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SEPARATION AND PURIFICATION METHODS, 15(1), 1-19 (1986) 

PERVAPORATION, SOLUBILITY ASPECTS OF THE 

SOLUTION-DIFFUSION MODEL 

M.H.V.  Mulder and  C . A .  Smolde r s  
Twente U n i v e r s i t y  of Technology 

Depar tmen t  o f  Chemica l  Technology 

P.O.Box 217,  7500 AE Enschede ,  The N e t h e r l a n d s  

INTRODUCTION. 

P e r v a p o r a t i o n  i s  a membrane p r o c e s s  where a l i q u i d  m i x t u r e  i s  i n  

d i r e c t  c o n t a c t  a t  one  s i d e  o f  t h e  membrane, t he  u p s t r e a m  s i d e  and  

t h e  permeated  p r o d u c t  is removed a s  a vapour  a t  t h e  downst ream 

s i d e  by a p p l y i n g  a low p a r t i a l  p r e s s u r e .  T h i s  c a n  be  a c h i e v e d  

e i the r  by c r e a t i n g  a vacuum o r  by u s i n g  a carrier g a s  ( f i g .  1 ) .  

P e r v a p o r a t i o n  is t h e  o n l y  membrane p r o c e s s  where  a p h a s e  t r a n s i -  

t i o n  o c c u r s  g o i n g  from u p s t r e a m  s i d e  t o  downstream s i d e .  

The c o m m e r c i a l i z a t i o n  of t h e  p e r v a p o r a t i o n  p r o c e s s  is under-devel -  

oped compared t o  other membrane p r o c e s s e s  s u c h  as m i c r o f i l t r a t i o n ,  

u l t r a f i l t r a t i o n  or h y p e r f i l t r a t i o n .  Around t h e  s i x t i e s  B i n n i n g  and 

coworkers t r i e d  t o  i n t r o d u c e  p e r v a p o r a t i o n  as a n  i n d u s t r i a l  pro-- 
cess b u t  t h e i r  a t t e m p t s  were n o t  v e r y  s u c c e s s f u l  d e s p i t e  i n t e n s i v e  

i n v e s t i g a t i o n s  and  a number of p a t e n t s  [ l ] .  The main  r e a s o n  f o r  
t h i s  f a i l u r e  was undoub ted ly  t h a t  p e r m e a t i o n  ra te  a n d / o r  se lec t i -  

v i t y  were i n s u f f i c i e n t  f o r  commercial a p p l i c a t i o n .  
O t h e r  r e a s o n s  f o r  a l o n g  i n c u b a t i o n  time o f  t h i s  p r o c e s s  are:  

ene rgy  consumpt ion  i s  r e l a t i v e l y  h i g h  compared t o  o t h e r  membrane 
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2 MULDER AND SMOLDERS 

vacuum pump 

condensate 

I t  

ond ens te 

FIGURE 1 .  PERVAPORATION WITH DOWNSTREAM VACUUM O R  A CARRIER-GAS. 

processes  such  a s  m i c r o f i l t r a t i o n ,  u l t r a f i l t r a t i o n  o r  h y p e r f i l -  

t r a t i o n  because a phase t r a n s i t i o n  occurs  and t h e  h e a t  

of v a p o r i z a t i o n  has  t o  be s u p p l i e d .  

- process  des ign  is d i f f i c u l t  because of a tempera ture  drop a c r o s s  
t h e  membrane and p r e s s u r e  losses a t  t h e  downstream s i d e .  

I n  t h e  l a s t  decade t h e r e  has  been a renewed i n t e r e s t  i n  pervapora- 

t i o n  e s p e c i a l l y  i n  the  f i e l d  of e thanol-water  s e p a r a t i o n .  The 

a t t r a c t i v e n e s s  of t h i s  s p e c i f i c  a p p l i c a t i o n  is t h e  need t o  produce 

f u e l s  from renewable r e s o u r c e s .  Ethanol can be  ob ta ined  by fermen- 

t a t i o n  of biomass. Dehydration of e thanol  can be completely o r  

p a r t l y  accomplished by pervapora t ion .  Except f o r  t h e  alcohol-water  

s e p a r a t i o n  t h e r e  are a number of o t h e r  p o t e n t i a l  a p p l i c a t i o n s .  
Pervaporat ion w i l l  e s p e c i a l l y  be competitive w i t h  other separation 

t echniques  when t h e  c o n c e n t r a t i o n  of t h e  component which h a s  t o  be 

removed is low. Therefore  t h e  major f i e l d  of  a p p l i c a t i o n  w i l l  be: 
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SOLUTION-DIFFUSION MODEL 3 

- dehydra t ion  of o r g a n i c  l i q u i d s  c o n t a i n i n g  small amounts of  water 

(<20%). 

- removal of o r g a n i c  contaminants  such as  aromat ics  and c h l o r i n a t -  

e d  hydrocarbons from waste water. 
- s e p a r a t i o n  of a z e o t r o p i c  mixtures  where t h e  a z e o t r o p i c  composi- 

t i o n  is not t o o  f a r  from one of t h e  pure components (examples 

are: water /e thanol ;  water / i -propanol ;  water / t -bu tanol ;  w a t e r / -  

THF; water /dioxane;  methanol /acetone;  e thanol /hexane;  propanol / -  

cyclohexane; e t c . ) .  

