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VOORWOORD 

Een onderzoek  kan a l leen   pre t t ig   ver lopen   en   to t   resu l -  

t aa t  le iden  wanneer het  werkklimaat , waarin  het  onderzoek 
wordt  uitgevoerd, goed i s ,  

D e  s feer   in   ' onze   g roep ' ,   de  Werkgroep Membraanfiltratie, 
i.s m e e r  dan  uLtstekend. In  een  raderwerk i s  een  klein ra- 
d e r t j e   e c h t e r  even  belangrijk als een  groot w i e l .  Ook d i e  
k l e ine   r ade r t j e s  , zoals   technische  dienst ,   g lasblazer i j  , 
bodediensten etc. , hebben  bijgedragen t o t  een p r e t t i g  werk- 
klimaat. Langs deze weg w i l  i k  a l l e  grote  en  kleine  rader- 
t jes bedanken. 

V i j f  namen w i l  í k  noemen: José,   d ie  al le membraanexpe- 
rimenten  heeft  uitgevoerd m e t  een  bepaalde  (nuchtere)  vol- 
harding; Bartie, d i e   h e t  typewerk heeft   uitgevoerd ondanks 
een  overvol programma; B e r t ,  voor  het  ontwerpen  van  de om- 
slag;  de  'korrigeergroep'  (Johan  en  Hans),  voor  het  kri- 
t isch  doorlezen van de  getypte  versie '   en  vthuis '   (Jos,Ivo 
en J o r i s )  I d i e  er voor  zorgde  dat  ik 's morgens w e e r  f l u i -  
tend  naar   het  werk ging. 
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CHAPTER 1 

INTRODUCTION 

MEMBRANE  FILTRATION 

Success i n   t h e  development  of  synthetic membranes from 
polymeric materials i s  one of t he  main reasons  for  the 
growth  of membrane technology  over  the  past 1 5  years.   In,  
the  USA, an  intensive  research  and development  program 
s t a r t e d   i n   t h e   e a r l y  sixties,  e spec ia l ly   i n   t he   f i e ld   o f  
the  production  of  fresh water from brackish  and  sea-water, 
allowed membrane technology t o  evolve. 
Today, membrane technology has found i t s  p l a c e   i n  a wide 
range  of  applications  .such as desa l ina t ion  of sea-water, 
e l ec t rod ia ly t i ca l   t r ea tmen t  of i n d u s t r i a l   e f f l u e n t s ,  
d i a ly t i ca l   de tox i f i ca t ion  o'f b lood   us ing   an   a r t i f ic ia l  
kidney,  controlled  release of active  agents  in  therapeu- 
t i c a l  sys tems,   microf i l t ra t ionofsuspendedsol idsandre-  
covery  of  hydrogen  from 
A l s o  in   the  Nether lands 
have  begun t o  emerge as 
mercial ly   re levant   uni t  
p l ica t ions  are 

The hear t   o f  
A membrane can 
geneous  phases 

phase 1 

given   in  

gas  mixtures by gas  separation. 
membrane separation  processes 
technical ly   s ignif icant   and com- 
operations and some important ap- 
t a b l e  1. 

. I  

every membrane process is  the  'membrane. 
be  defined as a b a r r i e r  between two homo- 
(Fig. 1) .  

phase 2 

F I G U R E '  1 .* Schematic  re- 
presentation of a  two-phase , 

system separated by a  membrane 

membrane 
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Membrane technology i n   t h e  Netherlands 

Industry  process stream membrane  membrane 
process  configuration 

AVEBE potato  s tarch UF and H F  b tubular  
(food) 
Heineken potable water H F  s p i r a l  wound 
(beverage) 
Hoogovens oil /water emul- UF tubular  
(metallurgie)  sions 
Nutricia whey U F  plate-and-frame 
(dairy) 
Greenhouses  waste- o r  po- HF s p i r a l  wound o r  
(agr icul ture)  table water hollow f i b e r  or 

tubular  

a 
UF: u l t r a f i l t r a t i o n  

b H F  : hyperf i l t r a t i o n  

Transport  through  the membrane takes  place when a dr iv ing  
force  i s  appl ied   to   the  components OE phase 1 ( the   d r i -  
ving  force i s  a poten t ia l   d i f fe rence   across   the  membrane, 
i n   gene ra l  a chemical   potent ia l   d i f ference) .  The  membrane 
has   t he   ab i l i t y   t o   t r anspor t   one  component more r ead i ly  
than  another : it acts as a s e l e c t i v e   b a r r i e r .  For d i f -  
f e ren t   app l i ca t ions  (i.e. d i f f e r e n t  membrane processes) 
d i f f e r e n t  membranes are needed. Most of   the  membranes 
used i n   t h e   v a r i o u s  membrane processes are asymmetric 
membranes. Asymmetric membranes cons i s t  of  a thin  dense 
toplayer and a porous  sublayer  (Fig. 2 ) ;  r e s i s t a n c e   t o  
mass t r a n s f e r  i s  determined  to a l a rge   ex ten t  by the  top- 
l aye r  - 
I n   t h e  case of  symmetric membranes (porous o r  nonporous)  fhe 

r e s i s t ance  is  determined  by  the  total  membrane thickness. 
F ig .  3 gives a sFhematical   representat ion  of   dif ferent  
membrane pore   s t ruc tures .  These structures  can  be  observed 
i n   t h e   t o p l a y e r   i n   t h e  case of  asymmetric membranes or i n  
the  complete  cross-section i n   t h e  case of symmetric mem- 
branes. Figs. 3a and  3c are t y p i c a l  examples of  s t ruc tu-  

10 



FIGURE 3. Schematic  representation  of  different  membrane  structures. 
a) cylindrical  pore  structure; b) nodular  structure; c) spongelike 
structure ; d) nonporous  structure . 



growth d evelopmat 

pervaporation microfiltration 

FIGURE 4 .  States of  development o f  d i f f e ren t  membrane processes  (ref. 
3 ) .  

res found i n   m i c r o f i l t r a t i o n  membranes where 3a repre- 
sen ts  a Nuclepore membrane and  3c a bkl l ipore  membrane. 
Fig. 3b shows a nodular   s t ructure  which  can  be  found i n  
the  toplayer  of soine u l t r a f i l t r a t i o n  membranes, e.g. po- 
lysulfone C1 l and  poly ( 2  p 6-dimethylphenyleneoxide) C2 7. 
F ig .  3d shows a .  homogeneous nonporous s t ruc tu re  which  can 
be  found i n   t h e   t o p l a y e r  of asymmetric hype r f i l t r a t ion  
and pervaporation membranes. No fixed  pores are present  
and t ransport   takes   place by a solut ion-diffusion mecha- 
nism. The s t ruc tu re  of these  dense  toplayers i s  d i f f i -  
cul t   to   character ize   with  direct   techniques  such as scan- 
ning  electron  microscopy (SEM) . The packing  density  of 
the  entangled OT crosslinked  chains as w e l l  as t h e  chemi- 
cal state of the  polymer (glassy,   rubbery,   crystal l ine,  
amorphous etc.) are of utmost  importance  for  the  ultimate 
membrane performance. 

Table 2 summarizes some important membrane processes. 
The commercial  development of the  var ious membrane pro- 
cesses did  not  proceed  equally as can  be  seen from Fig.4 
C31 o Pervaporation is  s t i l l  i n  the embryonic state and 
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TABLE 2 

Some  membrane separation  processes 
~ 

Membrane phases  driving mechanism of membrane appl icat ion 
process  force  separation  structure examples 

~~ 

microf i l t r a t i o n  L/L AP sieving  symmetrical  bacteria 
10 t o  100 kPa (coarse) po- f i l t e r  

rous 
u l t r a f i l t r a t i o n  L/L AP s ieving asymmetric separation  of 

0.1 t o  1 MPa macromolecu- 
les from  aque- 
ous  solutions 

hype r f i l t r a t ion  L/L AP solution/ asymmetric/ separation  of 
1 t o  10 MPa diffusion  composite salts from a- 

queous solu- 
t i ons  

gas  separation G/G AP diffusion homogeneous/ separation of 
O .  1 t o  10 MPa . asymmetric/  gases (N2/02, 

pervaporation L/G AC solution/ homogeneous/ separazion  of 
composite CH4/C0 ) 

diffusion asymmetric./ organic li- 
composite  quids 

e l ec t rod ia lys i s  L/L AE se l ec t ive  symmetric desal inat ion 
ion  trans-  of water and 
port  process  streams 

a t  t he  moment the re  is  one  commercial p l a n t   i n  B r a z i l  f o r  
the  production  of  ethanol from  biomass C4 1 . Because  per- 
vaporation i s  the   subjec t   o f   th i s   thes i s ,   the   genera l  as- 
pects of this   process  w i l l  be  discussed more i n   d e t a i l  
later on i n   t h i s   c h a p t e r .  B 

G a s  separat ion i s  a l so   i n   t he   phase  of development  and 
the  commercial   succes   s tar ted  qui te   recent ly ,   especial ly  
by the  introduct ion ,of t he  Monsanto PRISMTM system. 
Mic ro f i l t r a t ion ,   u l t r a f i l t r a t ion  and h y p e r f i l t r a t i o n  of 
indus t r ia l   p rocess  streams are i n   t h e   s t a g e   o f  growth. 
The  number of   possible   appl icat ions i s  very  large.  
Desalination  of  brackish  and sea-water by h y p e r f i l t r a t i o n  
still has  very  promising growth p o s s i b i l i t i e s .  

1 3  



PERVAPORATION 

Pervaporation i s  a membrane process  where a l i q u i d  
(mixture) is  i n   d i r e c t   c o n t a c t  a t  one s i d e  of t he  membra -  
ne  (upstream  side)  and  where  the  permeated  product i s  re- 
moved as a vapour a t  the   o the r   s ide  (downstream s ide )  by 
applying a very low partial   pressure.   This  can  be  achieved 
e i t h e r  by c rea t ing  a vacuum o r  by  employing a ca r r i e r   gas  
(Fig. 5 ) .  Pervaporation is the   on ly  membrane process where 
a phase t ransi t ion  occurs   going from  upstream s i d e   t o  
downstream s ide  . 

I I- + co nd en s a k  

carrier-gas I t  

FIGURE 5. Pervaporation w i t h  downstream  vacuum or carrier-gas 

Already i n  1906, Kahlenberg [SI reported on t h e  permea- 
t i o n  of hydrocarbon-alcohol  mixtures  through a rubber 
membrane. I n  I9 17, Kober C6 I introduced  the term pervapo- 
r a t ion .  Around 1960, Binning  and  coworkers C7-101 t r i e d  
t o  commercialize  pervaporation  but  their  attempts w e r e  
not   very  succesful   despi te   intensive  invest igat ions.  
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Today, pervaporation i s  s t i l l  i n   t h e  embryonic s ta te  

(see Fig.  4 ) ,  although some in t e re s t ing   po ten t i a l   app l i -  
cat ions do e x i s t .  There are th ree  main reasons   for   th i s  
slow  commercialization: 
. The energy  consumption i s  re la t ive ly   h igh  compared t o  

o ther  membrane processes  such as u l t r a f i l t r a t i o n  and 
hyperf i l t ra t ion,   because a phase  transit ion  occurs and 
the   hea t  of vaporization  has  to  be  supplied.  

. Insufficient  permeation rates and/or   insuff ic ient   selec-  
t i v i t i e s  are ha rd   t o  cope with.  

. Process  design i s  d i f f i c u l t  because  of a temperature 
drop  across  the membrane and p r e s s u r e   l o s s e s   a t   t h e  
downstream s ide  . 

Pervaporation  can  be  used  to  separate  organic  l iquids 
which a r e   d i f f i c u l t   t o   s e p a r a t e  by d i s t i l l a t i o n  such  as 
azeotropic  mixtures and mixtures   with  c lose  boi l ing  points .  
Table 3 summarizes some applications  mentioned  in  the li- 

te ra tu re .  Most of  these examples  can also  be  found  in  Refs.  
11 and 2 9 .  

The s e l e c t i v i t y  towards a l iquid  mixture is  expressed 
by t h e   s e l e c t i v i t y   f a c t o r  a which  can  be defined by 

where xA and x are the  concentrat ions  of  components A 

and B i n   t h e  permeate  while yA and  yB are the  concentra- 
t i ons   i n   t he   l i qu id   f eed .  

B 

The pervaporation  process  essentially  ' involves a sequen- 
ce of th ree   s teps :  
. Selec t ive   sorp t ion  of components of a l iquid  mixture  

i n t o   t h e  membrane a t  the  upstream  side. 
. Selective  diffusion  through  the membrane. 
. Desorption  into a vapour  phase a t  the  downstream s ide .  

Transport  can  be  described by a solut ion-diffusion me- 
chanism  where s e l e c t i v i t y  towards a l iquid  mixture i s  ' 

determined by se lec t ive   sorp t ion  and se lec t ive   d i f fus ion .  
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TABLE 3 

Separation by pervaporation 

Liquid  mixture membrane material references 

aqueous nricctures 
water/methanol 
water/ethanol 
water/i,n-propanol 
water/sec , t-butanol 
water/(dimethyl)hydrazine 
water/pyridine 
water/acetone 
water/dioxane 
water/glycerol 

hydrocarbons 
hexane/chloro f orm 
benzene/chloroform 
o-/m-/p-xylene 
benzene/alcohol 
benzene/ ( cyc l o  hexane 
toluene/ ( cyc 10 ) hexane 
hexane/heptane 
benzene/heptane 
benzene/toluene 

a Zcoho Zs 
ethanól/chloroform 
ethanol/  (cyclo)  hexane 
ethanol/acetone 

cellophane, PMGM 11,12 
CA, PVA, PAN 13 , 14,15 
cellophane,CA,PVA,PTFE-PVP 11,13,14 

cellophane,CA 11 
cellophane,PE 11 

PTFE-PW 13 

PTFE-PW , PP 13 , 16 
PTFE-PVP,PA 13,17 
PTFE-S03  26 

PTFE-PW 13 
PTFE-PW 13 
PE,cellulose esters 18 , 19 
CA, PE 11,13 
HEMA,PP,PPO-AC,PMGM 20,24,25,27 
PE 11,20,21 
PE 22 
PE,SBR,NEiR. 22,23 
PETF 28 

PTFE-PW 
PTFE-PW 
PTFE-PVP 

13 
13 
13 

i-propanol/trichloroethyIene PE 30 

So lub i l i t y  i s  a thermodynamic property  and  diffusivity a 
k ine t ic   p roper ty  and b o t h   a f f e c t   s e l e c t i v i t y .  When two o r  
more components are permeating  through a membrane coupling 
will occur.  This means t h a t   i n  case of a binary  mixture 
the   f l ux  of a component i n  ,the membrane i s  not   only  deter-  
mined  by the  presence of the o the r  component bu t   a l so  by 
i t s  movement, Therefore, model descr ip t ion  i s  o f t en   d i f -  
f i c u l t  and predicting  selectzivity  towards  mixtures from 
permeabi l i t ies  of the  pure components w i l l  hardly  be pos- 
s i b l e   i n   t h e   c a s e  of s t rongly   in te rac t ing   sys tems,  
Ethanol-water  mixtures  behave f a r  from idea l .   I n   t he  last 
decade much at tent ion  has   been  paid  to   the  separat2on of 
th i s   mix ture .   In   fac t ,   separa t ìon  of ethanol-water became 

16 



a c t u a l   a f t e r   t h e   o i l   c r i s i s   a b o u t   t e n   y e a r s  ago because 

ethanol  can  be  used as an   a l t e rna t ive  renewable fue l .  
Ethanol  can  be  obtained by fe rmenta t ion   of   ce l lu los ic  
biomass. The pur i f ica t ion   of   e thanol   a f te r   fe rmenta t ion  
by means of d i s t i l l a t i on   i n to   pu re   e thano l  i s  one  of  the 
energy  consuming s teps  of t he   t o t a l   p rocess ,   e spec ia l ly  
when the  azeotropic  composition ( 9 6  % by weight  of  etha- 
nol)   has   to   be  passed.  A more de ta i led   descr ip t ion   of  
ethanol-water  separation by pervaporation i s  g iven   i n  
Chapter 3 .  r n   t h i s   c h a p t e r  a schematic  flow  diagram i s  
given  for  , the  continuous  fermentation of biomass  and pu- 

' r i f i c a t i o n  of e thanol .   cont ro l led  by u l t r a . f i l t r a t i o n  and 
pervqmration.  In  *his  diagram  pervaporation i s  used t o  
separa te  w a t e r  and ethanol  over  the  entire  composition 
range.  Atthemoment a combinat ion  of   dis t i l la t ion and 
pervaporation looks v e r y   a t t r a c t i v e ,   u s i n g   d i s t i l l a t i o n  

f o r   t h e   f i r s t   s t e p   ( c o n c e n t r a t i n g  up to   about  80  % by 
weight)   andpervaporat ion ' for   the  f inal   dehydrat ion  s tep.  
Fig.  6 gives a schematic  flow  diagram of  t h i s  combined 
distillation/pervaporation p lan t  which i s  used f o r   t h e  
pu r i f i ca t ion  of b ioa l coho l .   'Af t e r   d i s t i l l a t i on  a pu r i f i ed  
feed  s t ream,  havinganethanol   concentrat ion of 60-96 %by  
weight ,   enters   the membrane modules (so memb'rane.fou- 
l i n g  w i l l  be a t  a minimum). The i n l e t   f e e d   h a s  a tempe- 
r a tu re   o f ' abou t  8OoC (depending on the  composition).  Be- 

cause  the  heat   of   vaporizat ion of the  permeated'product 

has   to   be.suppl ied by the  feed  stream,  the  temperature 
wiJl decrease and so the  temperature  of  the  concentrate 
i s  much lower  than  the  temperature  of  the  inlet   feed. 
I n  o rde r   t o   i nc rease   t he   t empera tu re   t o  80OC 'again  the 

Concentrate i s  rec i rcu la ted   to   the   condensor .of   the   d i s -  
t i l l a t i o n  column before   the  next  membrane u n i t  i s  entered.  
I n   t h i s  way the   e thanol  i s  pur i f i ed  up t o  99.8 % by weight. 

