodificeerde 
SIS  "cation-exchange" membranen onderz,ocht  op hun flux  en  Natrium 
Dodecylsulfaat  (NaDS) r e t e n t i e  als func t ie   van   de  NaDS concen t r a t i e  
Geconcludeerd  werd dat  de  ionogene.  groepen  in  het   "cation-exchange" 
membraan d e   k r i t i s c h e  m i c e l  concen t r a t i e   ve r l agen   en   da t   de  opeen- 
hoping  van NaDS micel len  aan  het   grensvlak  de  s tofoverdracht   ver-  
g root  d o o r   e l e c t r ö s t a t i s c h e   r e p u l s i e .  
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APPENDIX 

INDUSTRIAL  HYPERFILTRATION PROCESSES 

In t roduc t ion  

The ob jec t ive   o f   mos t   s tud ie s   on   hype r f i l t r a t ion   p rocesses  is  t h e  
production  of  drinking-water  start ing  from sea water. In  such a 
l a r g e  scale p rocess   t he  membrane may have  different   geometr ies  

(p. < O > .  Process  economics,  however, seeme t o   b e  more determined 
by t h e  way t h e  modules are connected  with  each  other  and  other  pro- 
cess parameters1-41,   than  by ' these  different   geometr ies .  An i l l u s -  

t r a t i o n   o f   t h e   e f f e c t  on  what way t h e  modules are  connected w i t h  

each   o ther  on the   p roduc t  water s a l i n i t y  w i l l  be  given  below  for 
a n   i n d u s t r i a l   h y p e r f i l t r a t i o n   p r o c e s s   u s i n g   t u b u l a r  membranes with 
low-reject ion (R < 95  % ) .  I n  a l l  t h e  examples t h e   i n l e t  i s  4 0  m 3 / h r  
o f   p r e t r e a t e d  sea water, a t  a s a l t  concent ra t ion  of 3 2 , 0 0 0  ppm. 
The  membrane modules   used  for   these  calculat ion are similar t o  

those   u sed   i n   chap te r  V I ,  however,  have a l eng th   o f  s ix  meters. 

m -  

S y s t e m   s p e c i f i c a t i o n  and b a s i c   e q u a t i o n s  

The p r o c e s s e s   i l l u s t r a t e d  below are b u i l d  up  from sec t ions .  Each 
sec t ion   cons i s t s   on  n pa ra l l e l   s t r ands ,   wh i l e   one   s t r and   con ta ins  

twelve modules i n  series. The minimum a x i a l   v e l o c i t y  a t  t h e  end 
of   each   s t rand  i s  75 c m / s .  L e t  us   consider  a sys tem  cons is t ing  
of   one  sect ion.  

F i g u r e  1 

M e m b r a n e   p r o c e s s   c o n s i s t i n g  o f  o n e   s e c t i o n  

V f t  Vb and V are the   vo lumetr ic   f low rates (m 3 / h r )   o f   t he   f eed ,  
ou t f lowing   br ine   and   the   p roduct  w a t e r  resp.r   and c f f  cb and c 
are t h e i r  s a l t  concent ra t ions .  

P 

P 
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Under cond i t ions   o f   s t eady   s t a t e   ope ra t ion ,   t he  mass balances  are:  

fo r   wa te r  Vf = Vb + v 

f o r  s a l t  V f c f  = Vbcb + V c 
P 

P P  

The volumetr ic   f low  ra te   o f   the   p roduct   water  i s  determined by t h e  

appl ied   p ressure   P ,a  membrane cons tan t  K, a n d   t h e   t o t a l  membrane 
area pe r   s ec t ion  S 

V = K S  ( P - T )  
P (3) 

In   general   the   magni tude  of  K decreases   with  increasing membrane 
r e j ec t ion ,   e .g .  K i s  126.10 -5 (Rm = 80 % ) ;  100.10-5 (85%); 75.10-5 

( 9 0  % )  and 51.10-5 m/hr.Atm. (95 % )  f o r   t h e  membranes, used  below. 
The osmotic   pressure T i s  propor t iona l   to   the   concent ra t ion  c, 
a c c o r d i n g   t o  

T = 8.432 x 10-4  x c f (4) 

T i s  the  osmotic   pressure  in   a tmospheres  and cf i s  t h e  sal t  con- 
c e n t r a t i o n   o f   t h e   f e e d   i n  ppm. 