The s e l e c t i v i t y  towards a l i q u i d  mixture  is expressed  by  t h e  se- 

l e c t i v i t y  f a c t o r  a .  

'A/'B 0 = -  
A/B Y A / Y B  

where XA and X are t h e  c o n c e n t r a t i o n s  of components A and B i n  

t h e  permeate and Y A  and Y B  are t h e  c o n c e n t r a t i o n s  i n  t h e  l i q u i d  

feed .  The pervapora t ion  process  e s s e n t i a l l y  involves  a sequence of 

t h r e e  s t e p s :  

. s e l e c t i v e  s o r p t i o n  i n t o  t h e  membrane 

. s e l e c t i v e  d i f f u s i o n  through t h e  membrane 

. d e s o r p t i o n  i n t o  a vapour phase a t  t h e  downstream s i d e .  

B 

Transpor t  through a pervapora t ion  membrane takes p l a c e  by a so lu-  

t i o n - d i f f u s i o n  mechanism [2-5], i .e .  t h e  permeation r a t e  is  a 

f u n c t i o n  of  s o l u b i l i t y  and d i f f u s i v i t y .  S o l u b i l i t y  is a thermody- 

namic proper ty  and d i f f u s i v i t y  is a k i n e t i c  proper ty  and both  
a f f e c t  s e l e c t i v i t y .  When two o r  more components are permeat ing 

through a membrane coupl ing  w i l l  occur  i n  g e n e r a l .  T h i s  means t h a t  

i n  t h e  c a s e  of a b inary  mixture  t h e  f l u x  of a component i n  t h e  
membrane i s  not on ly  determined by t h e  presence of  t he  o t h e r  com- 

ponent b u t  a l s o  by i t s  movement, i .e .  coupl ing  takes p l a c e  i n  t h e  

s o l u b i l i t y  part as well as i n  t h e  d i f f u s i v i t y  p a r t  accord ing  t o  

J i  = f [ S . ( c i , c . ) , D i ( c i , c j ) ]  1 J 
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4 MULDER AND SMOLDERS 

Si is t h e  s o l u b i l i t y  OP component i and Di its d i f f u s i v i t y .  
Many i n v e s t i g a t o r s  made u s e  of  c o n c e n t r a t i o n  dependent  d i f f u s i o n  
c o e f f i c i e n t s  depending on  t h e  c o n c e n t r a t i o n s  of a l l  t h e  components 
p r e s e n t  b u t  g e n e r a l l y  c o u p l i n g  i n  t h e  s o l u b i l i t y  p a r t  was n e g l e c t -  
e d ,  I n  most c a s e s  ideal  s o r p t i o n  was assumed [6-81, i . e .  the con- 
c e n t r a t i o n  of  a component i n  t h e  membrane was supposed t o  be d i -  

r e c t l y  p r o p o r t i o n a l  t o  the  c o n c e n t r a t i o n  o f  t h a t  component i n  t h e  

l i q u i d  mix tu re .  The re  is much expe r imen ta l  e v i d e n c e  t h a t  i n  gene- 
r a l  ideal  s o r p t i o n  d o e s  n o t  occur  [9-13] .  Mostly one  o f  t h e  compo- 
n e n t s  w i l l  be sorbed p r e f e r e n t i a l l y ,  i.e. p r e f e r e n t i a l  or selec- 
t i v e  s o r p t i o n  o c c u r s .  T h i s  means t h a t  t he  compos i t ion  o f  the 

l i q u i d  feed m i x t u r e  i n s i d e  t h e  membrane is d i f f e r e n t  from t h e  

composi t ion i n  t h e  l i q u i d  feed m i x t u r e  i n  s u c h  a way t h a t  t h e r e  is 
no l i n e a r  r e l a t i o n  between compos i t ion  i n  t h e  membrane and 
composi t ion i n  t he  f e e d .  
The o b j e c t i v e  o f  t h i s  paper  is t o  d i s c u s s  t h e  s o l u b i l i t y  p a r t  of  
t h e  s o l u t i o n - d i f f u s i o n  model i n  r e l a t i o n  t o  s e l e c t i v e  t r a n s p o r t .  
Two d i f f e r e n t  t y p e s  of m i x t u r e s  have been i n v e s t i g a t e d :  a weakly 
i n t e r a c t i n g  ( ' i d e a l ' )  m i x t u r e ,  o-xylene/p-xylene and a s t r o n g l y  
non-ideal  mix tu re ,  e t h a n o l / w a t e r .  
I n  the  f i r s t  part t he  fundamental  a s p e c t s  of  polymer-penetrant  
a f f i n i t y  w i l l  be described. The i n f l u e n c e  of  p r e f e r e n t i a l  s o r p t i o n  
on selective t r a n s p o r t  w i l l  be d i s c u s s e d  i n  t h e  second p a r t .  

THEORY. 