The condensed,  permeate i s  r e c i r c u l a t e d   t o   t h e   d i s t i l l a t i o n  
çolumn. An app.reciable  reduction  in  investment  costs and 
energy  'consumption can be  achieved by t h i s  combined d is -  
t i l l a t lon jpkrvapora t ion   process  ~43,44 I . 

. .  
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60-96% 
EtOH 

5-1 O V o  
EtOH 

sugars 

reactor 
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FIGURE 7. Schematic  presenFation of a continuous  fermentation and 
pur2fication  process for the  production of pure  ethanol w i t h  a com- 
bined distillation/pervaporation process. 



It i s  also  possible   to   perform  fermentat ion and pu- 

r i f ica t ion   cont inuous ly   wi th  a combined d i s t i l l a t i o n / p e r -  
vaporation  process as shown i n   F i g .  7 .  The f i r s t  pervapo- 
r a t i o n ' u n i t  is  put   into  the  fermentor  and t h i s   u n i t  con- 
sists' of membranes which are preferen t ia l ly   permeable   to  
ethanol.   This  construction makes it p o s s i b l e   t o  remove a 
cer,tain  ethanol-water  mixture  continuously  from  the fer-, 
mentation  broth. The permeate,  containing .20 t o  40 % etha- 
nol  (or  even more, membranes are s t i l l  i n  deyelopment), 
e n t e r s   t h e   d i s t i l l a t i o n  column where it is  pur i f i ed  up t o  
80 ,% whereas the   f i na l   dehydra t ion   s t ep  i s  performed by a 
second  pervaporation  unit,  containing membranes which are 

. p r e f e r e n t i a l l y  permeable t o  water. When i n   t h e   n e a r   f u t u r e  
h ighly   se lec t ive  membranes are developed  the  pervaporation 
system may even   r ep lace   t he   d i s t i l l a t i on   un i t .  

Although  ethanol-water  separations are commercially  very 

a t t r a c t i v e   t h e r e  are ' a l so   o the r   po ten t i a l   app l i ca t ions  as 
has  been  summarized i n   t a b l e  3,'From a technica l   po in t   o f  ' 

view  pervaporation  can  be  used  for  the  separation  of eve- 
ry  o,rganic  mixture  but from a commercial point  of  view' 
t h e  number of   appl icat ions i s  l imited.   Pervaporation w i l l  
especial ly   be  compet i t ive when the  concentrat ion of t he  
component which  has t o  be. remo.ved i s  low. Therefore,   the 
maj.or f i e l d   o f   a p p l i c a t i o n  w i l l  be: 
. Removing of small amounts of water' from organic   l iqu ids .  
. Removing of organic  contaminants  such as aromatics  and 

chlorinated  hydrocarbons  from. waste water. 
. Separation of. isomeric  l iquids  where  just  a'small a- 

mount of one  of  the components has   to  be'  removed. 
. Separation  of  azeotropic  mixtures  where  the  azeotropic 

composition i s  not  too  far  from  one  of  the  pure compo- 
nents  (examples are: water/ethanol;  water/i-propanol; 
water/t-butanol; water /THF; water/dioxane;  'methanol/a- 
cetone;  ethanol/hexane;  propanol/cyclohexane e t c . ) .  

When highly selective membranes are ava i l ab le  pervapo- 
r a t i o n  can also be  used  over a wider  concentration  range. 
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For instance,  when t h e  membrane cha rac t e r i s t i c s  are far  

superior  to  vapour-liquid  equilibria  pervaporation may 
replace  dis t i l la t ion  over   the  ent i re   composi t ion  range.  
Therefore,   future  research  should  be  focussed  on  the de- 
velopment o€ h igh ly   s e l ec t ive  membranes for each  kind of 

separation  problem, i.e. h i g h   s e l e c t i v i t y   h a s   p r i o r i t y  
over  high  permeation rate. 

It w i l l  be clear t h a t   t h e  number of po ten t ia l   appl ica-  
t i ons  €or pervaporation is  very  large.  Imaging a l l  azeo- 
t rop ic   e thano l -wa te r   d i s t i l l a t i on   un i t s  would be  replaced 
by pervaporation  units  the  growth of t h ï s  membrane pro-' 
cess would be  explosive. Only the  environmental  aspects 
would a l r e a d y   j u s t i f y   t h e  us,e of  pervaporation  because 
en t ra iners  (a.o. benzene) are not  needed anymore, 
A t  t he  moment pervaporation i s  s t i l l  i n   t h e  embryonic sta- 
t e  b u t   i n   t h e   n e a r   f u t u r e   t h e  number of commercial  appli- 
ca t ions  w i l l  grow. Pervaporation  can  be  seen as a 'next 
generation membrane separation  process '  and t h e ' s e p a r a t i o n  
of ethanol-water is one of  the  main. , topics  of a R&D pro- 
gram of the   Minis t ry  of International  Trade  and  Industry 
(MITI) i n  Japan,   c lear ly   in   expectat ion  of   the  growth  abi-  
l i t ies of pervaporation. 

SOME THEORETICAL CONSIDERATIONS 

The kind of t r a n s p o r t  mechanism, descr ibing selective 
transport   through a membrane, l a rge ly  depends  on the   k ind  
of membrane s t ruc tu re .  W e  w i l l  consider   the  t ransport  
through so  c a l l e d  homogeneous membranes i n  which no f ixed 
pores are present .   Transport   through  this ,kind of membra- 
nes  takes  place  by  diffusion  due  to a chemical   potent ia l  
d i f fe rence   across   the  membrane. For isothermal  processes 

the  chemical   potent ia l  i s  a function of a c t i v i t y  and  pres- 
sure .  For a component i the  chemical   potent ia l  i s  given by 
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PHASE 1 1 MEMBRANE I PHASE 2 

FIGURE 8. Schematic sur^Ney of the  permeation  factors  for  trans- 
p o r t  through a membrane. 

A schematic  survey  of  the  permeation  factors  for 
t r anspor t   i s . g iven   i n   F ig .  8.  During  pervaporation  trans- 
port   takes   place from a l iquid  through  the membrane i n t o  
a vapour  phase. I f  Pp i s  the  vapour  pressure  of compo- 
nent i a t  a certain  temperature and P 2  i s  the  pressure a t  
t he  downstream s ide   t hen   t he   ac t iv i ty   o f  component i i n  
the  permeate,  assuming  ideality  of  the  vapour, i s  given 

by 

The vapour  pressures  of water and ethanol a t  2OoC are 2 - 3  

and  5.8 kPa (17.5  and 43.5 mm Hg) respec t ive ly .  By apply- 

i n g  a Very high Vacuum ( p i > > p 2 )  at, t h e  downstream side, 
a -+ O and the   ac t iv i ty   g rad ien t   across   the  membrane 
w i l l  be  maximal. 
In  the  pervaporation  process  the  pressure  gradient  hardly 
contributes  to  the  driving  force,   This  can  be  demonstra- 
ted   qu i te   eas i ly .   In   pervapora t ion   the   p ressure   d i f fe rence  
across   the membrane i s  about O .  1 MPa (1 bar )  and  given 
t h a t   t h e  mo'lar  volume of  the  permeant i s  1 0 0  ml/mole, 

O 

2, i 
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t h e  t e r m  TAP i s  about 10 J/mole  (assuming t h a t   t h e   p a r t i a l  
molar  volume i s  equal t o  t h e  molar volume). A t  room tempe- 
r a t u r e  RT i s  already 2.5 kJ/moIe  and therefore   the   p res -  
sure   g rad ien t  t e r m  i n  eqn. (2)  can be neglected. We w i l l  
see later on that this  has  been  confirmed  experimentally, 
In   genera l   one   can   say   tha t   g rad ien ts   in   p ressure   and  . 

temperature are weak d r i v i n g   f o r c e s   i n   r e s p e c t   t o   a c t i v i -  
t y   g rad ien t s  (times E T ] .  ,Comparing pervaporation  (activi-  
ty   g rad ien t )   and  reverse osmosis  (pressure  gradierit)  using 
the  same  (homogeneous) membrane, t he  same permeation rates 

can  be  obtained when in f ìn i t e ly   h igh   p re s su res  are applied 
a t  the   ups t r eam  s ide   i n   t he  case of reverse osmosis  and 
high vacuum a t  t h e  downstream s i d e   i n   t h e  case of  pervapo- 
ratjron. 
Assuming tha t   t he   p re s su re   i n s ide   t he  membrane i s  equal 
to   the  upstream  pressure (P,=PT=P;) then some i n s t r u c t i v e  
relat ions  can  be  der ived  with  respect  t o  t he  comparison of 

reverse osmosis.  and  pervaporation. A t  t h e  upstream/membra- 
ne  and downstrearn/meqbrane interfaces .  we 'have  the follow- 
ing  equilibriufn  conditions.  

I f  we have  pure  l iquid a t   t h e  upstream  side  and downstream 
s i d e  (i.e. reverse osmosis)  then  the  following  relations 
for the   chemical   potent la l  of component i can  be  derived. 

From eqns . (Q) and ( 7 )  we  can  deduce tha t   the   ups t ream ac- 
t i v i t y  must be  unity: am = 1. 

1 ,i. 
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From eqns . (8)  and ( 9 )  we can  deduce the  following rela- 
t i o n   f o r   t h e  downstream a c t i v i t y   i n   t h e  membrane. assuming 

m' 
' = RT 

r e v e r s e  osmosis 

If w e  have  pure  liquid a t  the.   upstream  side and  vapour a t  
t he  downstream s i d e  (.i.e. pervaporation)  the  equations 
given  above  remain  the same except  for  eqn. ( 9 )  

I f  for  convenience P = P2' then  combination  of  eqns. (8)  
and (11) gives   the   fo l lowing   re la t ion   for   the  downstream 
a c t i v i t y   i n   t h e  membrane 

r e f  

n 
=2 am - 

2i P; 
pervapora t ion  

The d r iv ing   fo rce   fo r   d i f fus ion  w i l l  be maximal when a;,i 
i s  as small as   poss ib le  ( a 2  . + O ) .  

r %  

m 

This i s  t h e  case when P2 + O for  pervaporation  (eqn. ( 1 2 ) )  

and P1 - P 2  + w for  reverse  osmosis  (eqn. (10.)). Theva l id i ty  
of these  statements  have  been  verified  experimentally by 
Paul c311 by comparing ce i l ing   f luxes   for   hydraul ic  perme- 
a t i o n  and  pervaporation  in  highly  swollen  rubbers.  The 
equations  derived  above are r a t h e r   i n s t r u c t i v e  from a peda- 
gogical  point  of view,  demonstrating  clearly  the  differen- 
ces in   dr iving  forces   for   hydraul ic   permeat ion and  perva- 
poration. They are   not   very  useful   for   t ransport   descr ip-  
t i ons .  One of  the  assumptions of der iving  these  equat ions 
i s  t h a t   t h e   p r e s s u r e   i n   t h e  polymer i s  uniformly  equal t o  
t h a t   i n   t h e   l i q u i d  phase (P1 = P: = .  P;) b u t   i n   t h e  case of 
little o r  moderately  swollen  glassy  polymers a pressure 
gradient   across   the membrane , i s  more l i k e l y  (P1 f $1 . 
TRANSPORT EQUATIONS I N  PERVAPORATION 

Permeation of p u r e  l i q u i d s  
The t ransport   of   pure  components through  polymeric mem- 

branes  can  adequately  be  described by Fickl's l a w  
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The p r o p o r t i o n a l i t y   c o e f f i c i e n t   o r   d i f f u s i o n   c o e f f i c i e n t  
(Di) is  in   genera l   no t  a constant ,   especial ly-   not   in   poly-  

mer-permeant systems,  but it i s  concentration  dependent. 
In   pervaporat ion  the  concentrat ion a t  the  upstream  s ide 
of  the membrane is maximal while a t  the downstream s i d e  
the  concentration w i l l  be  very low.  Therefore,  going  from 
upstream  s ide  to  downstream s i d e   t h e   d i f f u s i o n   c o e f f i c i e n t  
w i l l  vary  appreciably. 
Empirical  equations  have  been  used  to  expr.ess  the  concen- 

t r a t i o n  dependency  of the   d i f fus ion   coef f ic ien t .  Many in- 
vest igators   used  an  exponent ia l   re la t ionship 

where D is  the   d i f fus ion   coe f f i c i en t   o f   pene t r an t  i i n  
the  mért-brane a t  zero  concentration (c -t O )  and yi i s  a 

p l a s t i c i z i n g   a c t i o n  of the  l iquid  on  the  segmental   motions.  
By combinbg  eqns. (13) and (14)  and in t eg ra t ing   ac ross  
the  membrane (ci = c a t  x = O and c = c2,; a t  x = R )  
eqn. (15) i s  obtained. 

O, i 

i 
. plas t ic iz ing   cons tan t   express ing   the   in f luence   o f   the  

m m 
1, i 

Assuming c -t O then m 
. 2,;  

Eqn. (16)  descr ibes   s ingle  component t r a n s p o r t   i n  pervapo- 
r a t i o n   q u i t e  w e l l  and many inves t iga tors  [16,17,20,28,39-411 
used th i s   equa t ion .  

permeation of l i q u i d  mixtures 
an pervaporqtion  transport   takes  place  by a solution-dif-  

fus3on mechanism. S o l u b i l i t y  2s a 'thermodynamic property 
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and d i f f u s i v i t y  i s  a kinet ic   property  and  both  affect  se- 
l e c t i v i t y .  During t r anspor t  of a mixture  through a mem- 
brane  the components w i l l  i n t e rac t   w i th   t he  membrane mate- 
rial and  mutually. The f lux   of  a component of a binary 
mixture w i l l  be  modified by the  presence and by the  mobi- 
l i t y   o f   t h e   o t h e r  component.  Because of these  coupling 
phenomena, t ransport   descr ipt ions  of   binary  mixtures  are 
o f t e n   d i f f i c u l t .  

In   the   case   o f   gas   separa t ion   the   se lec t iv i ty   can   be  
pred ic ted   to  a reasonable  extent from the   permeabi l i t i es  
of theindividualcomponents.However, i n   t h e '  case of per- 
vaporation it would be  hardly  possible t o  p red ic t  selec- 
tivities from  pure component experiments  only.  Table 4 

gives  the  gas  permeation  (oxygen  and  helium)  and  pervapo- 
r a t i o n  (water and  dioxane)  experiments of the  pure compo- 
nents and of  the  equimolar  mixtures  through a Nylon-6 mem- 
brane. 

. .  

TABLE 4 

Gas permeation and pervaporation  through a Nylon-6  membrane 

* t 
gas  permeation  pervapora,tion 

Po;' : 0.038 f : 0.4 10 
-4 

Jdioxane 

JH20 
PHe ': 0.53 1.2 I O - ~  

PHe/Po : 13 -9  JH O /J dioxane : 3.0 
2 2 

: 13.0 a a w o 2  H20/dioxane : 58.6 

*Ref C421 . 
'Ref C171 . ' -10 cm (STP) cm 3 

10 
. .  

n 

cm' sec  cmg 
f cm/hr 

f n , t h e  case. of   gas   separa t ion   the   ra t io  of the  pure compo- 

nent   permeabi l i t ies  (= 1 3 . 9 )  agrees  reasonably w e l l  with 
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the   select ivi ty   obtained  for   an  equimolar   mixture  (a = 

1 3 . 0 ) .  However, the   pervapora t ion   resu l t s   c lear ly  demon- 
strate t h e   e f f e c t  of coupling  because  the  ob'se,rved selec- 
t iv i ty   for   an   equimolar   mix ture  of water  and  dioxane is 
much larger  than  could  be  expected.from  pure component 
permeabili ty  data.  The permeation of l iquid  mixtures  and 
the  occurence of coupling i s  d iscussed   fur ther   in   the  

chapters 5, 6 and 7 .  