The sa l t   concent ra t ion   of   the   ou t f lowing   br ine  was c a l c u l a t e d  
using E g .  6. 

C (1 - Rm) . Cf 

P 

Rm i s  t h e   s a l t   r e j e c t i o n   f o r   t h e  membranes used. 

The sa l t   concent ra t ion   of   the   p roduct   water  was ca l cu la t ed   u s ing  
eq. 7, w h i c h   e q u a t i o n   r e s u l t s   a f t e r   s u b s t i t u t i o n   o f  c f by cb i n  

eq. 5. T h i s   s u b s t i t u t i o n  was c a r r i e d   o u t   i n   o r d e r   t o   i n t r o d u c e  
a s a f i t y   m a r g i n   i n   o u r   c a l c u l a t i o n s ,  

C (1 - Rm) . cb 
P 

The ove r -a l l   p rocess   r e j ec t ion  R i n  sys tems  wi th   severa l   sec t ions  
P 

i n  series was c a l c u l a t e d  by eqs.  8 and 9 .  
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a l l  
C - - Vprocess  process sections c V C  P p ( 8 )  

r -  -i 
rocess  

Rprocess 

The process   recovery w a s  ca lcu la ted   wi th   the   use   o f   eqs .  8 and 10 

I l l u s t r a t i o n  I ,  S i n g l e - s t a g e   h y p e r f i l t r a t i o n   p r o c e s s e s  

A s ing le - s t age   hype r f i l t r a t ion   p rocess   w i th  a v a r i a b l e  number of 
s e c t i o n s  i s  shown i n   f i g u r e  2. For t h i s   p r o c e s s  w e  s t u d i e d   t h e  
in f luence   o f  two va r i ab le s :  
1. t h e   i n f l u e n c e   o f   t h e  number o f   s e c t i o n s  on the  recovery  and 

on t h e   p r o c e s s   r e j e c t i o n ,  a t  cons tan t   appl ied   p ressure  (75 atm.) 
and a membrane r e j e c t i o n   v a l u e  Rm of 80  % ( f i g u r e  3 ) .  

2 ,  t h e   i n f l u e n c e   o f   t h e  membrane re jec t ion   va lue   on   the   recovery ,  
i n  case the   s t age   con ta ins   one ,  two or t h ree   s ec t ions   apd  a l l  

membranes have  the same re j e c t i o n   v a l u e   ( f i g u r e  4 )  , 

From t h e   r e s u l t s  shown i n   f i g u r e  3 w e  conclude   tha t   the   p rocess  
performanceP  under  the  conditions  used, i s  ha rd ly   e f f ec t ed  by 
an   i nc rease   o f   t he  number o f   s ec t ions  above i = 4 ,  On t h e  con- 

t r a r y   t h e  membrane r e j e c t i o n   h a s  a grea t   in f luence   on   the   p rocess  
performance  (figure 4 ) .  Nevertheless  none of these   s ing le - s t age  

processes   sa t i s f ies   for   purposes   to   .ob ta in   d r inking-water  
from sea w a t e r  i n  one  s tep,   s ince  dr inking-water   should  contain 
less than  5 0 0  ppm (USA) or 400 ppm (Europe)  of  alt^'^'. Conse- 
quent ly  R should  exceed 98.5 resp.  98.8 %, process 

I l Z u s t r a t i o n  Ir, t w o - s t a g e   h y p e r f i l t r a t i o n   p r o c e s s e s  

The p r i n c i p l e   o f  a two-s tage   hyper f i l t ra t ion   p rocess  i s  t o   b r i n g  
the   p roduc t  w a t e r  o f   t h e  f i r s t  s t a g e  a t  t h e   r e q u i r e d   p r e s s u r e  
and   use   th i s   p roduct  water as t h e   f e e d   f o r  a second  s tage   ( f igure  
5 ) .  S ince   the   feed   of   the   second  s tage   conta ins  much less s a l t  
t h a n   t h e   f e e d   o f   t h e   f i r s t   s t a g e ,   t h e   o s m o t i c   p r e s s u r e  w i l l  a l s o  
be much lower.   Therefore   the  appl ied  pressure  neces 'sary  in   the 
second  stage i s  not  as high as i n '  the .first s t age .  
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40 M3/hr 

32,000 ppm 

F i g u r e  2 

S i n g l e - s t a g e   h y p e r f i l t r a -  
t i o n   p r o c e s s : w i t h   v a r i a b l e  
number o f  s e c t i o n s .  