There  are s e v e r a l  s o l u t i o n  t h e o r i e s  which c a n  describe t h e  

s o l u b i l i t y  of  low molecu la r  we igh t  s u b s t a n c e s  i n  polymers.  Two 
wide ly  used t h e o r i e s  are  i )  t h e  s o l u b i l i t y  parameter  t h e o r y  [ 141 

and i i )  t h e  Flory-Huggins t h e o r y  [ 151. There are a l s o  more 
s o p h i s t i c a t e d  s o l u t i o n  t h e o r i e s  s u c h  as t h e  'new' F l o r y  t h e o r y  
( d e r i v e d  from e q u a t i o n - o f - s t a t e  r e l a t i o n s )  [ 161 or t h e  

f l u i d - l a t t i c e  t h e o r y  [ 171 which can  describe polymer s o l u t i o n  
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SOLUTION-DIFFUSION MODEL 5 

thermodynamics more p r o p e r l y  f rom a chemica l -phy i sca l  p o i n t  of  
view. However, t h e r e  a re  s t i l l  problems t o  d e s c r i b e  t h e  s o l u b i l i t y  

behaviour  q u a n t i t a t i v e l y  i . e .  t h e s e  new t h e o r i e s  do n o t  p r e d i c t  

po lymer - so lu t ion  behav iour  s i g n i f i c a n t l y  b e t t e r  [ 18-20]. 

Furthermore t h e s e  t h e o r i e s  r e q u i r e  p h y s i c a l  and chemica l  d a t a  

which are  o n l y  a v a i l a b l e  for  a l i m i t e d  number of compounds. For 

d e s c r i b i n g  polymer-penetrant  a f f i n i t y  we w i l l  make u s e  o f  t h e  

s o l u b i l i t y  pa rame te r  t h e o r y  and of  t h e  Flory-Huggins t h e o r y .  

S o l u b i l i t y  pa rame te r  t h e o r y .  

The s o l u b i l i t y  pa rame te r  t h e o r y  is based  on  t h e  concep t  of  r e g u l a r  

s o l u t i o n s .  These are s o l u t i o n s  hav ing  a n  i d e a l  e n t r o p y  of mixing 
and a non-ideal  e n t h a l p y  o f  mixing.  

I n  l i q u i d s  there e x i s t  s t r o n g  a t t r a c t i v e  f o r c e s  between molecu le s  

and t h e  p o t e n t i a l  ene rgy  of  t h e  molecu le s  ( r e l a t i v e  t o  t h e  

molecu le s  i n  t h e  vapour phase )  is c a l l e d  t h e  cohes ive  ene rgy .  The 

i n t e r m o l e c u l a r  f o r c e s  c o n t r i b u t i n g  t o  t h e  cohes ive  ene rgy  c a n  be 
d i v i d e d  i n t o  i )  nonpo la r  i n t e r a c t i o n s  ( d i s p e r s i o n  or London 

f o r c e s ) ,  i i )  p o l a r  i n t e r a c t i o n s  and i i i)  s p e c i f i c  chemica l  

f o r c e s  s u c h  as hydrogen bonding. The c o h e s i v e  ene rgy  d e n s i t y  ( C E D I  

is d e f i n e d  as t h e  r a t i o  between c o h e s i v e  e n e r g y  (-El a n d  molar 
volume ( V m ) .  

-E 
I'm CED = 

The c o h e s i v e  ene rgy  is assumed t o  be e q u a l  t o  t h e  t o t a l  ene rgy  of 

v a p o u r i z a t i o n .  The s o l u b i l i t y  parameter  ( 6 )  is d i r e c t l y  re la ted t o  
t h e  cohes ive  ene rgy  d e n s i t y ,  

AEvap 

'm 
CED Z 6' = - [ 4 1  
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6 MULDER AND SMOLDERS 

Hansen [ 2 1 ]  assumed t h a t  t h e  t o t a l  ene rgy  of v a p o u r i z a t i o n  is t h e  
sum of e n e r g i e s  r e q u i r e d  t o  overcome d i s p e r s i o n  f o r c e s  (AEd), and 
polar i n t e r a c t i o n s  ( A E ~ )  and t o  b reak  hydrogen bonds (AEh). 

AEvap = AEd + AE + AEh P 

Combining eqns.  [ 4 ]  and [5] g i v e s  

151 

A good s o l v e n t  f o r  a c e r t a i n  polymer w i l l  have a s o l u b i l i t y  param- 
eter va lue  c l o s e  t o  t h a t  of t h e  polymer.  
The three-component s o l u b i l i t y  pa rame te r  can be c o n s i d e r e d  as a 
v e c t o r  l y i n g  i n  (6 ,6 ,6 )-apace.  Each s o l v e n t  and each polymer 
can be l o c a t e d  i n  t h i s  (6d.6p,6h)-space be ing  t h e  end-point  of t h e  

r a d i u s  v e c t o r  (see f i g .  2 ) .  

Consider  a g iven  polymer ( s u b s c r i p t  p )  and a p e n e t r a n t  ( s u b s c r i p t  
s ,  t h i s  can  be a s o l v e n t  o r  a n o n s o l v e n t ) ,  t h e n  t h e  d i s t a n c e  A 

between t h e  end-po in t s  of t h e  r a d i u s - v e c t o r s  is g iven  by [22,  

231, 

d P h  

A schematical r e p r e s e n t a t i o n  is g i v e n  i n  f i g .  2. A is a measure 
f o r  t he  a f f i n i t y  between polymer and p e n e t r a n t .  When A d e c r e a s e s  
t h e  a f f i n i t y  between polymer and p e n e t r a n t  w i l l  i n c r e a s e .  When A 

approaches z e r o  t h e n  the  p e n e t r a n t  w i l l  be a s o l v e n t  f o r  t h e  poly- 
mer. Tab le  1 g i v e s  t he  th ree -d imens iona l  s o l u b i l i t y  pa rame te r s  of 
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SOLUTION-DIFFUSION MODEL 7 