DIFFERENT FACTORS AFFECTING SELECTIVITY AND .PERMEABILITY 

E f f e c t  of ups tream  pressure .  
The permeation rate is almost  independent  of  the up- 

stream  pressure,  a t   least  a t  moderate  preasuLes, when high 
vacuum is applied downstream. In. terms of   the  solut ion-  
d i f fus ion  model this   can  be  explained as follows;  solubi- 
l i t y   i n   t h e  polymer i s  hardly  affected by pressure  while 

the   d r iv ing   force  w i l l  no t  chimge too much ei ther .   Experi-  
ments  performed  by  Greenlaw C407 on the system  hexane/poly- 
ethylene showed t h a t   i f  l o w  downstream pressures are ap- 
p l ied :  200 P a  (1.5 mmHg) amincrease of the  upstreampressure 
t o  2 MPa (20 bar)  had no e f f e c t  on  the  permeation rate, 
It i s  clear t h a t   s e l e c t i v i t y  w i l l  not   be   affected  -e i ther  
by changing  the  upstream  pressure as was demonstrated by 
seve ra l   i nves t iga to r s  C9,22,39 I .  

.~ 

E f f e c t  of downstream  pressure 
Downst reampressure   d i rec t ly   a f fec ts   the   ac t iv i ty  a t  t h e  

downstream s i d e  (see eqn. ( 1 2 ) )  and  therefore   the  dr iving 
force  w i l l  decrease i f  doimstream  pressure  increases  resul- 
t i n g   i n  a decreasing  f lux.  The permeation rate w i l l  become 
zero i f   t h e  downstream pressure   reaches   the   sa tura t ion  
pressure.  The inf luence  of   the downstream pressure on the  
permeation rate is demonstrated  c lear ly   in   Fig.  9 taken 
from R e f .  C40 I .  Since  permeation rate is  s t rongly   a f fec ted  
by  downstream p r e s s u r e   a l s o   s e l e c t i v i t y  w i l l  change  because 
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FIGURE 9. Effect  of  downstream  pressure on the  permeation  rate in per- 
vaporation  for the system  Nylon-G/water. 

the   differ ,ent  components t o  be  separated  have in   gene ra l  
different'   vapour  pressures. Hence, the  influence  of de-, 
c reas ing  downstream pressure on se lec t iv i ty   can   be   pos i t ive  

C221'or  negative C391. 

Effect of f i l m  thickness 
Binning C91 and  Aptel C391 s tudied   the   e f fec t   o f   f i lm 

thickness  (of homogeneous membranes) on permeation rate 
and s e l e c t i v i t y .  From t h e i r   r e s u l t s  it w a s  concluded t h a t  
permeation rate is  inverse ly   p ropor t iona l   to  membrane thick- 
ness.  These  results  are  in  agreement,  with  our' own r e s u l t s  
on the  system  water /e thanol /cel lulose  acetate  (see Fig. 1 0 )  

f o r  membrane thicknesses  between 30 t o  1 2 0  pm. Deviations 
from t h i s   r e c i p r o c a l   r e l a t i o n s h i p  were observed  for smaller 
and larger  thicknesses.  Furthermore, from Fig. 1 0 ' i t  can 
be  seen  that   f i lm  thickness   has  a small b u t   s i g n i f i c a n t  
e f f e c t  on se l ec t iv i ty .   Ap te l   r epor t ed   a l so   t ha t  a 
small but   again a s i g n i f i c a n t   i n c r e a s e   i n   s e l e c t i v i t y  
could  be  observed when the   f i lm  th ickness  was increased 
(see Ref. C40 1 , Fig. 2 )  , although  he  concluded  wrongly t h a t  
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FIGURE 10. Selectivity and permeation rate as a function of the  reci- 
procal thickness; feed: ethanoP-water 50-502. by weight;  temperature: 
20 OC; polymer: cellulose  acetate. 

C 

membrane thickness would n o t   a f f e c t   s e l e c t i v i t y .  

E f f e c t  of Z i q u i d   f e e d  composition 
S e l e c t i v i t y  and  permeation rate are dependent  on  the 

composition  of  the  l iquid  feed  mixture.   In t e r m s  o f   the  
solut ion-diffusion mechanism both s o l u b i l i t y  and d i f fus i -  
v i t y  change when the  l iquid  feed  composi t ion i s  changed. 
Examples of this  composition  dependence  are  given  in  sev- 

eral chapters   o f   th i s   thes i s .  

E f f e c t  o f  t emperature  
Generally,  permeation rate increases   and   se lec t iv i ty  de- 

creases ( n o t   t o   t h e  same exten t )  as temperature  increases 
C391. Because the  permeation rate increases  exponentially 
(accordtng  to  an  Arrhenius  type of re la t ionship)  r while 
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s e l e c t i v i t y  i s  of ten   hard ly   a f fec ted ,   the   e f f ic iency  0.f 

the  pervaporation  process  can  be  improved  strongly  by  in- 

creasing  the  temperature .  

E f f e c t  o f  c r y s t a l l i n i t y  
Crys ta l l i n i ty   has  a large  inf luence on  membrane perfor- 

mance as w a s  demonstrated  by Long C371 and Stannet L361 

because  solut ion  and  diffusion  occur   in   the amorphous 
p a r t  and   no t   in   the   c rys ta l l ine   reg ions .   In   our   inves t i -  
gat ions  pr imari ly  amorphous polymers  have  been  considered 
and the   i n f luence   o f   t he   c rys t a l l i n i ty  w i l l  not  be  discus- 
sed   fur ther .  

E f f e c t  of po lymer ic  membrana m a t e r i a l  
The most ' important   var iable   determining  select ivi ty   and 

permeation rate is  the  choice .of t he  polymer  which i s  used 
a s  membrane mater! sl. For a given  binary  l iquid  mixture 
a s u i t a b l e  membrane material should  be  chosen  according t o  
the  solut ion-diffusion mechanism.However,on forehandneither 
de f in i t e   qua l i t a t ive   no r   quan t i t a t ive   p red ic t ions . can   be  
made concern ing   f lux   and   se lec t iv i ty   for  a. given  mixture 
and membrane material. Therefore, a bet ter   understanding 
o€ pre fe ren t i a l   so rp t ion  and  coupled  diffusion phenomena 
is necessary  for  developing  proper membranes. 

E f f e c t  of membrane s t r u c t u r e  

T i l l  now most  of the  pervaporation membranes used w e r e  
of   the  homogeneous type.  Because  the  permeation rate is  
roughly  inversely  proport ional   to . the membrane thickness 
an  improvement i n   f l u x  can  be  expected when asymmetric o r  
composite membranes are used,  Systematic  investigations 
t o  develop  asymmetric  (or  .composite)  pervaporation membra- 
nes  have  not  been  reported  yet. 
The presence  of a porous  sublayer may have , a  l a rge  inf luen-  
ce on mass t ransfer   during  pervaporat ion.  When asymmetric 
membranes are used  there are two p o s s i b i l i t i e s  of i n s t a l -  

. l i n g   t h e  membrane: 
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. the   top layer  i s  facing  the  feed  ( ' skin  up '  ) . 
the  porous  sublayer I s  facing the feed ( t sk in  downR ) . 

I n   t h e  case of 'skin  upt - the res i s tance  a t  the  feed/mem- 
brane  interface is e q u a l   t o   t h a t   o f   t h e  homogeneous mem- 
branes  but   the   res is tance  in   the  porous  layer   can  be ap- 

prec iab le  when a high vacuum i s  appl ied downstream, es- 
p e c i a l l y  when the  pore  diameter  is small and t h e  permea- 
t i o n  rate i s  high. 
In   the  case  of   "skin down' the'porous  sublayer acts as a 
s tagnant   l ayer   and   the   ex ten t  of concentration  polarisa- 
t i onwi l lbe   s t rong lydependen ton the   s t rug tu reo f theporous  

sublayer  and  the  permeation rate. Therefore,   in  developing 
asymmetric  pervaporation membranes the   po res   i n   t he  sub- 
layer  should  be as l a rge  as possible .  
I n  a l l  pervaporation  experiments  described i n  t h i s   t h e s i s  
the   top layer  is  fac ing   the   feed  when asymmetric (or com- 
pos i t e )  membranes have  been  used. 

STRUCTURE O F  THIS  THESIS 

The ob jec t ive   o f   t he   i nves t iga t ions   fo r   t he   t hes i s  work 
can  roughly  be  divided  into two pa r t s ;  development o-f per- 
vaporation membranes and  description bf t ransport   through 
membranes. 

The development  of  the membranes i s  par t icu lar ly   descr ibed  
i n   t h e  Chapters 2, 3 and' 4 and   t r anspor t   desc r ip t ion   i n  
the  Chapters 5,  Q and 7. Although it seems so, it does  not 
imply t h a t  two different  subjects  have  been  studied.  During 
the   inves t iga t ions   over  the past   four  years  there  always 
was  a kind  of  feed-back mechanism,  knowledge on   t ranspor t  
phenomena w a s  t r a n s l ' a t e d   t o   t o  modify the  membrane t 
The chapters are not  divided  according t o  a t i m e  sequence 
bu t   acco rd ing .   l og ic   i n  sub ject descr ipt ion.  

A s  was  already  mentioned,  one  of  the main reasons   tha t  
pervaporation is  still i n   t h e  embryonic state is  because 
o f   i n s u f f i c i e n t   f l u x  combined wi th   insuf f icgent   se lec t iv i -  
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t y .  How can   these   p roper t ies .be  improved? 
This   thes i s  w i l l  t r y   t o  answer th i s   ques t ion  by analyzing 
the  roots  of  the  problem  which means. inves t iga t ing   so lubi -  
l i t y ,  and diffusivity.   Especially  the  knowledge  of  solubi- 
l i ty’   of   mixtures   in   polymeric  membranes , (the  occurence  of 
p re fe ren t i a l   so rp t ion )  i s  f a r  from  complete.  Those who are 
thinking  that   the  problems w i l l  have  been  solved now  com- 
p12etely  must  be  disappointed.  This  thes,is   gives  just  a 
small contr ibut ion  to   the  solut ipn  of   the  problem. 

. .  

- .  

The approach  followed  during  the  investigations w a s  t o  
ob ta in  a bet ter   understanding  of   factors  which  determine 
and   i n f luence   so lub i l i t y , and   d i f fus iv i ty .   In . the   o r ig ina l  
solution-diffusion model [ 4 5 , 4 6 1  t he  components are con- 

. ,  

s ide red   t o   d i f fuse   t h rough   t he  membrane independently. It 

is  ,ve ry   un l ike ly   t ha t   t h i s  w i l l  occur  because  f lows  willbe 

mutually  affected,  i .e. coupl ing   occurs   in   the   so lubi l i ty  
p a r t  as w e l l  as in   t he   d i f fus ive   pa r t .   Pe rhaps  it i s  s t a t e d  
too   of ten   in   th i s   thes i s   bu t   the   occurence   o f   coupl ing  
hardly  permits  predicting  f luxes  and  separation  factors 
from  permeation  experiments  of  the  pure components only 
(see for   instance  Table  . 4  o f   th i s+   chapter )  . , Therefore ,   in  
o rde r   t o  improve the  understanding  of  the  solution-diffusion 
mechanism mixtures w i l l  have t o  be  considered  rather  than 
pure  components. The number.of  interesting  l iquid  mixtures 
t o  be  studied i s  very  large (see Table, 3 of   th i s   chapter )  
and therefore  one  has  .to  chose. Two kinds  of  mixtures  have 
been  investigated,  o-xylene,’prxylene  and ethanol/water . 
The major pa r t   o f   t h i s   t hes i s   has  been  ‘focussed  on  ethanol/ 
water mixtures. 

Ethanol/water  mixtures  behave f a r  from i d e a l  and when a 
polymeric membrane i s  involvedasa th i rdcomponent thes i tu-  
a t i o n  becomes even more complex. The advantage  of  taking 
this   mixture  i s  that   the   occurence and extent  of  coupled 
transport   can  be  demonstrated  very  clearly.  

. , .  

The separation  of  isomeric  xylenes  has  been  chosen  because 
the  production  of  pure  p-xylene i s  o f   g rea t   i ndus t r i a l  im-  

* portance.  Another  important  aspect  of  this  very  weakly  in- 



t e rac t ing   sys tem is  the   f eas ib i l i t y   o f   t he   pe rvapora t ion  

process.  Because of t h e   s i m i l a r i t y   o f   t h e  two components 
w i th   r e spec t   t o   so lub i l i t y   and   d i f fus iv i ty ,  s m a l l  sepa- 
ra t ion .   fac tors   can  be expected  on  forehand. 

Chapter 2 gives a genera l   descr ip t ion   of   the   so lubi l . i ty  
parameter  theory  applied  to  o-xylene/p-xylene  mixtures  and 
c e l l u l o s i c  ester membranes. From the  experimental   data  it 

w a s  concluded that se lec t iv i ty   cannot   be   p red ic ted  by t h i s  
solubi l i ty   parameter   concept .  A s  far as s ing le  component 
permeation  concerns  this  concept  can  be  used  quali tatively 
t o  select h igh   f l ux  membranes. 

Chapter 3 gives  ager ieral   p ic ture  of ethanol/water  separa- 
t i ons  by pervaporation. .The use   o f   d i f fe ren t  membrane s t ruc-  
.ture.s f i. e . homogeneous , asymmetric  and  composite membranes f 
i s . desc r ibed .  The development of asymmetric  pervaporation 
membranes i s  discussed more i n   d e t a i l   i n  Chapter 4. By pre- 
parinq  asymmetric membranes,an increase  in   permeat ion rate 
can  'be  expected  without loss i n   s e l e c t i v i t y  when a dense 
and  compact top layer   s t ruc ture  is obtained. However, t h e  
gel led  toplayer   of   an asymmetric membrarìe w i l l  not  have i n  

genera l   the  same s t r u c t u r e  as t h e  homogeneous membrane. 
In  Chapter 5 a modified  solution-diffusion model is des- 

cribed  where  second-order  coupling i n   t h e   s o l u b i l i t y . p a r t  
as  w e l l  as i n   t h e   d i f f u s i v e   p a r t  i s  taken  into  account.  
In   o rder   to   reduce   the  number of  .adjustable  parameters, 
cross-term.diffusion  coefficients  have  been  neglected.  

In  'Chapter 6 experimental:   concentration  profiles of t h e  
systems  water/cellulose acetate, ethanol /cel lulose acetate 
and water/:ethanol/cellulose acetate are presented  and  the 
va l id i ty   o f   t he .  model descr ibed   in   chapter  5 i s  discussed. 

In  Chapter 7 theory  and  experiments on preferen t ia l   sorp-  
t i o n  o'f ethanol/water  mixtures  in  various  polymers are des- 

cribed. The experimental   sorpt ion  data  are compared with 
the  pervaporation  data and t h e   r e s u l t s  are d i scussed   i n  
terms of the   so lu t ion-d i f fus ion  mechanism. 

A t  the   very  end,   the  work p resen ted   i n   t h i s   t hes . i s  is  
summarized. 
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CHAPTER 2. 

SEPARATION O F  ISOMERIC  XYLENES  BY  PERVAPORATION THROUGH 
CELLULOSE ESTER MEMBRANES* 

M.H.V. MULDER, F. KRUITZ and C.A. SMOLDERS 

SUMMARY 

The  interaction,.between  the  isomeric  xylenes  and  different  cellu- 

loseesterswas investigated  using  solubility  parameter  considerations 
and  through  measurements of swelling  values. 

Hansen's  three-dimensional  solubility  parameters 6d, SP., 6h of all 

the  components  have  been  calculated.  These  values  have been used  to 

predict  the,interaction  between  polymer  and  penetrant. A measure  for 
this  interaction  is  given  by A, which is.  the  distance  between  polymer 
and  penetrant in the fid, 6 6 space. As exp,ected,  the  experimental 
swelling  values  varied in invers,e  proportion  to  the  calculated A val- 

P)  h 

ues. 
i '  

Pervaporation  characteristics of different  cellulose  ester  mem- 

branes  were  deterrflined  by  measuring  product  rates  and  selectivity. 
The  differences in membrane  characteristics  have  been  explained,  qua- 
litatively in terms of the  solubility  parameter  concept. 

. .:: 

C .  . :  

"Published in Journal:  of  Membrane  Science, 1 1  (1982) 3 4 9 .  
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INTRODUCTION 

It i s  w e l l  known that   pervaporat ion  can  be  used  to  se- 
parate   mixtures   of  low molecular  weight  organic compounds. 
Cont rary   to   o ther  membrane processes ,   suchashyper f i l t ra -  
t i on ,  a phase  transit ion  occurs  during  the  pervaporation 
process.  Consequently,  the  energy  input o,f the  process  i s  

a t  least equal t o  the  heat   of   vaporizat ion of t h e  permea- 
t i n g  compounds . Pervaporation  can  be  applied  successfully 
to   mixtures  which are d i f f i cu l t   t o   s epa ra t e ,   such  as aze- 
otropic  and  isomeric  mixtures.  