F i g u r e  3 

I n f l u e n c e  o f  t h e  number  of 
s e c t i o n s   i n  a s i n g l e - s t a g e  
h y p e r f i l t r a t i o n   p r o c e s s  o n  
t he   r ecove ry  and t h e  p r o -  
c e s s   r e j e c t i o n .  

F i g u r e  4 

rmmber of 

I I I l l l l l I  I n f l u e n c e   o f   t h e  membrane 
r e j e c t i o n   v a l u e   o n   r e c o v e r y  2 4 6 8 

Sections and p r o c e s s   r e j e c t i o n   u s i n g  
a d i f f e r e n t  number  of  sec- 
t i o n s   p e r   s t a g e .  



= 40 
= 75 

permeate 
m3/hr 
atm. 

P2 = ?gatmb 

I 

l 
I cc 
I 

-I 

concentrate II 

product 

w i t h o u t  r e c y c l i n g .  

l 

process rejection (Vo) 

F i g u r e  6 

T n f l u e n c e  o f  the  membrane  
r e j e c t i o n  o n  the  r e s u l t s  
o f  a t w o - s t a g e   h y p e r f i l -  
t r a t i o n   p r o c e s s   w i t h o u t  
r e c y c l i n g .  - P2 = 50  a t m .  --- P 2  = 75 a t m .  

F i g u r e  7 

T w o - s t a g e   h y p e r f i l t r a t i o n  
p r o c e s s   w i t h   r e c y c l i n g  

r =40 I 

Q7tm 
P, = 75 

r------------T 
I !!Id STAGE I t -d concentrate T 
I 
I ------ 

product 
permeate 

concentrate II 
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I n   t h i s   i l l u s t r a t i o n  w e  havechoosenan  appl ied  pressure  of  75  atm 

f o r   t h e   f i r s t   s t a g e   a n d  an  appl ied  pressure  of  75 o r  50 a t m  
r e spec t ive ly   fo r   t he   s econd   s t age .  The r e su l t s   o f   t hese   p rocesses  
w i t h   d i f f e r e n t  R -va lues   a r e   g iven   i n   f i gu re  6 .  The r e s u l t s  re- 
presented,   concern  processes   with  e i ther   one  sect ion  per  stage 
(circles) ,  two s e c t i o n s   i n   e a c h   s t a g e   ( s q u a r e s )   o r   t h r e e   s e c t i o n s  
in   each   s t age   ( t r i ang le s ) .   A l though   on ly   t he   p rocesses   w i th  Rm = 

9 5  % sa t i s fy   the   requi rements   for ’   d r ink ing-water ,   the   in t roduct ion  
of a second   s t age   r e su l t ed   i n  a d i n s t i n c t  improvement of   the  pro-  
duc t   water   qua l i ty .  B y  recyc l ing   of   the   concent ra te  from t h e  
second  s tage  ( f igure 7 )  it i s  even   poss ib le   to  improve t h e   r e s u l t s  
of some two-stage  processes .   In   f igure 8 t he   r e su l t s   o f   such  a 
p r o c e s s ,   o p e r a t i n g   a t  7 5  atm, a r e  compared wi th   the   ana logue   c i r -  

cu i t   w i thou t   r ecyc l ing .  The r e s u l t s  show t h a t   r e c y c l i n g  i s  only 
i n t e r e s t i n g  when the   feed   so lu t ion   can   be   d i lu ted ,   o therwise  
recyc l ing  w i l l  have   an   oppos i te   e f fec t .  

m 



Conclusion 

Product ion  of   dr inking-water   by  mult iple-s tage  hyperf i l t ra t ion 

p r o c e s s e s   o f f e r s   t h e   p o s s i b i l i t y   t o   u s e  membranes w i t h   r e l a t i v e l y  
low  membrane r e j e c t i o n s  and " t o   o p e r a t e  a t  lower  appl ied  pressures  
than  necessary for s ingle-s tage   p rocesses-   S ince   mul t ip le -s tage  
processes  also  proved  to  have a h igher   re l iab i l i ty2 ' . ,   the   deve lop-  
ment  of  high-flux membranes w i t h   r e j e c t i o n s  of about 90 % might 
be more  advantageous  from  an  economical  point  of view t h a n   t h e  
sea rch   fo r   h igh - re j ec t ion  membranes  which  have a lower  f lux.  
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