FIGURE 2 .  SCHEMATIC REPRESENTATION OF POLYMER ( P )  AND SOLVENT (S) 
VECTORS I N  ( 6  ,6 ,Gh)SPACE; A IS THE DISTANCE BETWEEN 
END-POINTS OF’VE~TORS; 

TABLE I [ 2 4 ]  

o-xylene 

p-xylene 

c e l l u l o s e  tripropionate 

8.8 0.7 1.4 9.0 

8.7 0 1.3 8.8 

8.4 3.1 5.3 10.3 
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TABLE I1 [24] 

MULDER AND SMOLDERS 

binary  system A 

c e l l u l o s e  t r i p r o p i o n a t e l o - x y l e n e  4 .4  
c e l l u l o s e  t r i p r o p i o n a t e l p - x y l e n e  4.9 

the  components of one of t h e  systems d i s c u s s e d  i n  t h i s  paper ,  
o-xylenelp-xylene/cellulose t r i p r o p i o n a t e .  The c a l c u l a t e d  va lues  
of t he  d i s t a n c e  parameter  A are given i n  t ab le  2. 

From t ab le  2 i t  can be s e e n  t h a t  t h e  a f f i n i t y  of o-xylene t o  CTP 
is l a r g e r  ( t h e  t r e n d  is small but  s i g n i f i c a n t )  than t h e  a f f i n i t y  
of p-xylene t o  CTP. T h i s  is due t o  t h e  presence of a d i p o l e  moment 
i n  o-xylene, whereas p-xylene h a s  no d i p o l e  moment (see 6 v a l u e s  
i n  table 1 1 .  

P 

There are some r e s t r i c t i o n s  i n  u s i n g  the s o l u b i l i t y  parameter  
theory .  T h i s  theory  accounts  o n l y  f o r  e n e r g e t i c  c o n t r i b u t i o n s  t o  
t h e  mixing process ,  e n t r o p i c  e f f e c t s  are d is regarded .  Furthermore,  
mixing of  polymer and s o l v e n t  is p r e d i c t e d  from p r o p e r t i e s  of t h e  

pure  components so s p e c i f i c  i n t e r a c t i o n s  between polymer and so l -  
vent  o c c u r r i n g  on mixing are  n o t  involved.  A t  las t ,  t h e  t h e o r y  c a n  
o n l y  be used f o r  rather hydrophobic components and n o t  f o r  t y p i -  
cally h y d r o p h i l i c  Components, such  as  water and a l c o h o l s ,  having a 
h igh  p o l a r  character or showing s t r o n g  s p e c i f i c  i n t e r a c t i o n s  such  
as hydrogen bonding. Therefore  t h e  s o l u b i l i t y  parameter approach 
can be used i n  a q u a l i t a t i v e  way o n l y  t o  a l i m i t e d  number of  sys-  
tems. For i n s t a n c e  v a l u e s  f o r  p r e f e r e n t i a l  s o r p t i o n  cannot  be 

deduced from t h i s  t h e o r y  as we w i l l  show later on. Never the less  
t h i s  theory  is convenient  t o  u s e  and h e l p f u l  as a f irst  estimate 
of i n t e r a c t i o n  phenomena. For more h y d r o p h i l i c  components s u c h  as 
water and a l c o h o l s  t h e  Flory-Huggins t h e o r y  can  be used. 
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SOLUTION-DIFFUSION MODEL 9 

Flory-Huggins theory  [15]. 

I n  o r d e r  t o  c a l c u l a t e  the en t ropy  o f  mixing of  s o l v e n t s  and polym- 
er ( long-chain)  molecules  F l o r y  and Huggins used a l a t t i c e  model 

where t h e  segments of  t h e  polymer and t h e  s o l v e n t  molecules  occupy 
s i n g l e  si tes.  
For a b inary  system c o n s i s t i n g  of  polymer and s o l v e n t  t h e  Cibbs 

f r e e  en tha lpy  of  mixing is g iven  by 

AG, = x1 I n  v1 + x2 I n  v2 + x , ~  x1 v2 

where x and v are mole f r a c t i o n  and volume f r a c t i o n  r e s p e c t i v e l y .  

The f i r s t  two terms on t h e  r igh t -hand s i d e  of  eqn. 8 g i v e  t h e  

i d e a l  en t ropy  of  mixing while t h e  las t  term d e s c r i b e s  t h e  e n t h a l p y  

of mixing. T h i s  l a s t  term c o n t a i n s  a b i n a r y  i n t e r a c t i o n  parameter  

( t h e  x parameter)  cal led t h e  Flory-Huggins i n t e r a c t i o n  parameter .  