The separation  of  the  isomeric  xylenes  has  been  des- 
c r ibed  by several  authors.  Michaels e t  a2 . C 11 investiga- 
ted  the  selective  permeation  of  xylene  isomers  through 
commercially  available  polyethylene  films.  Sikonia C21 and 
L e e  C31 studied  the  separat ion  of   isomeric   xylenes  byper-  
meation  through  modified  plastic  films. 

Separa t ion   can   be   ach ieved   by   d i f fe rences   in   e i therso l -  
ub i l i t y   and /o r   d i f fus iv i ty   a r i s ing  f2om a d i f f e r e n c e   i n  
s i z e  or shape. The. s o l u b i l i t y   o f   t h e   p e n e t r a n t   i n   t h e  mem-. 
brane, i.e. t h e   i n t e r a c t i o n  between  polymer  and  penetrant, 
can   be   descr ibed   qua l i ta t ive ly  by means o f   t he   so lub i l i t y  pa- 
rameter theory. It should  be  emphasized; however, t h a t  
t he re  are some r e s t r i c t i o n s   i n   u s i n g   t h e   s o l u b i l i t y  param- 
eter theory,  Only energet ic   contrfbut ions  in   the  mixing 
process are involved  and  entropic   effects  are disregarded. . 

Moreover, solubili ty  parameters  predict   the  mixing  of sol- 
vents 'and  polymers  from propert ies  of the  pure  substances 
only. 

Despite  these.shortcomings,   the  solubili ty  parameter 
theory is  convenient  to  use  and  helpful as a f i r s t  esti- 
mate o f   i n t e rac t ion  phenomena, 

The three-dimensional  solubility  parameter  approach, as 
described by Hansen C41, has  been w e l l  redeived,  and ex- 
tensive  tabulat ions are a v a i l a 5 l e   i n   t h e   l i t e r a t u r e .  Such 
parameters may be   expec ted   t o   p red ic t   f ea s ib i l i t y   o f  mem- 
brane materials towards  permeability  behaviour  of  organic 
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substances. However, such a treatment s t i l l  remains  qual- 

i t a t i v e .  
It i s  the  purpose of t h i s   s tudy   t o   i nves t iga t e   t he   pe r -  

meation  and  separation  charackerist ics of isomeric  xyle- 
nes  through  cellulose ester membranes.  The objec t ives  of 
th i s   research  are: t o  c a l c u l a t e  and  evaluate  Hansen's sol- 

ubi,lity  parameters of t he   ce l lu lose  esters and of   the  iso-  
meric xylenes ; to r e l a t e   t h e  ' experimental   ,swelling  results 
to   the   so lubi l i ty   parameters   and   to   eva lua te   the   so lubi l i -  
ty   parameter   concept   in   order   to   predict   the   permeat ion 
behaviour  of  the  isomeric  xylenes  using  cellulose ester 
membranes. 

THEORY 

The basic  assumption  of  the  solubili ty  parameter  theory 
i s  t h a t  a c o r r e l a t i o n   e x i s t s  between the  cohesive  energy 
density  of  pure  substances (i.e. the i r   po ten t ia l   energy  
pe r   un i t  volume)  and t h e i r  mutual   solubi l i ty  .... The solubi- 
l i t y  parameter i s  r e l a t e d   t o   t h e .  C.E. D. as given by eqn. 

(1) 

6 = (C.E.D.) '  = (E) t . I . .  

vm 

For   mi sc ib l e   subs t ances ,   t he   d i f f e rences   i n   so lub i l i t y  pa- 
rameters are supposed t o  be small. Intermolecular  interac- 
t ions  contr ibut ing  to   the  cohesive  energy of l iquids   can 
be  divided  into  nonpolar (London d i spe r s ion   fo rces ) ,  po- 
lar ,  and specific  chemical  forces  (donor-acceptor . i n t e r -  ' 

actions,   such as hydrogen  bonding) . 
Hansen L 4 1  assumed tha t   t he   t o t a l   ene rgy  of vaporization 

is  t h e  sum of energies  required  to '  overcome d ispers ion  
fo rce   i n t e rac t ions  (AEd) , po la r   i n t e rac t ions  ( A E  ) ,  and t o  
break  hydrogen  bonds i n   t h e   l i q u i d  (AEh) . P 
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AE = AE f hE -+ @h , 

d P 

2 2 2 2 -  I .  

6 = t ì  + 6  + 6  
d P h  c3 1 

The solubi l i ty   parameter   can  be  considered  to   be  the re- 

s u l t a n t   o f   t h r e e  components,  due to   d i spers ion   forces  (tìd), 

polar  forces ( 6  ) and  hydrogen  bonds (S,) , as has  been ex- 
pressed   in   eqn .  ( 3 ) .  

P 

The th ree  components l i e  as vectors  along  orthogonal 
axes. The end-point of the  radius   vector   represents   the 
solubili ty  parameter.   This means that   each  solvent   and 
each  polymer  can  be  located i n  a three-dimensional (tì 

d' 
tì tìh) space. The dis tance A between the  end-points of 
the  vectors   represent ing polymer  and solvent  is  given i n  

C51: 

P' 

where the   subsc r ip t s  s and  p refer t o  solvent  and  poly- 

m e r .  respect ively.  A schematical*  representat ion is given 
i n   F i g .  l. 

" * .' 
. "  . .  . 

According to   Froehl ing  C51, a dec rease   i n  A should  be 
propor t iona l   to   an   increase   in   swel l ing   va lues .  So in- 
t e r a c t i o n  between  polymer  and 
the   va lue  of h decreases. 

. -  

penetrant  w i l l  be  higher i f  

.FIGTJJE 1. Schematic  representa- 
t i o n  of polymer (P) and solvent 
(S) vectors in 6,, &d, tìh space; 
A is  distance between end-points 
of vectors. 

.? . . 
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EXPERIMENTAL 

M a t e r i a l s  
Cellulose  propionate was obtained from Aldrich.  The 

o the r   ce l lu lose  esters w e r e  obtained;  from Eastman Chemi, 
cals. The solvents  used were of   ana ly t ica l   g rade .  

Membrane p r e p a r a t i o n  
Polymer so lu t ions  were prepared by d i s so lv ing   t he  cel- 

lu lose  esters i n  a su i tab le   so lvent   (usua l ly   ace tone) .  
The  membranes w e r e  prepared by cas t ing  a polymer so lu t ion  
on a g l a s s   p l a t e  and   a l lowing   the   so lvent   to   evapora te   in  
a nitrogen  atmosphere. The  membranes were completely 
t ransparent .  

Pervapora t ion  
- 1  

The pervaporation  experiments, were c a r r i e d - o u t   i n   t h e  
apparatus diagrammed i n   F i g .  2 .  A c ros s - sec t ion   o f ' t he -  

permeation ce l l  i s  given i n   F i g .  3 .  

The bottom  disk i s  f i t t e d   w i t h  porous  glass (10 c m  i n  
> , .  

diameter) , to   support   the '  membrane. 
A te f lon   gaske t  is  placed  on  the membrane %efore  the 

uppe r   pa r t   o f   t he   ce l l  is  matched. The whole  uni t  i s  , 

t ightened by means of  a s o v i r e l  clamp. A h e a t i n g   c o i l  i sb  
placed  into  the  upper compartment t o   a d j u s t  a prese lec ted  
temperature  and t o  keep  the  temperature of the   l iqu id   feed  
constant .  A thermometer i s  p l a c e d   i n   t h e  ce l l  t o   d e t e r -  
mine the  temperature   of   the   l iquid  feed.  The ce l l  i s  con- 
nec tëd   to  two co ld   t r aps   i n   pa ra l l e l .   Th i s '  makes it. pos- 
s i b l e . t o   t a k e  samples a t  any t i m e  w i thou t   i n t e r rup t ing .  ' 
the  permeation  run. i p . 'i .. 

Vacuum a t  the  downstream s i d e  is  maintained a t  a pres- 
sure   of  O .  1-1 mmHg (13.3-133 Pascal) by a Crompton Farkin- 
son vacuum  pump.  The pressure  i s  measured by   an '  Edwards 
p i ranhi .  : t  .. 'C. 

Permeation  experiments w e r e  ca r r i ed   ou t   fo r   e igh t   hour s .  
After  about  three  hours  steady s ta te  conditions  ake '' ' '  

. .  
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FIGURE 2. Schematic representat ion of the  pervaporation  apparatus.  
(1) permeation  cell ;  (2) piránhi  gauge; ( 3 )  cold  traps;  ( 4 )  vacuum 
Pump 

FIGURE 3 .  Schematic  representation  of  the  permeation cell. ( l )  s t i r -  
rer; (2 )  thermometer; ( 3 )  heating co i l . ;  ( 4 )  membrane; ( 5 )  porous 
g l a s s   f i l t e r  ; (6) tef lon  gasket .  

reached. A product  sample is taken a t  ieast   every  hour .  
Because  conditioning  history of t h e  membrane is  very im- 
por tan t   in   d i f fus ion   exper iments ,   the   condi t ion ing   fac-  
tors   have  been  kept   the same for a l l  the  experiments. The 
dry membrane w a s  k e p t   i n   c o n t a c t   w i t h   t h e , l i q u i d   f e e d  'for 
15 hours  before  the  experiment w a s  s t a r t e d .  

Produce   analys i s  
Analysis of binary  solutions  of  para-  and  ortho-xylene, 

c o l l e c t e d   i n   t h e   c o l d   t r a p s ,  w a s  conducted  on a Varian 
model 3 70 O gas chromatograph . 

Sue Zl ing   exper imen t s  
Swelling or so lubi l i ty   exper iments   were .car r ied   ou twi th  

t h e  same membranes as used i n  the pervaporation  experi- 
ments. Pieces of membrane w e r e  immersed i n  pure  ortho- or 
para-xylene. A f t e r  several   periods of t i m e ,  the f i l m  w a s  
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taken  f rom  the  l iquid,   careful ly   wiped  with a t i s s u e  and 
weighed i n  a closed  conical   f lask.   This  was continued un- 
t i l -  no fur ther   weight   increase w a s  observed. The solubi- 
l i t y  i s  expressed as a relat ive  weight   increase  (gxylene/  
100 g dry  polymer). 

RESULTS 

Determina t ion  o f  soZubiZi ty   parameters  of i s o m e r i c   x y l e n e s  
Although  extensive  tabulations of three  dimensional so- 

lubi l i ty   parameters  are a v a i l a b l e   i n   t h e   l i t e r a t u r e ,   s e v -  
eral substances are not  found  i ,n  the  tables.  The determi- 
nat ion  of   the  solubi l i ty   parameters  i s  o f t e n   d i f f i c u l t  
and laborious.  Koenhen 1 6 1  described  the  determination  of 
solubili ty  parameters  of  solvents  and  polymers by  means 
of   correlat ions  with  physical   propert ies .   This  method of- 
f e r s  a convenient  and  simple way of   es t imat ing   so lubi l i ty  
parameters. 

./ I 

Determina t ion  o f  6 d 
The re la t ion   used   to  estimate 6 is  a very'  simple  one. 

The main idea  i s  that   the   interact ion  energy  between non- 
polar  molecules i s  dependent   on  the  polar izabi l i ty  (Lon- 
don d i spe r s ion   fo rces ) .  The p o l a r i z a b i l i t y  i s  r e l a t e d  t o  
the   index   of   re f rac t ion  by the  Lorentz-Lorentz  equation. 
The re la t ion ,   g iven  by Koenhen C61 to   de te rmine   the   d i s -  
persion component, is: 

d .  

. .  

6d = 9 . 5 5  nD-5.55 

De termina t ion  o f  6 
P 

Hansen C71 calculated  the  polar  so1ubili . ty  'parameter,  
using  Böttcher' s r e l a t ion   fo r   e s t ima t ing   t he   con t r ibu t ion  
of permanent dipoles t o  the  cohesive  energy:'  
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Another,  and more simple,  emphrical  relation  has  been  giv- 
en by Koenhen CS]:  

6 = 5 0 . 1  7 Y 
P 

vm4 

Determinütion of 8 h 
Determination  of is possible  i f  t h e  hydrogen 

energy is  known. Hydrogen bonding,  however, is. an 
bond 
in t e r -  

action  knvolving a proton  donos (Lewis  acid)  and a proton 
acceptor (Lewis  base) . . . ,  

Aromatics l i k e  benzene  and:xylenes a r e  weak proton ac- 
ceptors .  A measure f o r -  the.   proton,  'acceptor power is  t h e  
extent   of   the .shif t   to"1owér  f requenc+es  of   the OD in f ra -  
red  absorption of  deuterated  methyl  aicohol C8 r 9  1. , ,  

An al ternat ive  approach t o  determine  the  hydrogen bond- 
ing  solubi l i ty   parameter  i s  the  determinat ion of t h e  hy- 
drogen  bonding  interaction  energy  of a solvent  mixture. 
Aromatic compounds can .form hydrogen  bonds with  chloro- 

form.  With carbon  te t rachlor ide  no 'hydrogen  bonding  occurs. 
The energy of  mixing of aromatic  solvents  with  .chlorofor?m I 

and  carbon  te t rachlor ide is  given i n  Table .l. The ,differ- '  
ence . .  ip heat  of ,mixing  of  chloroform  and  carbon  tetrachlo- 
r ide   ip . . the   a romat ic   so lvents  (colimm 3 i n  Table 1.) can be 

considered as the  energy of t h a t   s p e c i f i c  hydrogen  bond. 
Because the   ene rg ie s   o f   t he   d i f f e ren t .  hydrogen  bonds are 

known, ' 8h can  be  calculated  using  eqn. (8 ) C41 . The values 
found by  Hansen C4 J are a l so   g iven   in   Table  1. 

i "-.- . 

2 Eh = 6hVm , .  . ,_ . 0 1 
'I ..^. .. . 

I n  our opinion  the  disagreement   of   the   resul ts   g iven by 
Hansen  and i n   t h i s  work is  not   very   s ign i f icant .  We con- 
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elude h e r e ,   t h a t   t h e  method described  above,  using  heat 

Of mixing  data,  can  be  used t o  ca l cu la t e  cSh values.  
. .  . .- 

, L :. i: . 

TABLE 1 
, , . .  . .  . 

Heat  of  mixing  of  chloroform  and  carbon  tetrachloride  with some aro- 
matic  solvents. 6, i s  calculated by  eqn. ( 8 ) .  Hansen's 8, values   are  
given as reference 

"' ; AHm* mm+  mm) 'h 8h 
( J /mol )   ( J /mol )  (J/mol-H-bon?ling) (eqn.  (8) ) (Hansen) 

, in CHC13 i n  CC1 4 . '. ' 
, ., 

Benzene 
Toluene -716 - 18 698 1.3 , 1 . 1, 
o-xylene -941 - 23 9 18 1.4  1.5 
m-xylene -894 4 898 1.3 - 
p-xylene -9 12 - 76 836 1.3 : -  

*Ref C l O l .  
iRef clll. 
Ref  C41 - 

- 

-430 115 545 1.2 ' .1..:0- , '  

I .  

. . .  , . 
I .  . 

Three-component  solubility paTamete r s  ,: '. 

The . ind.ividual  solubili ty  parameters.  are ca lcu la ted  i n  
accordance  with  the  procedure.  given  above ... The r e s u l t s  are 

given  in  Table 2; together  w.ith  the  value,  by Hansen C41 

fol: q-xylene. The one-compon.ent so lubi l i ty~parameter '   can  

. .  
TABLE 2 

Three  dimensional  solubility  parameters  of'the  isomeric  xylenes; 
Hansen's  o-xylene  values  are  given'as  refeeenc?,  together  with  the 8 
values  calculated from Allen's CED,,data 

6d 8 .  
P 

6 6 (Allen) f '  

o-xylene  (Hansen) * 8.7 ' 0.5 ~ , .  1.5  8.8  9.0 

O-xylene 8.8 o :'7 :: 1 . 4 8.9  9.0 
m-xylene 8.7 o I4 ' l,,. 3 8.8 8.9 
p-xylene 8.7 O 1 :3 8.8  8.8 

. ,'.. , 
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a lso   be   ca lcu la ted  as the   square   roo t   o f   the   cohes ive  
energy  density  (eqn. (1) ) . These  calculated  values,  from 
experimental C.E.D. data   given by  Allen C122, are a l s o  
g iven   in   Table  2.  It can  be  concluded  that   our   calculated 
r e s u l t s   a r e   i n  agreement  with  the  experimentally  deter-  
mined C.E.D. values  of  Allen.- 

Determination of the s o Z u b i l i t 9  parameters of the ceZZu- 

l o s e  esters 
Solubility  parameters  of  polymers are much more d i f f i -  

cu l t   to   de te rmine   and   there  is no. extensive  compilation. 
The so lubi l i ty   parameter  of  a polymer  cannot  be  deter- 

mined d i rec t ly   because  most  polymers  cannot  be  vaporized 
without  decomposition. A simple  and  convenient method of 
calculat ing  solubi l i ty   parameters   of   polymers  i s  by means 
o€ molar a t t r ac t ion   cons t an t s .  It i s  necessary,  therefore, 
t o  know exact ly   the  s t ructural   formula  and  the  densi ty   of  
t h e  polymer.  According to   Bur re l  Cl71, t h e   a c c u r a c y o f t h i s  
method is  q u i t e  good t o   t h e   f i r s t  .decimal  place.  This is  
adequate €or pract ical   purposes .  

Koenhen C63 and'van  Krevelen C137 showed that it is pos- 

s i b l e   t o  estimate solubili ty  parameters  of  polymeric,  ma- 
terials from  molar a t t rac t ion   cons tan ts .   There  are molar 
a t t r ac t ion   cons t an t s  for the  dispersion,  polar  and  hydro- 
gen  bonding  contributions  from  which  the  three-component 
solubi l i ty   parameters   can  be  calculated.  The group  contri- 
but ionsr  F i d ,  F and Eihr are given i n  Table 3.- The  val- 
ues of 6 and 6h f o r   t h e  polymers  used i n   t h i s  work, 
are calculated  using  the  fol lowing  re ia t ions  given by  van 
Krevelen C13I: 

CP 

P 
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TABLE 3 

'Solubili ty  parameter group contributions,  Fid, F and  E 
i P  {h 

--CH3 
-CH2- 

-CH 

-COO- 
-OH 
-0- 
r ing  

20 1 
139 

51 

193 

99t 
49f 93 

240 
244 
196 

1674 
4782 
7 17 

'* 
+Ref L61 

. Ref C131. 

In   o rde r   t o   . c a l cu la t e .   r e l i ab le   va lues ,  one  has t o  know the  
exac t   s t ruc ture  of a polymeric  segment. The information 
necessary   to   ca lcu la te   the   so lubi l i ty   parameters  of com- .. 

mercia l ly   ava i lab le   ce l lu lose   es te rs  is  given i n  Table 4 .  

TABLE 4 

Calkulation  of  the molar segmental volume fo r   d i f f e ren t   ce l lu lose   e s -  
t e r s .  CA = ce l lu lose   ace ta te ,  CAB = ce l lu lose   ace ta te   bu tyra te ,  CTP = 
ce l lu lose   t r ip ropionate  

No. polymer  Degree of  Density . . .  

. ,  

Content (%) subst i tut ion.  

ace ty l   a lky l   ace ty l   a lky l  

%S 

' (g/ml) (g/mol) ' (ml/mol) 

1 CA 383 38.3 - 2.31 - 1.30 259.27 199.44 
2 CA 398 39.8 - 2.45 - 1.30 265..16 203.97 
3 CA 432 43.2 - 2.82 - 1.29 280.71 217.60 
4 , CAB 171 29.5 17.0 2.04 0.71 1.25 297.69 238.15 
5 CAB272 21.;0 27.0 1.49 1.16 1.25 306.14 244.91 
6 CTP . - 51.0* - 2.90 1.27 324.76 255.72 
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The ester contents  have  been  given by the  manufacturer 
(Eastman  Chemicals). From these   da ta   the   degree  of sub- 
s t i t u t i o n  and the  segmental   molar volume of t h e   c e l l u l o s e  
esters are calculated.  From the   da ta   g iven   in   Table  4 it 
i s  possible  t o  determine  exactly  the  segmental   structure 
o f   t h e   d i f f e r e n t  polymers  and t o  estiamate t h e   s o l u b i l i t y  
parameters  by  using  Table 3 .  The r e s u l t  'is given i n  Table 
5. 

A similar procedure t o  ca l cu la t e  8d and 6h v a l u e s   o f t h e  
ce l lu lose 'es te rs   has   been   fo l lowed by  Matsuura C147, who 
found s l i g h t l y  lower .values  than w e  do. 

~~ 

No Segmental s t r u c t u r e  'd  'p  'h 8 

3.5 
3 ..5 
3.6 
3.2 
3 ..l 
3.1 

6.6 
.6.3 
5.7 
5.5 
5.5 
5 - 1  

10.8 
10.7 
10.4.  
10.1 
10.3 
10.3 

There is  a s m a l l  r ing  (acetylated  glucose  uni t )   contr ibu-  
t i o n  to which  Matsuura h,as not  taken  into  account.  

One can compare ' the  calculated  values  with  experimental  
values.-Unfortunately,  not-many  experimental  values o f .  
solubi l i ty   parameters  of polymers are known. For 
c e l l u l o s e   d i a c e t a t e  (polymer no. I i n  Table 5 ) ,  an ex- 
perimental  value ; .  is  known (8 = 10-9) C181. The- agreement 
wi th   the   ca lcu la ted   va lue  (8 = 10.7) is  f a i r l y  good. For 
t h e   o t h e r  polymers  used, no experimental  values  have  been 
found i n   t h e   l i , $ e r a t u r e .  

Good so lvents ,   fo r  a polymer  have solubi l i ty   parameters  
i n   t h e  range o f ' t h a t  polymer.  Therefore,  one  can compare 
these   so lubi l i ty   parameters  as a f i r s t  estimate. According 
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t o  Gee C191, it i s  no t   qu i t e   co r rec t   t o  assume t h a t   t h e  
solubi l i ty   parameter   of   the  polymer is  ac tua l ly   t he  

cen t r e   o f the   so lub i l i t y   r ange .   Fo r   ce l lu lose   t r i ace t a t e ,  
the  ,calculated  value ( 6  = 1 0 . 4 )  agrees w e l l  wi th   the  val-  
ye of te t rachloroethane.  ( 6  = 1 0 . 6 )  . Solvents   for   cel lu-  

l o se  acetate butyrates  ( 6  = 10.1-10 - 3 )  are dioxane ( 6  = 

l O + . O ) ,  chloroform (6  = 9 .3 )  , acetone (6 = 9 . 8 )  , dichloro- 
ethane ( 6  = 1 0 . 2 )  and te t rachloroethane ('6 = 10 - 6 )  . (So- 

lub i l i ty   parameters   o f   the   so lvents  are taken  from  Ref. 

1201) . 
The agreement i s  qu i t e   s a t i s f ac to ry .  

Determination of A 
Because the   so lubi l i ty   parameters   o f   the   d i f fe ren t   ce l -  

lu lose  esters and the  isomeric  xylenes  have  been estima- 
ted ,  it i s  poss ib l e   t o   ca l cu la t e   t he   d i s t ancepa rame te ra ,  
according t o  eqn. (4) . 

The r e s u l t s  are given  in .Table   6 .The  resul ts  of Table 6 

are a l so   g iven   in   F ig .  4. The differencesbetween  the  iso-  
meric xylenes i s  small, as could  be  expected. The in te rac-  
t i o n  between  o-xylene  and  the  different  polymers is  always 
l a rge r  ( A  i s  smaller) than   t ha t   o f  p-xylene ' f o r ' t h e  same 
polymer.  This i s  due to   the  presence  of  a dipole  moment i n  

o-xylene,  whereas  p-xylene  has no dipole  moment. 

TABLE 6 

A values of cellulose  esters with'regard.to isomeric  xylenes 

No. Polymer o -xyl ene  m-xylene  p-xylene 

1 '  CA 383 6.0  6.2 6.4 
2 CA 398 5.7  5.9 ' 6.2 
3 CA 432 5.3 5.5 . 5.7 
4 . C A B  171 4.9 5.1 5.3 

6 CTP 4.4 4.7 4.9 
5 CAB 272 4.8 5.9 5.3 
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The polymer  hydrophob'icity  increases  from  cellulose ace- 
tate (CA 3 8 3 )  t o   ce l lu lose   t r i p rop iona te '  (CTP) . A s  can  be 
seen  from  Fig. 4 ,  an  Tncrease i n  hydrophobicity  gives a 
d e c r e a s e   i n  the distance  parameter  A, ' therefore a higher 
xylene  solubili ty  can  be  expected  going * f r o m  CA 383  t o  CTP. 

0 CA 383 
0 CA 398 
6 CA 432 
A CAB 171 
o CAB 272 
m CTP 

0- rn- p-xy lene 

FIGURE 4 .  Calculated  distance  parameter A between isomeric  xylenes . 
and  cellulose es  ters . 

Sue Z Zing   exper iments  
The r e s u l t s  of the  swelling  experiments are g i v e n i n F i g .  

5. No l iquid  uptake w a s  observed  with  cel lulose  diacetate  
(CA 3 8 3 )  and c e l l u l o s e  triacetate (CA 4 3 2 ) .  

From Fig. 5 ' i t . c a n . b e   s e e n   t h a t   d i f f e r e n c e s   i n   s o l u b i l i -  
ties are no t   l a rge ,   bu t   cons i s t en t ly  show t h a t   t h e   s o l u b i -  
l i t y  of o-xylene is larger, t h a n   t h a t  of p-xylene. 

Pervapora t ion   exper imen t s  
The pervapora t ion   resu l t s  of the   pure components  and 

mixtures of. o- and p-xylene th rough  d i f fe ren t  cellulose 
esters are p resen ted   i n  T a b l e  7 (temperature 20 C) and O 
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A CAB 171 
o CAB 272 

o-xy íene p-xyiene 

FIGURE 5. Relative  weight  increase (g/lOO g polymer.  100%) for the 
celluloseesters'in  o-xylene  and  p-xylene. 

TABLE 7 

Pervaporation  results of mixtures  o-xylene/p-xylene;  temperature ' 
20 oc 

Memdrane  Feed*  Rate Ac -F a §  
( % p-xylene)  (cm/hr) x' 102 (weight %) 

CTP 

CAB 272 

O 
25 

75 
100 ' 

O 
25 
50 
75 
LOO 

50 . 

O .  
25 
50 i 

75 
100 

3.2 
4.0 
3.5 
4.8 
5.0 

0.8 
0.6 , . , 

0.8 
1.1. t 

3.0 . 

0.5 
1.6 
2 .'O 
2'. 3 
3.1 

- 
5.5 
6.5 , 

4.7 
- 
- 
2.8 , ' 

7.6 
4.9 
- 

:- 

5.6 
7, 2 
5.9 

- 
1.29 
1.30 
1.31 
- 

- .  - 
1.16 : * 

1.36 
1.33 
- 
- 
1.36 
1.34 
1.43 
- 

F i g h t  %. 

gin the  feed 
Concentration'p-xylene in the permeate  minus  concentration  p-xylene 

Separation  factor;  concentration  ratio  (weight %) in the per- 
meate  divided by the concentration  ratio ;cA/xB in the  feed. 



Table 8 (temperature 25 OC) . The permeation rate through 
ce l lu lose   d i ace t a t e  (CA 398) w a s  extremely low (<10-33 cm/ 
h r )  and  these  results.  have  not  been  considered  further..  
With ce l lu lose   d i ace t a t e  (CA 383) and  cel lulose triacetate 
(CA 432)  membranes no permeabili ty a t  a l l  w a s  observed. 

TABLE 8 

Pervaporation  results  of  mixtures  o-xyIene/p-xykne;  temperature 
25 OC 

Membrane Feed* Rate ,-t a§ 
(% p-xylene)  (cm/hr) x 10 (weight %) 

CTP 

CAB 272 

O 
25 
50 
75 

100 

O 
25 
50 
75 
100 

3.3 - - 
5.0 3.1 1.22 
6.6  4.1 l. 17 
9.3  4.2 1.24 

12.9 - - 
1.5 - - 
2.1  3 - 4  1.25 
2.9 5.7 1-26 
4.4  4.2 1.24 
6 - 1  - - 

%eight %. 
Concentration  p-xylene i n  the  permeate minus concentration  p-xylene 

Separation  factor;   concentrat2on  ' ratio  (weight 2 )  y ~ / y ~  i n  the per- 
meate divided by the   concent ra t ion   ra t io  z /z in  the feed. 

the feed. 

A B  

It i s  evident from t h e   r e s u l t s   t h a t  a l l  polymers show 
higher  permeation rates f o r  p-xylene  than  for  o-xylene. 
Furthermore, i f   t h e  p-xylene  concentration i n  the feed 
mixture  increases,   the  permeation rate a lso   increases ,  
This i s  c l e a r l y , i l l u s t r a t e d   i n   F i g s .  6 and 7. 

On the   o the r  hand, t he re  i s  no r e l a t i o n  between selec- 
t i v i t y  and  the  p-xylkne  concentration  in  the  feed.  In a l L  

cases s tudied,  a maximum in   s e l ec t iv i ty   ( expres sed  as Ac: 

t he   d i f f e rence  between the  p-xylene  concerii&ation i n  per- 
meate and  feed) i s  observed  €or  equimolar  mixtures. The 
va r i a t ions  of the  permeabili ty  with  temperature show the  
expected  behaviour : increasing  the  temperature  gives 
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T: 2OoC 
A CAB 171 

N - O 

I I I 
25 50 75 

- v o  p-xylene in 
feed 

FIGURE 6. Flow  rate of mixture o-xylenelp-xylene  (weight X) through 
different  cellulose  esters  at 20 OC. 

higher  permeation  rates.  
It i s  striking  that   results  obtained  with  simple  poly- 

meric membranes, l ike   the   ones   s tud ied   here  and i n   t h e  
inves t iga t ions  of Michaels Cl], a r e  as good a s   , t h e   r e s u l t s  
obtained  from  polymers  containing  additives [2,31. 

.DISCUSSION 

Solub i l i t y  measurements i n d i c a t e   t h a t   f o r  a l l  membranes 

s t u d i e d   t h e ' s o l u b i l i t y  of p-xylene is' lower  than  that  o f , o -  

xylene.   Differences  insolubi l i ty  are not   l a rge ,   bu t they  are 
s igni f icant .   F igure  4 i nd ica ' t e s   t ha t   t he   ca l cu la t ed   d i s -  

. .. 
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T: 2!?C 
o CAB 272 
m CTP 

2k 715 - o/o p-xylene in 
feed- 

FIGURE 7. Flow rate of mixture  o-xylenelp-xylene  (weight Sr) through 
ce l lu lose  acetate butyra te   and   ce l lu lose   t r ip ropionate-a t  25 OC. 

tance  parameter A between a-xylene and  polymer i s  always 
smaller t h a n   t h a t  between  p-xylene  and  polymer;  thus  solu- 
b i l i ty   appears   to   be   inverse ly   p ropor t iona l   to  ' A.  This  has 
also  been  found  by  Froehling C57 and  Broens C157 using 
different   polymers .  An exception i s  ce l lu lose .  triacetate 
(CA 432) with a .A value between"CA 398 and CAB 171,  while 
f o r   t h i s  polymer no s o l u b i l i t y  w a s  observed. 
This   can  be  ascr ibed  to   the  presence of' c r y s t a l l i n e  
material. Cel lulose triacetate (CA 432) i s  more c rys ta l -  
l i n e  and small v a r i a t i o n s   i n   c r y s t a l l i n i t y  of t h e  polymer 
can   have   l a rge   e f f ec t s   on   t he   so lub i l i t y  of the  penetrants  
i n   t h e  polymer.  Besides th i s   except ion ,  w e  can  conclude 
from these r e s u l t s .   t h a t   t h e   ' i n t e r a c t i o n  between  polymer 
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and  o-xylene is  always l a r g e r  ( A  smaller, s o l u b i l i t y  lar- 

ge r )   t han   t ha t  between  polymer  and  p-xylene. 
The a f f i n i t y   o f  a given  isomer  increases from ce l lu lose  

d i ace t a t e  (CA 383) t o   c e l l u l o s e   t r i p r o p i o n a t e  ( C T P ) .  I n  
t h e  same o rde r ,   t he  polymer  becomes:more  hydrophobic a s  
has   been   c lear ly   ' i l lus t ra ted  by the   so lub i l i t y ' pa rame te r  
data  (Table 5.) . 