This  parameter can be cons idered  as  a f r e e  energy parameter ( i n -  

c luding  both e n e r g e t i c  and e n t r o p i c  c o n t r i b u t i o n s ) .  I t  is a dimen- 
s i o n l e s s  q u a n t i t y  c h a r a c t e r i z i n g  t h e  d i f f e r e n c e  i n  i n t e r a c t i o n  

energy of a s o l v e n t  molecule immersed i n  pure  polymer w i t h  r e s p e c t  

t o  t h e  energy of  a molecule  immersed i n  pure  s o l v e n t .  For s o l v e n t s  

x w i l l  have a va lue  less t h a n  0.5. When t h e  a f f i n i t y  between poly- 

mer and p e n e t r a n t  decreases  x w i l l  i n c r e a s e ,  The b i n a r y  i n t e r a c -  

t i o n  parameter of polymer and nonsolvent  can be o b t a i n e d  from 

s w e l l i n g  or s o r p t i o n  measurements [ 1 1  1.  For t h e  sys tems water / -  

e t h a n o l / c e l l u l o s e  acetate and water/ethanol/polyacrylonitrile t h e  

b inary  i n t e r a c t i o n  parameters  are g iven  i n  t a b l e  3 .  
From table 3 i t  can be seen  t h a t  t h e  a f f i n i t i e s  of  e t h a n o l  and 
water t o  c e l l u l o s e  acetate are  of  t he  same o r d e r  o f  magnitude w i t h  

e t h a n o l  having t h e  h i g h e s t  a f f i n i t y .  Compared t o  cellulose acetate 
p o l y a c r y l o n i t r i l e  shows a d i f f e r e n t  behaviour  t o  water and etha-  

nol .  The a f f i n i t y  of  e t h a n o l  t o  p o l y a c r y l o n i t r i l e  is very  small 

w h i l e  t h e  a f f i n i t y  of water t o  the same polymer is much h i g h e r .  

S o r p t i o n  experiments .  

The o v e r a l l  s o r p t i o n  v a l u e s  of  e thanol-water  mixtures  i n  c e l l u l o s e  

acetate ( C A ) ,  p o l y a c r y l o n i t r i l e  (PAN) and polysul fone  (PSf)  are  
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TABLE 111 [ l l ]  

MULDER AND SMOLDERS 

polymer p e n e t r a n t  X 
~ 

c e l l u l o s e  acetate water 1.4 

c e l l u l o s e  a c e t a t e  e t h a n o l  1 . I  

p o l y a c r y l o n i t r i l e  water 1 .a 
polyacry loni  t r  i l e  e t h a n o l  4.2 

g iven  i n  f i g .  3 .  This  f i g u r e  c l e a r l y  demonstrate  t h e  d i f f e r e n c e  i n  
thermodynamic behaviour of  the  three polymers t o  ethanol-water  
mixtures .  Low s w e l l i n g  v a l u e s  can be observed f o r  po lyacry loni -  
t r i l e  and polysul fone  w h i l e  c e l l u l o s e  acetate shows much h i g h e r  
va lues .  Polysul fone  and p o l y a c r y l o n i t r i l e  show a n  o p p o s i t e  be- 

haviour ,  h a r d l y  any water s o r p t i o n  can be observed f o r  po lysul fone  
w h i l e  p o l y a c r y l o n i t r i l e  shows a low v a l u e  f o r  pure  e t h a n o l .  The 

s o l u b i l i t y  o f  e thanol-water  mixtures  i n  c e l l u l o s e  acetate p a s s e s  
through a maximum a t  about  65 weight % of  e t h a n o l  i n  t h e  feed. 

Fig.  5 g i v e s  no informat ion  about  t he  ethanol-water  composi t ion i n  
t h e  membrane i .e .  t h e  occurence of p r e f e r e n t i a l  s o r p t i o n  cannot  be 

deduced from the  o v e r a l l  s o r p t i o n  experiments .  The o v e r a l l  sorp- 

t i o n  of o-xylene/p-xylene mixtures  in c e l l u l o s e  t r i p r o p i o n a t e  
(CTP) is given i n  fig. 4. A s  was already concluded from t h e  swel- 
l i n g  experiments  o f  t h e  pure  s u b s t a n c e s  t h e  a f f i n i t y  of CTP t o  
o-xylene is l a r g e r  t h a n  t o  p-xylene. 
I n  o r d e r  t o  estimate t h e  composi t ion of  a b inary  l i q u i d  mixture  i n  
a membrane Krewinghaus [ 6 1  assumed a l i n e a r  r e l a t i o n s h i p  between 
t h e  c o n c e n t r a t i o n  of a component i n  t h e  membrane and t h e  concen- 
t r a t i o n  o u t s i d e  t h e  membrane ( i n  t h e  l i q u i d  f e e d  mixture)  accord-  
i n g  t o  

ci = xicio [ g l  
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0.5 1.0 
weight fraction of water in the feed 

E 3. TOTAL SORPTION AS A FUNCTION OF WATER CONTENT IN 
WATER-ETHANOL LIQUID FEED MIXTURE FOR VARIOUS POLYMERS. 

weight fraction of 0-xylene in the feed 

FIGURE 4. TOTAL SORPTION OF 0-XYLENE/P-XYLENE IN CELLULOSE 
TRIPROPIONATE AS A FUNCTION OF THE 0-XYLENE 
CONCENTRATION IN THE FEED. 
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12 MULDER AND SMOLDERS 

where ci is the concentration of component i in the membrane, xi 
is the mole fraction of component i in the liquid feed mixture and 
cio is the solubility of the pure component in the membrane. When 
eqn. [g] is applied to the results given in figs. 3 and 4 then it 
can be deduced that for the system water/ethanol/CA, ethanol will 
be sorbed preferentially over a major part of the composition 
range, for the system water/ethanol/PAN, water will be sorbed 
preferentially almost over the entire composition range and for 
the system o-xylene/p-xylene/CTP, o-xylene will be sorbed prefe- 
rentially for o-xylene concentrations in the feed larger than 50% 
by weight. 