A s  t o   t he   pe rvapora t ion   da t a ' o f   t he   d i f f e ren t  membranes, 
f o r  a given  isomer  the  permeability  increases  with  in- 
c r e a s i n g   s o l u b i l i t y  and  decreasing A as can  be  deduced 
from Figs,  4 ,  6 ' and  7. One is,' therefore ,   tempted  to  pos- 
t u l a t e  a re la tkon  between the  observed  permeab'ility  and 
the  polymer-penetrant  interaction. However, t h i s   r e l a t i o n -  
sh ip  i s  not   vai id  when da taare   comparedfor the three   xy le-  
nes  and  each  polymer.  Although t h e   a f f i n i t y  between p-xy- 
lene  and a given  polymer is  smaller than   tha t  between o- 
xylene  and  polymer,  the  permeability i s  higher.  These re- 
sul ts   cannot   be  explained  in  terms of  molecular  size', 
s ince  molar 'volumes of ' the   i somer ic   xy lenes   increase   in  
the  order  o-xylene Z rn-xyl'ene.< p-xylene. The d i f fe rences  
i n   i n t e r a c t i o n  between  o-xylene  and  p-xylene i n  each polym-, 
er a r e n o t   l a r g e b u t t h e y  are s igni f icant . ,  The s t ronge r   i n t e r -  

ac t ion  between  o-xylene  and  each  polymer i s  'due t o   d i p o l e  
forces.  Therefore w e  assume that   these  dipole-dipole ,   in-  
teract ions  cause  an  obstruct ion  to   o-xylene-   diffusion.  
Since  p-xylene  has no d ipole  moment, the   in te rac t ion   of  ' 

t h i s  isomer  and  each  polymer w i l l  b e , l e s s   s t r o n g .  A s  a 

resul t ,   the   permeabi l i ty  of p-xylene i s  h ighe r ' t han   t ha t  
of o -xylene. 

. .  

A s  has  been  pointed  out by Binning C161, b e s l d e s ' i n t e r -  
ac t ion  and  molecular s i z e ,  t he re  i s  another   factor  which 
can  cause a difference  in   permeat ion rate,  ' namely  dï'f-. 
ference  in  shape.  Michaels C11 explained  the  higher-per-  
meabili ty of p-xylene  through  polyethylene by the   d i f -  
ference between the  isomers  in  cross-sectional  area  nor- 
mal t o   t h e  major  axis.  Permeability is  determined by d i f -  
f u s i v i t y  and so lub i l i t y .   Desp i t e   t he   sma l l e r   so lub i l i t y in  
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the   caseof   p -xylene   the   d i f fus iv i ty  i s ,  when compared t o  
o-xylene, so l a rge   t ha t   t he   pe rmeab i l i t y  w i l l  be   l a rger ,  . 

too . Therefore  both  factors , shape 1 and  interaction, are 

k i n e t i c   f a c t o r s  which w i l l  in f luence   the   d i f fus iv i ty .  
There is, however, no r e l a t i o n  between t h e   s o l u b i l i t y  pa- 
rameters  and  the  kinetic  factors.  

A s  has   been  s ta ted,   there  i s  no r e l a t i o n  between selec- 
t i v k t y  and  feed  composition,  independent  whether selecti- 
v i t y  i s  expressed as the   s epa ra t ion   f ac to r  or as the   d i f -  
ference  in   concentrat ion  in   permeate  and  feed. Nor i s  
the re  a r e l a t i o n  between s e l e c t i v i t y  and  permeation rate; 
An increase  in   permeat ion rate bare ly   e f fec ts   ' the  selec- 
t i v i t y .  

CONCLUS rom 

W e  have shown t h a t  it is poss ib l e   t o   u se   t he   so lub i l i t y  
parameter  theory i n  a q u a l i t a t i v e  manner t o  select poly- 
m e r s  as membrane material as f a r  as the  permeabi l i ty   of  
one compound i s  concerned.  Selectivity  cannot  be  predic- 
t e d  by this  &-parameter  approach. 

Solubili ty  behavio.ur is found to   be  inversely  proport io-  
na l   t o   t he   ca l cu la t ed   d i s t ance  A . in  the  &-space.  Both A 
values   and  solubi l i ty   values  are a measure f o r   t h e   i n t e r -  
action  between  polymer  and  organic  solute. The r e s u l t s  
c l e a r l y   i n d i c a t e   t h a t ,  as f a r  as one  component is concern- 
ed ,   an   i nc rease   i n   i n t e rac t ion   g ives   an   i nc rease   i n   pe r -  
meabili ty,  
'During pervaporation, a p r e f e r e n t i a l   s e l e c t i v i t y   f o r  p -  

xylene  has  been  found i n   e v e r y  case. This is  i n  agreement 
wi th   o ther   inves t iga t ions  [.I-3 I. P r e f e r e n t i a l   s e l e c t i v i t y  
for p-xylene i n  each  polymer  must be due t o  d i f f e rences   i n  
molecular  shape  and  solute-polymer  interaction. 
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CHAPTER 3 

ETHANOL-WATER SEPARATION BY PERVAPORATION*' 

M.H.V.  MULDER, J. OUDE  HENDRIKMAN, H. HEGEMAN and 

C. A. SMOLDERS 

SUMMARY 

The  separation  of  ethanol-water  mixtures  is  of  great  importancefor 
the  production  of  ethanol  from  biomass.,  Both  ultrafiltration  and  per- 
vaporation  processes  can be used'for  the  continuous  processing  of 

fermentation  and  separation.  The  removal  of  ethanol  from  the  ultra- 

filtration  permeate  can  be  accomplished  by  pervaporation.  Separation 
of  ethanol-water  mixtures  by  the  pervaporation  process  has  been  in- 

vestigated.  Results  are  presented  for  membranes  which  are  preferen- 
tially  permeable  for  ethanol  and  for  others  which  are  preferentially 

water  permeable.  Details on the  preparation  of  several  membrane'types 
(homogeneous,  asymmetric  and  composite)  are  given. A schematic  pro- 

cess  diagram  is  given in which  the  fermentat$on  of  sugars  to  ethanol 
is  membrane-controlled. I 

INTRODUCTION 

The app   Z iea t ion  o f  p e r v a p o r a t i o n  in b i o t e c h n o  Zogy 

The appl ica t ion  of membrane separation processes i n  bio- 

technology i s  rap id ly  growing. C o n v e n t i o n a l  separation 

*Published in Journal  of  Membrane  Science, 16 (1983)  269. 

59 



techniques  such as d is t i l l a t ion ,   adsorp t ion ,   l iqu id- l iqu id  
e x t r a c t i o n   a n d   c r y s t a l l i z a t i o n   a r e   o f t e n   i n e f f i c i e n t  and 
uneconomic.  Contemporary membrane technology  can save i n  
process  costs  because  energy  consumption is low, r a w  ma- 
terials and nutrients  can  be  recovered  and  reused,  fermen- 
ta t ion  processes   can  be  carr ied  out   cont inuously  and  dis-  
posal  problems  can  be  reduced or eliminated, 

Membrane processes  can  be  applied  to  one of t h e   o l d e s t  
and  most  famous fermentation  processes:   the  production of 

ethanol  from  the  fermentagion  of  biomass.  In  the  past de- 
cade  this  process  has become o f  renewed in te res t   because  . 

of   t he  impending  petroleum  shortage. One of   the  main  ad- 
vantages  of  this  fermentation  process i s  t h a t   f u e l s  are 

produced  from  renewable  resources. 
Ethanol  fermentation  can  be  accomplished  batchwise  or 

continuously. A subs tan t ia l   reduct ion   in   cos ts   can   be  rea- 

l i z e d  by a continuous  operation Cll. According t o  Gregor 
[ 2 , 3  I more cost   saving  can  be  achieved by the   u se  of va- 
r ious membrane processes,  such as u l k r a f t l t r a t i o n ,   r e v e r s e  
osmosis   and  e lectrodialysis   in   combinat ion  with  dis t i l la-  
t i on .  

In   p r inc ip l e ,  a combination of u l t r a f i l t r a t i o n  and  per- 
vaporation makes it p o s s i b l e   t o  remove and concentrate 
e thanol   during a continuous  fermentation  process. It was  
demonstrated  by L e e  C31 that  an  ethanol-water  mixture  can 
be removed and t h a t  the reject ion  of   suspended  sol ids  is 
complete when beer  from the  fermentor is  u l t r a f i l t r a t e d .  

Figure I gives a schematic  presentation of a membrane- 
controlled  continuous  fermentation of sugars   to   e thanol .  
Before  the  sugars   enter  the fermentor  reverse  osmosis  can 
be  applied  to  concentrate  the  feed.  In  the  fermentor  glu- 
cose i s  converted  into  e thanol .  The ethanol   product ivi ty  
is l imi ted  by e thano l   i nh ib i t i on  and a l o w  cell-mass con- 
cent ra t ion .   Ul t ra f i l t ra t ion   can   be   used  as a cell recycle  
system,  where  the  rejected cells are re tu rned   t o   t he  fer- 
mentor  and the   e thanol  is  removed. Thus, t h e  rate of  etha- 
no1 production  remains  high. The u l t r a f i l t r a t i o n  permeate 
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FIGURE 1. Schematic  presentation of membrane-controlled  continuous 
fermentation  process  for  the  production  of  pure  ethanol. 

contains components such as sa l t s ,   g lucose ,   e thanol  and 
o the r  low molecular  weight  substances. The ethanol  con- 
c e n t r a t i o n   i n   t h e   u l t r a f i l t r a t i o n  permeate w i l l  be  about 

5 to10% by weight.   Ethanol  can  be  purified  to 9 9 %  o r  more 
by different  separation  techniques  such, as d i s t i l l a t i o n ,  
adsorpt ion  or   extract ion.  A t  t h i s  moment, t h e  most im-  
portant  process i s  d i s t i l l a t i o n .  The disadvantage  of   this  
pr0ces.s is  that   energy consumption i s  rather  high,  espec- 
i a l l y  when the  azeotropic  composition is  reached. Mem- 
brane  processes are in   gene ra l  less energy  consuming  and 
a membrane process which  can  be  used to   separate   e thanol-  
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w a t e r  mixtures of any  composition is pervaporation. 
In  order  to  keep  the  energy  consumption  of  this  process 

as low as poss ib le ,   for  low ethanol   concentrat ions  in   the 
feed  pervaporation  should  be  performed  with  ethanol-per- 
meable membranes, and for   h igh   e thanol   concent ra t ions   in  
the  feed w a t e r  should  be  preferent ia l ly  removed. There- 
fore ,   Fig.  1 shows a two-stage  pervaporation  process  with 
ethanol-select ive membranes i n   t h e  f irst  stage  and water- 
s e l e c t i v e  membranes in   the  second  s tage.   This  con- 
ceptual  diagram shows a possible appl icat ion  of   dif -  

f e r e n t  membrane processes  in  biotechnology. The value  of 
40% for the   permeate   concent ra t ion   in   the   f i r s t   s tage  i s  
more or less a rb i t r a ry .  From a commercial  point  of  view, 
the  purif icat ion  of   e thanol   f rom 5% t o  9 9 %  by pervapora- 

t ion   on ly  is n o t   a t t r a c t i v e ,  a t  least not  a t  t h i s  moment ., 

Pervapora t ion  i n  ethano  Z-water   separat ion 
Pervaporat ion  involves   select ive  sòrpt ion of a l i q u i d  

mixture   into  the membrane, diffusion  through  the membrane, 
and  desorpt ion  into a vapour  phase  on  the  permeate  side. 
Unti l   recent ly ,   pervaporat ion was  not  commercially  avail- 
a b l e   d e s p i t e  the prospec t   o f   i n t e re s t ing   po ten t i a l   app l i -  
cations  such as the  separation  of  isomeric  and  azeotropic 

mixtures  and  the  separation  of  aqueous  organic  mixtures. 
During  the  European Workshop on  Pervaporat ion  in  Nancy a 
commercial  pervaporation  unit, i n  combinat ion  with  dis t i l -  
l a t i o n   f o r   t h e   p u r i f i c a t i o n   o f  biomass  ethanol w a s  presen- 
t e d  C47. A'general   disadvantage of the  pervaporation pro- 
cess is the   r e l a t ive ly '   h igh   ene rgy  consumption i n  compa- 
r i son   to   p ressure-dr iven  membrane processes  such as re- 
verse   osmosis   and   u l t ra f i l t ra t ion  where no phase  transi-  
t ion   occurs .  The pervaporation  process consumes an amount 
of  energy which is a t  Least equa l   t o   t he   hea t  of vapori- 
zat ion  of   the  complete   pure  product   that   has   to   be  sepa-  
rated.  Another  dksadvantage, m e  low permeation rate, can 
be compensated  by membrane configurations'   wfth a l a rge  
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a r e a   t o  volume r a t i o  such as hollow  fiber  systems. 

. .  

Objectives of $ h i s  research work  
In   t h i s   chap te r  w e  w i l l .  descr ibe   the   separa t ion   of  

ethanol-water  mixtures by pervapora t ion .   In   the   pas t   th i s  
haS.been  carried  out  primarily  using  dense homogeneous 
membranes. Table 1 gives a summary of t h e   s e l e . c t i v i t i e s  
and permeation rates found i n   t h e   l i t e r a t u r e ;  from t h i s  
t a b l e  it can be   seen   tha t   the   bes t   resu l t s  so f a r  have 
been obtained  with  cel lulose  acetate  and cellophane mem- 

branes. " 

TABLE 1 

Separation  of  ethanol-water  mixtures by pervaporation 

Feed (% by weight) a a Perm.rate Temp. Type of Ref. 
A/B 

Water (A) Ethanol (B) ( cm/hr 1 ( OC 1 membrane 

45 
4 
4 
4 
4 

50 
50 
50 
50 
99 * 99 
99 -99 
99.99 
99.99 
4 
9.9 

50 

55 
96 
96 
"96 
96 
50 
50 
50 
50 
0.01 
0.01 
0.01 
.o. o1 

96 
90.1 
50 

8.5 , 

2.9 
6.6 
6.2 
5.9 
9.0 
0.9 
2.0 
5.0 
0.6b 

<O. OOOSb 
o .4b 
76 

11 
8 
4,6b 

0.20 
O. 24 
0.08 
0.01 
0.02 
O .  13 
0.10. 
0.46 
o. 19 

<o. o2 
co.01 

0.05 
<0.01 

0.05 
0.3 

O. 5x l ö 3  

80 
25 
60 
20 , 

20 
30 
25 
45 
25 
25- 
25 
25 
2 5 .  . 
60 
60 
25 

CA 
PTFE-PVP 
PTFE-PVP 
ce l lu lose  
CA 
cellophane 
cellophane 
cellophane 
PTFE-PS 
PE 
PETF 
PVA 
PDMS 
CA 
cellophane 
PDMS 

5 
6 
7 
7 
7 
8 

, 9  ' 

9 
l0 
10. 
11 
11 

' .  11 
12  
12  
13 

a 
bconcentra,tion  A/B.in  the  feed. , .  

Concentration A/B (weight %) i n   t h e  permeate  divided by t he  

%/A 

I n  a sea rch   fo r  new membranes, the  type  of membrane 
structure  to  be  used  has  to  be  considered,  because  the 
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membrane s t ruc ture   de te rmines   the   separa t ion  mechanism. 

Pervaporation  occurs  according  to a solut ion-diffusion 
mechanism C14-171, t ransport   taking  place  only by diffu-  
sion  and  not by convective  flow,  This  implies  that  very 
dense homogeneous membranes without  f ixed  pores are ne- 
cessary.   Several  types of membranes with  such a dense.  
structure.  can be mentioned: 

. homogeneous membranes ; 

. asymmetric membranes ; 

. composite membranes , 
With symmetric homogeneous membranes the  whole membrane 
th ickness   cont r ibu tes   to   the   res i s tance   to  mass t r a n s f e r p  
whil'e for asymmetric  and  composite membranes the  major 
pa r t   o f   t he   r e s i s t ance  i s  s i t u a t e d   i n  the thin  dense  top- 
layer .  W e  have  developed a l l  three  types of membranes f o r  
ethanol-water  separation by pervaporation. 

EXPERIMENTAL 

M a t e r i a l s  
Cellulose  der ivat ives  w e r e  obtained from  Eastman Chem- 

icals except €or ce l lu lose   t r ip ropionate  which w a s  ob- 
ta ined  from  Aldrich.  Polysulfone ( P  3500)  w a s  obtained 
from  Union Carbide,  polyvinylidenefluoride  (Sole€ 2008) 

from  Solvay,  polydimethylsiloxane (RTV 670)  and  polydi- 
methylphenyleneoxide  from  General Electric, polyacryloni- 
trile from DuPont and  polyamide  (Akulon M 2 )  from Akzo. 
The solvents  used w e r e  of   analyt ical   grade.  

Membrane p r e p a r a t i o n  
Homogeneous  membranes 
Polymer so lu t ions  w e r e  prepared by dissolving  the  poly- 

m e r  i n  a su i tab le   so lvent .  The  membranes w e r e  preparedby 
cas t ing   t he  polymer solution  on a g l a s s   p l a t e  and  allow- 
ing   t he   so lven t   t o   evapora t e   i n  a nitrogen  atmosphere, 
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The  membranes obtained were completely  transparent.  

Asymmetric  membranes 
Asymmetric membranes with a dense  toplayer  and'a  porous 

sublayer were prepared by phase  inversion. The polymerwas 
d i s so lved   i n  a s o l v e n t   t o  form a solut ion  containing 1 0  t o  
3 0 %  polymer by weight. The polymer so lu t ion  w a s  cast on 
a glass plate  and, after immersion i n  a nonsolvent  bath, 
t he  membrane w a s  obtained. 

Composite  membranes 
Composite  membranes.,were prepared by means of  dip-coat- 

ing. A s u i t a b l e  a i r  dr ied   suppor t   l ayer  w a s  immersed i n  a 
d i l u t e  polymer so lu t ion   and , . a f t e r   evapora t ion   o f   t he  sol- 
vent, a composite membrane w a s  obtained  with a t h i n  homo- 
geneous  polymer toplayer  on  the  support   layer.  A s  support 
layers ,   polyvinyl idenefluoride (PVDF) and Nylon-6 mem- 
branes w e r e  used. 

PVDF membranes were prepared by cas t ing  a polymer  solu- 
t ion   conta in ing  25% PVDF, 6 0 %  dimethylacetamide  and 5% 

dioxane  by  weight  on a g l a s s   p l a t e ;   a f t e r  immersion i n  a 

water bath a t  20 OC, t h e  membrane w a s  obtained. 
Nylon-6  membranes w e r e  prepared by cast ing  a .polymerso-  

lu t ion   conta in ing  9 %  Nylon-6, 18% calcium  chloride  and73% 
methanol  by  weight  on a g lass   p la te ;   a f te r   an   evapora t ion  
t i m e  of 60 seconds  the  f i lm w a s  immersed i n  a water bath 

a t  O oc .  

Pervapora t ion  
The pervaporation  experiments  were,carried  out as descr i -  

bed in   chap te r  2 C181. Vacuum a t  the  downstream s i d e  was 
maintained a t  a pressure  of 13.3 Pa  ( 0 . 1  mmEig) by a Cromp- 
ton  Parkinson vacuum pump. The pressure w a s  measured by an 
Edwards piranhi.  Permeation  experiments were c a r r i e d   o u t  
for  eight  hours.   After  about  three  hours  steady s ta te  con- 
d i t i o n s  w e r e  reached. A product  sample w a s  taken a t  least 
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every  hour.  In  most  experiments a 50-50%byweight  ethanol- 

water mixture w a s  used as feed a t  a temperature  of 20 OC. 

The asymmetric  and  composite membranes w e r e  i n s t a l l e d  
wi th   the   top layer   fac ing   the   feed .  

Product   anaZysis  . 

.Analysis  of  binary  ethanol-water  solutions w a s  performed 
on a Varian model 3700 gas  chromatograph f i t t e d   w i t h  a 

Chromosorb 60/80 column and  equipped  with a thermal con- 
duc t iv i ty   de tec tor .  Low ethanol  concentrations (O-5%) w e r e  
determined  with a flame  ionization  detector.  D-glucosewas 
determined  as D-glucose  phenylosazone by spectrophotometry 
a t  390 nm. Sodium chlor ide w a s  measured  by  conductòmetry. 

RESULTS AND DISCUSSION 

Homogeneous  membranes 
Homogeneous  membranes have  been  prepared  using  different 

polymers.  These a r e   g i v e n   i n   t h e   f i r s t  column of Table 2 ;  
mehrane  thicknesses are given  in   the  second solumn. 

In   pe rvapoga t ion   l i t e r a tu re   s e l ec t iv i ty  is  usual ly  ex- 
pressed by a s e l e c t i v i t y   f a c t o r ,  a (a = (yA/yB)/(xA/xB) I 

where yA and y B  are concentrations of components A and B i n  
the  permeate   andxAandz  are   concentrat ions of components 
A and B i n   t h e   f e e d ) .  Because a may depend  on the   feed  
concen t r a t ion ,   bo th   s e l ec t iv i ty   f ac to r  and  concentration 
i n   t h e  permeate are given  in   Table  2 ( t h i r d  and  fourth 
column). I n   t h e .  last column the  permeation rates are giv- 
en e 

B 

From Table 2 it can  be  concluded  that   in a l l  cases, ex- 
cept  that   of  polydimethylkiloxane (PDMS) , water permeates 
preferen t ia l ly   th rough  the  membrane. Polysulfone  (PSf) 
and  polyacrylo&tr i le  {PAN) show t h e   b e s t   s e l e c t i v i t i e s  p 

but  the  permeation rates, espec ia l ly  for PS€, are verylow. 
The cellulose derivatives  give  moderate selectivfties and 
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TABLE 2 

Pervaporation  results  using  homogeneous  membranes; feed:  ethanol- 
water 50-50%. by weight;  temperature: 20 OC 

Polymer  Thickness a Weight % H20 Permeationrate 
(pm) H2° in permeate  (cm/hr) X 102 

CA 383a 
CA 398 
C T A ~  
CTPC d 
CAB 171 
CAB 272 
CAB 381 
PA@ 
PVDFf 

'PDMSh 
PS fg 

10 
20 
10 
20 
30 
20 
30 
25 
20 
20 
10 

2.0 
4.2 
2.7 
2.6 
4.0 
4.1 
3 ..2 

1.0 

0.3 

70 

332 

6619 
80.7 
73.1 
72.0 
80.0 
80.5 
76.3 
98.6 
50 
99.7 
21 

11.3 
6.8 
8.9 

.5.5 
4.2 
3.3 
2.3 
O. 15 
4.5 
0.04 
1.7 

a bCA:  cellulose  acetate 

c ~ T P :  cellulose'tripropionate  ipsf:  polysulfone 

e FAN: polyacrylonitrile 
CTA: cellulose  triacetate PVDF: polyvinylidenefluoride 

CAB: cellulose  acetate  butyrate PDMS: polydimethylsiloxane 

rather  high  permeation rates. 
From reverse  osmosis  experiments it i s  known t h a t  an- 

nea l ing   s t rong ly   a f f ec t s   t he  performance of ce l lu lose  es- 
ter membranes. Homogeneous ce l lu lose  acetate (CA 398) , 
ce l lu lose  triacetate (CTA) and ce l lu lose   ace t a t e   bu ty ra t e  
(CAB 1 7 1 )  membranes were  annealed i n  water a t  95 OC f o r  
10 minutes. The pervapora t ion   resu l t s   for   these   meeranes  
are 'given i n  Table 3 ,  which shows that   anneal ing  hardly 
a f f e c t s  CA 398.membranes b u t   t h a t   t h e   s e l e c t i v i t y  of CTA 

and CAB 1 7 1  membranes i n c r e a s e s   d r a s t i c a l l y   i n  comparison 
with  the  unannealed membranes. A l l  the  experiments  mention- 
ed above w e r e  ca r r i ed  out  with a,  50-50% by weight  mixture 
of  ethanol  and water. 

. "  

Because s e l e c t i v i t y  may depend on ' l i qu id   f eed  co'mposi- 
t iori ,   the  permeabili ty and s e l e c t i v i t y  of d i f f e r e n t  
compositions w e r e  investigated  through homoge- 

neous -CA 398 (unannealed) , PAN and CTA (annealed) .mem-, 
branes'. The res 'ul ts  are g iven   i n  'Figs. 2 and 3. PSf has 
not  been  considered  further  because  of its extremely low 
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TABLE 3 

Pervaporat ion  resul ts  of some homogeneous membranes with  and  wLthout 
heat  treatment;  feed:  ethanol-water 50-50% by weight;  temperature: 
20 OC; heat  treatment:  10 min at  95 OC 

Polymer  Without heat  treatment With heat  treatment 

aH o Weight%H20  Perm.rate a Weight%H20  Permarate 
2 i n  permeate  (cm/hr) x102 H2° i n  permeate (cm/&) X102 

~ ~~~~ ~~~ ~~ ~ 

CA 398 4.2 80.7 6.8 3.9 79.5 6.5 
CTA 2.6 72.0 5.5 36.0 97.3 2.3 
CAB 171 4.0 79.8 4.2 9.6 90-6 2.9 

1 
’ 0-2 0.4 0.6 0.8 1 

I 1 I 

weight fraction H 2 0  in feed 

FIGURE 2. Water concentration in  the permeate as a function of water 
concentration in  che  feed  €or  different homogeneous  membrane,s,  The 
dashed l i n e  i s  the vapour-liquid  equilibrium of ethanol-water at 
20 OC. 
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FIGURE 3.  Permeation  rate  as  a  function of the  concentration of water 
in the  feed  for   dif ferent  membranes. 

permeation rate. In   Fig.  2 ,  the  vapour-liquid  equilibrium 
of  ethanol-water a t  20 OC and 1 bar  C 1 9 1  i s  also  given 
(dashed  curve); from th i s   f i gu re   i t can   be   s een   t ha t   ve ry  
h igh   se lec t iv i t ies .  are ach,ieved  with  simple,  (bulk)  poly- 
mers. This   resu l t  i s  very   in te res t ing  from a commercial 
po in t  of view. 

Another  objective Òf th i s   research  work w a s  t o   f i n d  mem- 
branes  which are P r e f e r e n t i a l l y  permeable t o   e t h a n o l   i n  
o r d e r   t o  remove ethanol from t h e   u l t r a f i l t r a t i o n  permeate 
i n   t h e  f i r s t  s t e p  (see Fig. 1). From t h e   r e s u l t s   g i v e n   i n  
Table 2 ,  it i s  impor t an t   t o   no te   t ha t   i f '   e i t he r  a hydro- 
phobic  glassy  polymer (PSf)  o r  a more hydrophi l ic   glassy 
polymer (CA) i s  used, water permeates   p referen t ia l ly   in  

69 



both cases. This means that  €or  hydrophobic  glassy  poly- 

mers such as polysulfone (PS€) and  polydimethylphenylene- 
oxide (PPO), which e x h i b i t  no s i g n i f i c a n t  w a t e r  sorpt ion,  
w a t e r  permeates  preferentially  because  of  the  presence  of 
ethanol.  With pure w a t e r ,  no.permeability  has  been  observ- 
ed a t  a l l  throughPSfmembranes.  Weconclude  from  these ex- 

amples t h a t  it would not   be   poss ib le   to   p red ic t  selecti- 
vity  for  ethanol-water  mixtures  from  pure component per- 
meability  measurements,  In a forthcoming article C177 w e  
w i l l  d iscuss   these phenomena i n  more d e t a i l .  

Another   in te res t ing   po in t   to   be   l earned  from T a b l e  2 is 
t h a t  when using a- hydrophobic  rubber  instead of  a hydro- 
phobic  glassy  polymer,  ethanol  permeates  preferentially. 
Comparing t h i s   r e s u l t   w i t h  the investigations  of  Eustache 
Cl11 on  the  removal  by  pervaporation  of a l a rge  number of 
traces  of  organic  contaminants  from w a t e r  using  polyethy- 
lene (PE) r polyethyleneterephtalate (PETF) , polyvinyl al- 
cohol (PVA) and polydimethylsiloxane (PDMS) , the rubber 
membranes (PE and PDMS) show a p re fe ren t i a l   pe rmeab i l i t y  
t o  a l l  organic   solutes   while   the  glassy  polymers  (PVA and 
PETF) show a s e l e c t i v i t y   t o  w a t e r .  From his  extended  in- 
vestigations  the  only  exception  found w a s  the  system 

. .  

polyethylene-wateu-ethanol. For glassy  polymers  diffusion 
through  the membrane i s  rate determining.  In  the case of 
rubbers,  where  the  chains  between  the  crosslink  points  are 
much more f l e x i b l e  and  segmental  motions are . .  .less restric- 

ted  than  in   glassy  polymers ,   d i f fusion is much f a s t e r  and 
the,refore   sorpt ion  on  the feed/membrane i n t e r f a c e  w211 be- 
come important .   Invest igat ions by Ewang L29 l on  the  per- 
meation of oxygen  through a s i l icone   rubber   meerane   d id  
show tha t ,   bes ides   t he  membrane i t s e l f  , i n t e r f a c i a l  re- 
s i s t ance   a l so   con t r ibu te s  t o  t h e   t o t a l   r e s i s t a n c e .  

, .  

Because  ethanol  permeates  preferentially  through  poly- 
dimethylsiloxane (PDMS) membranes, it is. pbss ib l e   t o  ap- 
ply peFvaporation  to remove ethanol  from t h e   u l t r a f i i t r a -  
t i o n  permeate. The e t h a n o l   c o n t e n t   o f   t h e , u l t r a f i l t r a t i o n  
permeate is  low (5-10% by  weight) . The permeate  also .con- 

70 



t a i n s   o t h e r  low molecular  weight  substances  such as salts, 
non-converted  glucose and other   organic  components. To 
check  the membrane s e l e c t i v i t y   f o r   t h e   v a r i o u s  components 
present ,  we performed  an  experiment  using a PDMS membrane 
and a 5% by weight   solut ion  of   e thanol   in  water with D- 

glucose and  sodium chlor ide added to   the   feed .   S ince   the  

exact   composi t ion  of   the  ul t raf i l t ra t ion  permeate  is d i f -  
f i c u l t   t o   e s t a b l i s h   ( s e e  Ref. C31), w e  'used  the.  mixture  of 
D-glucose,  sodium chlor ide,   e thanol '  and water t o   g e t   a n  
ind ica t ion  of the  feasibi l i ty   of   the   pervaporat ion  pro-  
cess.  The r e s u l t s  are given  in  Table 4 ,  from  which it can 
be   seen   tha t   the   re jec t ion   of  D-glucose  and  sodium  chlo- 
r i d e  i s  complete'. However, t h e   s e l e c t i v i t y  i s  r a t h e r  low 
for  ethanol-water  mixtures,  lower  than  the  vapour-liquid 
equilibrium. 

The experiments  performed  with homogeneous membranes in- 
d i c a t e   t h a t   f o r  a l l  membranes tes ted ,   except   the  PDMS rub- 
ber  membranes, water permeates  preferentially.  Very high 
s e l e c t i v i t i e s   t o  water can'be  achieved  with  simple homo- 
geneous membranes b u t   t h e   s e l e c t i v i t y   t o   e t h a n o l   i n   t h e  
case of. PDMS membranes is ra ther   .poor .  . 

TRBLE 4 ' 

Pervaporation  results  with a PDMS membrane and feed:  a  mixture  of 
ethanol,.  D-glucose, sodium chlor ide and water; membrane thickness: 
30 pm; temperature: 30 OC; permeation  rate: O.  O19 cm/hr, 