Preferential sorption versus preferential permeation. 

We have now come to the main issue of this paper, the relation 
between preferential sorption and selective transport. 
Fig. 5 gives the preferential sorption and pervaporation results 
of the system water/ethanol/CA as a function of the weight 
fraction of water in the feed. 
It is obvious that both curves show the same behaviour. Water is 
sorbed preferentially over the entire composition range and in the 
pervaporation experiments a permselectivity is  found tor water 
also over the entire composition range. 
The preferential sorption and pervaporation results of the system 
water/ethanol/PAN are given in fig. 6. 
Again both curves show the same behaviour i.e. the component that 
is sorbed preferentially also permeates preferentially. 
Polyacrylonitrile shows, compared to cellulose acetate, very high 
selectivities to ethanol-water mixtures. 
Also for other systems it can be shown that preferential sorption 
is the determining factor in selective transport. Fig. 7 gives the 
preferential sorption and pervaporation results of the system 
o-xylenelp-xylene/CTP. Again it is striking that both curves show 
a similar behaviour. The component that is sorbed preferentially 
(p-xylene) permeates preferentially too. 
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SOLUTION-DIFFUSION MODEL 13 

0 05 1.0 
weight fraction of water in the feed 

FIGURE 5. EXPERIMENTAL VALUES FOR PREFERENTIAL SORPTION AND 
PERVAPORATION FOR THE SYSTEM WATER/ETHANOL/CELLULOSE 
ACETATE AS A FUNCTION OF THE CONCENTRATION OF WATER IN 
THE FEED 

weight fraction of water in the feed 

FIGURE 6. EXPERIMENTAL VALUES FOR PREFERENTIAL SORPTION AND 
PERVAPORATION FOR THE SYSTEM 
WATER/ETHANOL/POLYACRYLONITRILE AS A FUNCTION OF THE 
CONCENTRATION OF WATER IN THE FEED. 
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14 MULDER AND SMOLDERS 

wight fraction of p-xylene in the feed 

FIGURE 7. EXPERIMENTAL VALUES FOR PREFERENTIAL SORPTION AND 
PERVAPORATION FOR THE SYSTEM 0-XYLENEIP-XYLENE/CELLULOSE 
TRIPROPIONATE AS A FUNCTION OF THE CONCENTRATION OF 
P-XYLENE I N  THE FEED. 

Except for  the  systems described here t h e r e  are a number of 
l i t e r a t u r e  s o u r c e s  showing e v i d e n t l y  t h a t  p r e f e r e n t i a l  s o r p t i o n  is 
t h e  l e a d i n g  f a c t o r  t o  s e l e c t i v e  t r a n s p o r t .  An overview of  these 
l i terature s o u r c e s  is g iven  i n  t ab l e  4. 

For a l l  t h e  systems g iven  i n  table  4 i t  was demonstrated t h a t  t h e  

component t h a t  is sorbed p r e f e r e n t i a l l y  a l s o  permeates preferen-  
t i a l l y .  E s p e c i a l l y  t h e  r e s u l t s  o f  t h e  system e t h a n o l / l , 2 - d i c h l o r o -  
ethane/PTFE-PVP are  very s t r i k i n g  [ g ]  because a n  i n v e r s e  i n  sorp-  
t i o n  s e l e c t i v i t y  r e s u l t s  i n  a n  i n v e r s e  i n  s e l e c t i v e  t r a n s p o r t .  
I f  these r e s u l t s  are cons idered  i n  terms of  t h e  s o l u t i o n - d i f f u s i o n  
model where t h e  f l u x  of  a component is a f u n c t i o n  of s o l u b i l i t y  
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SOLUTION-DIFFUSION MODEL 15 

TABLE IV 
- 

feed mixture type of membrane ref. 

wat er/et hanol cellulose acetate 1 1  

water / et hanol 1 1  

water/ ethanol pol ysul f one 1 1  

water/ethanol pol ymet hylmet hacr ylat e 30 
p-xylene/o-xylene cellulose tripropionate 12 

ethanol/l,2-dichloroethane PTFE-PVP 9 
ethanol/ chlorof orm PTFE-PVP 9 
acetic acid/1,2-dichloroethane PTFE-PVP 9 
benzene/cyclohexane poly(Y-methyl-L-glutamate) 25 

water/met hanol poly(Y-methyl-L-glutamate) 25 

benzene/n-heptane poly(butadiene-acrylonitrile) 26 

pol yacr yloni t r i le 

(S) and diffusivity (D), this implies that the solubility part (or 
the ratio S /S ) determines selective transport. 

i j  

This does not mean that diffusivity is not important at all. The 
extent of permselectivity can also strongly be influenced by the 
ratio in diffusivities. Because multicomponent transport through 
(homogenous) membranes occurs generally in a coupled way the ratio 
of the diffusivities is difficult to estimate on forehand. For 
instance, if the results of the system water/ethanol/cellulose 
acetate are considered one can observe that sorption selectivity 
and permeation selectivity are almost equal (see fig. 5). 
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16 MULDER AND SMOLDERS 

However, i f  t h e  system water/ethanol/polysulfone is cons idered  
[ l l ]  a small p r e f e r e n t i a l  s o r p t i o n  for water can be observed w h i l e  
extremely h i g h  s e l e c t i v i t i e s  are obta ined .  T h i s  means t h a t  the  

e f f e c t i v e  water d i f i u s i v i t y  i n  polysul fone  is much larger t h a n  t h e  

e t h a n o l  d i f f u s i v i t y .  T i l l  now a l l  t h e  systems s t u d i e d  e v i d e n t l y  
show t h a t  i n  s e l e c t i v e  t r a n s p o r t  t he  s o l u b i l i t y  r a t i o  dominates 
over  t h e  d i f f u s i v i t y  r a t i o .  
Another p o i n t  t o  c o n s i d e r  is t h a t  ( p r e f e r e n t i a l )  s o r p t i o n  measure- 
ments are e q u i l i b r i u m  experiments  w h i l e  permeation experiments  are 
i n  fact  non-equi l ibr ium processes .  

Discussion.  

Transpor t  i n  pervapora t ion  takes p l a c e  a c c o r d i n g  t o  a s o l u t i o n -  
d i f f u s i o n  model where both  s o l u b i l i t y  and d i f f u s i v i t y  affect se- 
l e c t i v e  t r a n s p o r t .  From the  i n v e s t i g a t i o n s  performed by us  as well 
as by o t h e r s  on the i n f l u e n c e  of p r e f e r e n t i a l  s o r p t i o n  on selec- 
t i v e  t r a n s p o r t  it has been proved exper imenta l ly  t h a t  p r e f e r e n t i a l  
s o r p t i o n  is the  f a c t o r  t h a t  de te rmines  s e l e c t i v e  t r a n s p o r t .  T h i s  
was demonstrated f o r  completely d i f f e r e n t  mix tures  and completely 
d i f f e r e n t  polymeric materials. 
However t h e  e x t e n t  of  s e l e c t i v i t y  can  be  i n f l u e n c e d  by d i f f e r e n c e s  
i n  d i f f u s i v i t i e s .  U n t i l  now t h e  occurrence  of p r e f e r e n t i a l  sorp-  
t i o n  was o f t e n  ignored  o r  n e g l e c t e d  and g e n e r a l l y  ideal s o r p t i o n  
was assumed i.e. t h e  c o n c e n t r a t i o n  of a component of  a l i q u i d  
mixture  i n s i d e  t h e  membrane was l i n e a r l y  related t o  the concent ra -  
t i o n  of t h a t  component i n  t h e  l i q u i d  feed mixture .  There is enough 
experimental  evidence t h a t  t h i s  approach leadsto i n c o r r e c t  r e s u l t s  
even for systems from which i t  is assumed t h a t  t h e y  behave ideal- 
l y .  For i n s t a n c e  for t h e  system o-xylene/p-xylene/cellulose t r i -  
propionate ,  a weakly i n t e r a c t i n g  system, p-xylene w i l l  be sorbed 

over  o-xylene over  t h e  e n t i r e  composi t ion ra t io:  when assuming 
ideal  s o r p t i o n  o-xylene would be  t h e  component t h a t  is sorbed 
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SOLUTION-DIFFUSION MODEL 17 

p r e f e r e n t i a l l y  a t  h i g h  o-xylene c o n c e n t r a t i o n s  i n  t h e  f e e d .  There- 

fore p r e f e r e n t i a l  s o r p t i o n  measurements are p r e f e r r e d  o v e r  o v e r a l l  

s o r p t i o n  measurements o r  pu re  component s o r p t i o n  measurements.  
For  a b i n a r y  sys t em c o n s i s t i n g  o f  polymer and p e n e t r a n t  ( o r  perme- 

a n t )  t h e  a f f i n i t y  can  be d e s c r i b e d  a d e q u a t e l y  by t h e  s o l u b i l i t y  

pa rame te r  t h e o r y  i n  t he  case of hydrophobic  s u b s t a n c e s  w h i l e  t h e  

Flory-Huggins t h e o r y  can  be used  f o r  p o l a r  s u b s t a n c e s  t o o .  The 

i n t e r a c t i o n  pa rame te r s  i n v o l v e d  i n  t h e s e  t h e o r i e s ,  6-parameter and 

X-pa rame te r  r e s p e c t i v e l y ,  are b i n a r y  pa rame te r s .  I n  g e n e r a l  we are 
i n t e r e s t e d  i n  t e r n a r y  sys t ems  c o n s i s t i n g  of a l i q u i d  f e e d  m i x t u r e  

and a polymeric  membrane. Because i n  t h i s  c a s e  c o u p l i n g  phenomena 

o c c u r ,  even  f o r  weakly i n t e r a c t i n g  sys t ems ,  a f f i n i t y  o r  s o l u b i l i t y  

i n  a t e r n a r y  sys t em canno t  be d e s c r i b e d  o r  p r e d i c t e d  anymore 
n e i t h e r  by &-parameters  n o r  by X-parameters o n l y  as was a l r e a d y  

shown i n  t h e  e x p e r i m e n t a l  s e c t i o n .  I t  is p o s s i b l e  t o  modify t h e  

Flory-Huggins t h e o r y  i n  s u c h  a way t h a t  t e r n a r y  e f f e c t s  are  t aken  

i n t o  accoun t .  The re  are s e v e r a l  approaches  t o  c o r r e c t  for  t e r n a r y  
e f f e c t s .  Pouchly [27,28] i n t r o d u c e d  a t e r n a r y  i n t e r a c t i o n  param- 

eter xT.  Another approach  is t o  u s e  c o n c e n t r a t i o n  dependent  i n t e r -  

a c t i o n  pa rame te r s  [ 11,291. I n  t h i s  way a b e t t e r  agreement  c a n  be 

o b t a i n e d  between experiment  and t h e o r y .  

REFERENCES. 

1. R.C.  Binning e t  a l . :  U.S. P a t e n t s  2.923.749 (19601, 2.923.751 

(1960),2.953.502 (19601, 2.956.070 (19601, 2.958.657 (19601, 
2.970.106 (1961 1, 2.981.680 (1961 1, 2.985.588 (1961 1, 3.035.060 

(1962) 

2. R.C. B inn ing ,  R . J .  Lee, J.F. J e n n i n g s  and A.C. M a r t i n ,  Ind .  

Eng. Chem., 51, 45 (1961).  

(1975).  

3. D.R.  Pau l  and J . D .  P a c i o t t i ,  J. Pol. S c i .  A-2, 2, 1201 

4 .  C.H. Lee, J .  Appl. Pol .  Sci. ,  3, 83 (1975).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



18 MULDER AND SMOLDERS 

5. M.H.V.  Mulder and C.A. Smolders, J .  Membr. S c i . ,  3, 289 

6 .  A.B.  Krewinghaus, PhD T h e s i s ,  MIT Massachuset ts ,  Apr i l  1966. 

7. F.W. Greenlaw, R . A .  Shelden and E.V.  Thompson, J .  Membr. S c i . ,  

(1 984 1. 

- 2,  333 (1977). 

8. R .  Rautenbach and R .  Albrecht ,  J .  Membr. S c i . ,  1, 203 (1980). 

9. P. Apte l ,  J .  Cuny, J. Jozefowicz, J. Nee1 and B. Chaufer ,  Eur .  

10. F. Suzuki and K .  Onozato, J .  Appl. Pol. S c i . ,  3, 4229 (1982) .  

1 1 .  M.H.V.  Mulder, A.C.M. Franken and C.A. Smolders, J. Membr. 

Pol .  J . ,  2, 595 (1978). 

S c i . ,  22, 155 (1985). 

S c i . ,  2, 41 (1985). 

12. M.H.V. Mulder, A.C.M. Franken and C.A.  Smolders, J. Membr. 

13. J. Pouchly and A .  Zivny, Makromol. Chem., 183, 3019 (1982) .  

1 4 .  J . H .  Hi ldebrand and R.L. S c o t t ,  "The s o l u b i l i t y  of 
n o n - e l e c t r o l y t e s " ,  Plenum P r e s s ,  N Y ,  1949. 

15. P . J .  F l o r y ,  t ' P r i n c i p l e s  of  Polymer Chemistryf1, Cornell 
U n i v e r s i t y  P r e s s ,  I t h c a ,  NY,1953. 

16. P . J .  F lory ,  J .  Am. Chem. SOC., 5, 1833 (1965) .  

17. I . C .  Sanchez and R.H.  Lacombe, Macromolecules, 11, 45 (1978).  
18. E.B.  Bagley and J.M. S c i g l i a n o ,  I n  ' S o l u t i o n s  and 

S o l u b i l i t i e s ' ,  Ed. Dack, Chapter  3 
19. I . C .  Sanchez, i n  'Polymer Blends ' ,  Vol. 1 ,  Eds. D . R .  P a u l  and 

S. Newman, Academic Press, N Y  1982, p. 115 

20. R.S. Chahal, W.P. Kao and D. Patterson, J. Chem. SOC. Far .  

Trans.  1 ,  lo, 1834 (1973). 

21. C.M. Hansen and K .  Skaarup,  J. P a i n t .  Techn., 39, 511 (1967). 

22. P.E. Froehl ing ,  D.M. Koenhen, A. Bantjes and C.A. Smolders, 

Polymer, 3, 835 (1976). 

205 (1977). 

23. L. Broens, D.M. Koenhen and C.A. Smolders, Desalination 22, 

24, M.H.V. Mulder, F. K r u i t z  and C . A .  Smolders, J .  Membr. Sci. ,  11, 
349 (1982). 

25. F. Suzuki and K .  Onozato, J. Appl. Pol. S c i . ,  2, 1949 (1983). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



SOLUTION-DIFFUSION MODEL 19 

26. C. Larchet, J.P. Brun and M. Guillou, J. Membr. Sci., 15, 81 

27. A. Zivny and J. Pouchly, J. Pol. Sci. A-2, lo, 1467 (1972). 
28. J. Pouchly and A. Zivny, Makromol. Chem., l&, 3019 (1982). 
29. F.W. Altena, PhD-thesis, Twente University of Technology, 1982 
30. T. Itoh, H. Toya, K. Ishihara and I. Shinohara, J. Appl. Pol. 

( 1  983). 

Sci., 30, 179 (1985). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