Eeed (ppm) Permeate (ppm) 
~~~~ ~ ~ ~ ~~ 

Ethanol 50,000 190,000 
D-glucose 10, o00 c200 
NaCl 5 , O00 c200 

Composite membranes 
. .  

The resu l t s   ob ta ined   wi th  homogeneous PAN and PSf mem- 
branes are very  ,promising as r ega rds   t he i r   s e l ec t iv i ty ,  
but  they show low permeabili ty.  Because the  permeation 
rate through a homogeneous membrane i s  roughly  inversely 
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propor t iona l   t o  membrane thickness,  a reduct ion  of   the 
thickness w i l l  improve the  permeabili ty.  One can  achieve 
t h i s  by preparing  asymmetric o r  composite membranes. 
These membranes cons is t   o f  a thin  dense  toplayer  and a 
porous  sublayer  with a much smaller r e s i s t a n c e   t o  m a s s  

t r a n s f e r .   I n   t h e  case of  composite membranes, toplayer  
and  sublayer  originate from different   polymeric  materials. 
Each o f   t he  two layers  can  be  optimized  independently  for 
maximum performance.  Different  methods  can  .be  used t o  ap- 
p l y   t h e   u l t r a t h i n   t o p l a y e r  upon the  support:   dip-coating 

[201, in te r fac ia l   po lymer iza t ion  C211 and  plasma  polymeri- 
zat ion C227,  The most  simple method is dip-coating. Hence, 

i f  it were poss ib l e   t o   pu t  a very   th in  homogeneous PAN o r  
PSf l ayer ,  by dip-coating, upon a su i tab le   suppor t ,  w e  
would expect   an  increase  in   permeabi l i ty   while   the selec- 

t i v i t y  would  remain the same or l e s sen   on ly   s l i gh t ly .  The 
choice of the  support   depends.on  the  solvent   used  €or   pre-  
par ing  the  polymer  toplayer;   th is   solvent   should  not  at- 
tack  the  microporous  s t ructure   of   the   support .  

PSf i s  so luble   in   ch lor ina ted   hydrocarbons   l ike  methy- 
lene,   chlor ide,   t r ichloroethylene  and  te t rachloroethylene.  
Polyvinylidenefluoride (PVDF), however, is  ab le  t o  resist 
these  solvents .  A PVDF membrane has  been  used as support 
f o r  a composite membrane with a PSf toplayer.  This PVDF 

membrane i t s e l f   h a s  no s e l e c t i v i t y  towards an ethanol- 
water mixture  and the permeation rate is  high (see Table 5)  . 
P A N . i s  s o l u b l e   i n  amides l i k e  dimethylformamide ( D M F ) ,  d i -  
methylacetamide (DMAc) and  N-methylpyrrolidone (NMP) . 
There are only a few  polymers  which are r e s i s t a n t   t o   t h e s e  

solvents  : aliphatic  polyamides  can  be  used 'as support  ma- 
terials for a toplayer .   For   this  P ~ ~ P O S ~  w e  have  used 
a Nylon-Q membrane which,  uncoated,  also shows  no 
s e l e c t i v i t y  €or ethanol-water  mixtures,  but still has a 
very  high  permeation rate. 

The coating  procedure  has  been  described,in  the  experi-  
mental   section. The following  factors  have  been  varied: 
(I) Polymer concent ra t ion   in   the   coa t ing   so lu t ion ;  O .?-S% 

7 2  



by  weight  of  polymer. 
Coating time; generally  about 2 minutes ,   var ia t ion 
from 1 t o  60 minutes. 
Prewetting of '  the  support .  
Kind of   so lvent   used . in   the   coa t ing   so lu t ion :   d ich lo-  
romethane  (b.p. 40 OC) and te t rachloroethylene  (b .p .  
146  OC)  have  been  used as so lven t s   fo r  PSf .  I n   t h e  
case of PAN, only  dimethylformamide  has  been  used as 
solvent.  
Drying  of  the  support;  careful  drying w a s  ca r r i ed   ou t  
a t  elevated  temperature ( 9 0  OC) and  reduced  pressure 
(0 .6  kPa).  
Coating i n  a nitrogen  atmosphere. 

The bes t   resu l t s   ob ta ined   a re   g iven   in   Table  5. These 

membranes. are obtained  by  dipping a supporting PVDF 

membrane i n  a 6% PSf/CH2C12 so lu t ion  and a Nylon-6 sup- 
po r t ing  membrane i n  a 8% PAN/DMF so lu t ion .  The permeation 
rates of the composite PSf and PAN membranes are one  order 
of  magnitude  higher  than  those  of  the homogeneous mem- 
branes: w e  had an t i c ipa t ed  a la rger   increase .  The reason 
f o r   t h i s  low permeability i s  the   r e s i s t ance  which the  sup- 
po r t   l aye r   a l so   exe r t s  on mass t r a n s f e r ,   a n d ' t h e   r a t h e r  
thick  toplayers  ( 6  pm) which were obtained by us ing   the  

, high (6-8%) polymer concentration  during  dip-coating. When 
lower  polymer  concentrations were used,  the  permeability 

TABLE 5 

Pervaporation  results  of composi.te membranes obtained by dip-coating; 
feed:  ethanol-water 50-50% by weight;  temperature: 20 OC 

Polymer a Weight % H20 Permeation rate 
(toplayer/sublayer) H2° i n  permeate (cm/hr), x 102 

PS f /PVDF  19 .o 
PAN/Nylon-6 9.0 
PVDF support 1 .o 
Nylon-6 support 1 .o 

95.0 ' 

90.0 
50.0 
50.0, 

0.5 
2.0 

-a 
20 

apemeab i l i t y  too high 
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d id   i nc rease   bu t   t he   s e l ec t iv i ty   dec reased   d ra s t i ca l ly ,  
According to  Cadotte C217, t he   poss ib l e   r ea son   fo r   t h i s  
phenomenon i s  t h a t   d i l u t e  low-viscous  polymer  solutions 
tend  to   migrate  upon drying  to  produce  defective  top- 

layers  o 
One can  conclude  f rom  these  resul ts   that ,   in   pr inciple ,  

it i s  possible  to  prepare  composite membranes for   e thanol-  
water separat ion by means of  dip-coating. However, up t o  
now w e  have  not   been  able   to   prepare  very  thin (less than 
1 pm) dense  toplayers upon a support  by t h i s  method with- 
o u t  loss o f   s e l e c t i v i t y .  Even the  best   composi te  membranes 
did show a l o s s   o f   s e l e c t i v i t y  compared t o  homogeneousmem- 
branes. 

Asymmetric  membranes 

Another  type of membrane with a very  dense  toplayer  and 
a porous  sublayer i s  formed  by t h e  asymmetric membranes. 
Most asymmetric membranes are prepared by phase  inversion. 
Morphology and  performance  of these membranes l a r g e l y  de- 
pend  on the  choice  of  the  ternary  system  polymer/solvent/  
nonsolvent . Two different  demixing  processes  .determine 

formation  of asymmetric membranes  C23-271: 
(Micro)crys ta l l iza t ion   or   ge la t ion   for   the   format ion  
of   the   top layer .  
Liquid-liquid  phase  separation  followed by ge la t ion  
of  the  concentrated  polymer  phase  for  the  formation 
of  the  porous  sublayer.  

A s  already  mentioned,  during  pervaporation  transport  
takes   place by diffusion.  This  requires  asymmetric mem- 
branes  with a very  dense  toplayer .   Different   factors   can 
favour  the  formation of a dense  toplayer C25,271: 

. A h i g h   i n i t i a l   c o n c e n t r a t i o n  o f  t he  polymer so lu t ion ,  
A lower  tendency  of  the  nonsolvent  to  inauce  l iquid- 
l iquid  phase  separat ion.   This  means a low tendency of 

mixing  of  solvent and  nonsolvent. 
e A l o w  temperature of the  coagulation  bath. .  
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. An evaporat ion  s tep  before   enter ing  the  coagulat ion 

bath.  

Most of  the  commercially  available  asymmetric membranes 
are app l i ed   i n   hype r f i l t r a t ion   p rocesses .  The  membranes 
generally  used  in  the  pervaporation  process  are of t he  
homogeneous I type.  Only Aptel C 7 1 reported on the.   separa-  
tion  of  water-dioxane  mixtures  with  asymmetric  polytetra- 
f luoroethylene membranes. In   general ,  it c.an be s a i d   t h a t  
asymmetric h y p e r f i l t r a t i o n  membranes a re   no t   su i t ab le   fo r  
pervaporation  because  the  toplayer i s  not  dense enouqh. 

Experiments  performed  with a Loeb-Manjikian type of CA 

reverse  osmosis membrane C301,obtained from a polymer so- 
l u t ion   cons i s t ing  of 25% ce l lu lose   ace t a t e  (E 398-3), 30% 
formamide and 45% acetone,  did  not '  show any s e l e c t i v i t y "  
towards  ethanol-water  mixtures. Böddeker C311 showed t h a t  
reverse  osmosis membranes (polybenzimidazolone (PBIL)  and 
RC-li,OO), whi.ch exhibit   very  high sal t  r e j e c t i o n .  ( R  > 9 9 % )  
and  can  be,used  for  single-pass seawater desa l ina t ion ,  
have  hardly any se lec t iv i ty   to   e thanol -water   mix tures   in  
pervaporation  processes. 

With the  procedure  given above to   ob ta inamoredense top -  
l aye r ,  w e  developed  asymmetric  pervaporation membranes f o r  
ethanol-water  separation  using  different  polymers. The re- 
su l t s   a r e   g iven   i n   Tab le  6 .  

The asymmetric CA membranes prepared  from  acetone-con- 
ta in ing   so lu t ions  show a b e t t e r  performance  than  the homo- 
geneous ones:   the  permeabili ty is  s l i g h t l y  less b u t   t h e  
s e l e c t i v i t y  i s  much b e t t e r .  The reverse  i s  t h e  case with 
PSf where the  asymmetric membranes have a much higher  per- ' 

meabil i ty   but  a lower  select ivi ty .  
Polydimethylphenyleneoxide (PPO) membranes w e r e  obtained 

with a h igh   se lec t iv i ty   bu t   wi th  a low permeabili ty.  CA, 

PSf and PP0 membranes w e r e  a l so 'prepared  from a more di-  

l u t e  polymer so lu t ion   and   the   resu l t s  are a l so   g iven   i n  
Table 6 .  These l a t t e r  membranes exh ib i t  a much lower se- 
l e c t i v i t y .  It seems c l e a r  from t h e s e   r e s u l t s   t h a t  polymer 
concentration i s  a very  important   factor   . in   obtaining 
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TABLE 6 

Pervaporation  results of asymmetric  membranes  obtained by phase in- 
version,  feed:  ethanol-water 50-50% by weight;  temperature: 20 OC 

~ ~~ 

Polymer  Solvent  Nonsolvent Polym. a Weight % H20 Perm. rate 
Conc. in permeate  (cm/hr) x102 

(%l 

CA 
CA 
CA 
CA 
PSf 
PSf 
PP0 
PP0 

Acetone Water 
Acetone Water 
DMSO Water 
DMSO Water . 
DMAc Water 
DMAc Water 
T C e  Methanol 
TCE Methanol 

25 
18 
25 
18 
35 
15 
20 
10 

~~~ ~ 

12.3 92.5 2.7 
5.9 85.5 4.2 
1.0 50.0 32 -S 

- -6 
3 .O 75.0 1.4 
- - -b 

9.3 90.3 0.2 
1.0 50.0 19.2 

- 

%CE: trichloroethylene 
bl?ermeability too high 

dense-skinned  asymmetric membranes s u i t a b l e   f o r  pervapo-, 
ra t ion.   Another   important   factor   in   obtaining  dense  top-  
layers  i's the  solvent-nonsolvent  interaction. If t h e  sol- 
vent-nonsolvent  interaction is low (i.e., a high  value of 
the  excess  free  energy  of  mixing),  the  binodal  demixing 
gap for l iquid-liquid  phase  separation  in  the  phase  dia- 
gram i s  s h i f t e d   t o   h i g h e r  water concentrations.   This is 
t h e . c a s e   f o r  CA as polymer,  acetone as solvent  and w a t e r  
as nonsolvent.  Acetone-water  solutions  have a very  high 
excess  free  energy  of  mixing  whereas DMSO-water so lu t ions  
show a negative  excess free ene,rgy  of  mixing  which means 
a h igh   mutua l   a f f in i ty  C281.  The binodals  of  these  systems 
are given í n  Fig. 4. For  solutions of CA i n  DMSO, where 
the   loca t ion  of the   l iqu id- l iqu id   phase   separa t ion  demix- 
i n g  gap i s  near  the  polymer-solvent  axis,   addition  of a 
small amount of w a t e r  is su f f i c i en t   t o   i nduce   l i qu id - l i -  
quid  phase  separation. A s  a r e s u l t ,  membranes areobtained 
with a less dense  toplayer C271. Thus, membranes which 
w e r e  prepared  from  both  dilute  and  concentrated  solutions 
of CA i n  DMSO d id   no t  show any s e l e c t i v i t y  towards  etha- 
nol-water  mixtures  because  the  toplayer was not  dense 
enough . 
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CA 

FIGURE 4 .  Schematic  presentation of the  liquid-liquid  demixing  gap 
f o r  CA/solvent/water  systems with acetone and DMSO as  solvent.  (From 
Ref. C281.) 

For  solutions  of CA in   ace tone ,  a r e l a t i v e l y   l a r g e  amount 
of nonsolvent i s  necessary  before:l iquid-liquid  phase se- 

paration  occurs.  .Consequently, a more dense  toplayer i s  t h e  
r e s u l t .  

It i s  obvious tha t   i n   p repa r ing  asymmetric membranes f o r  
pervaporation  purposes two f ac to r s  are very  important:  the 
polymer concent ra t ion   in   the   cas t ing   so lu t ion   should   be  
high  and  the  solvent-nonsolvent  interaction.  should  be low. 

Besides  the thermodynamic aspects  mentioned  above,  kine- 
t i c  factors   such as nonsolkent f l o w  in to   the   nascent  mem- 
brane  and  solvent  f low  into  the  coagulation  bath,   together 
wi th   the  gelation/crystallization kine t ics ,   a l so   p lay   an  
impor tan t   ro le   in  membrane formation. 

CONCLUS IONS 

With pervapora t ion   in   combina t ion   wi th   u l t ra f i l t ra t ion ,  
it i s  poss ib l e   t o  remove e thanol   p referen t ia l iy  and  con- 
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t inuously from a fermentat ion  reactor  . The ethanol-water 

mix tu re   ob ta ined   a f t e r   u l t r a f i l t r a t ion   can   be   pu r i f i ed  by 
a two-stage  pervaporation  process  with homogeneous, com- 
pos i t e  or asymmetric membranes . 

The problem  with  the  composite membranes prepared  by 
dip-coating i s  the  inadequate  homogeneity  and/or  thick- 
ness of t he   s e l ec t ive   t op laye r ,  W e  d id   not   succeed  in   pre-  
par ing   very   th in   top layers  ( L e s s  than 1. pm) by th i s   t ech-  
nique  without loss of s e l e c t i v i t y .  

Both homogeneous and asymmetric membranes prepared  from 
various  polymers showed very   h igh   se lec t iv i t ies   to   e tha-  
nol-water  mixtures.  Annealing  of  the homogeneous ce l lu lo-  
se ester membranes had a p o s i t i v e   e f f e c t  on t h e  selecti- 
v i ty .  
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CHAPTER 4 

A RATIONALE  FOR  THE  PREPARATION  OF  ASYMMETRIC  PERVAPORATION 
MEMBRANES 

M.H.V.  MULDER, J. OUDE HENDRIKMAN, J.G. WIJMANS and C.A. 
SMOLDERS 

SUMMARY 

Pervaporation i s  car r ied   ou t   p r imar i ly   wi th  homogeneous  membranes. 

An improvement i n  permeation rate can be  achieved  using ,asymmetri'c 

or  composite membranes. In   o rder   to   main ta in  ' se lec t iv i ty   very   dense  

toplayers are needed. The. formation  of asy-minetric  membranes w i l l  be   dis-  

cussed i n  terms of .   the  model proposed  by..our  group: . ,  

. formation  of  the  toplayer  by  gelation. 

. formation of the  porous sublayer by l iquid-liquid  phase  separation 

followed  by  gelation  of  the  concentrated polymer  phase. ' 

To obtain  very  dense  toplayers  the  following.factors  arë ' important:  

t h e   r a t i o  of nonsolvent  inflow  and  solvent  outflow, polymer concentra- 

t ion ,   loca t ion  of the  l iquid- l iquid demixing gap and; loca t ion   of   the  

gel  region. Asymmetric membranes have  been  prepared  by  varying  these 

fac tors  and the  obtained membranes have  been.tested  on  ethanollwater 

mixtures. I ,  . I  

:. ' 
. .. .. . . ,  

. .  
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INTRODUCTION 

_ _  Despite  intensive  investigations  of  Binning  and  coworkers 

Cl-31 i n   t h e  late f i f t i e s  and e a r l y   s i x t i e s ,   t h e  commercial 
appl ica t ion  of pervaporation as membrane separation  process 
is  still very  l imited.   There  are   three main r easons   fo r   t h i s :  
i) the  energy  consumption is  r e l a t ive ly   h igh  compared t o  
o t h e r  membrane processes  such as u l t r a f i l t r a t i o n  and  hyper- 
f i l t r a t ion   because  a phase  t ransi t ion  occurs   and  the  heat   of  
vaporizat ion  has   to   be  suppl ied,  ii) insuff ic ient   permeat ion 
rates and /o r   i n su f f i c i en t   s e l ec t iv i t i e s   and  iii) process  de- 
s ign  is  d i f f i cu l t   because  of a temperature  drop  across  the 
membrane and pressure  losses  a t  t h e  downstream s ide .  
Nevertheless  there are seve ra l   i n t e re s t ing   po ten t i a l   app l i -  
cations  such  as  the  removal  of water from  organic  l iquids,  
t h e  removal  of  organic  contaminants  (e.g.  aromatics  and 
chlorinated  hydrocarbons)  from w a s t e  w a t e r  and the  separa- 
t i o n . o f  some azeotropic  and  isomeric  mixtures.   In  the last  
decade much at tent ion  has   been  paid t d  the   separa t ion   of  
ethanol/water  mixtures C4-91 and  recently a commercial ap- 
p l i c a t i o n  w a s  described for the   product ion of ethanol  from 
bioma-ss using  pervaporation for t he   f i na l   dehydra t ion   s t ep  

C l 0 1  
The separat ion mechanism of  pervaporation is a solution- 

d i f fus ion  mechanism Cll-141 because  very  dense membranes 
are needed, T i l l  now pervaporation is  ca r r i ed   ou t   p r imar i ly  
with  dense homogeneous  membranes.  Only inc identa l ly   the   use  
of asymmetric membranes has  been  reported [5,15 7 and no sys- 
tematic investigations  have  been  performed  to  obtain asym- 
metric pervaporati.on membranes. 

A s  already  mentioned  above,  one of the  disadvantages  of 
the  pervaporation  process i s  t h e  low permeation rate espe- 
cTally  with  highly selective membranes. The permeatión rate 
through a homogeneous membrane i s  roughly  knversely  propor- 
t i o n a l   t o  membrane thickness.  One  way to   reduce   the   e f fec-  
tLve membrane thicknes’s is  t o  preQare  asymmetric membranes. 

Loeb and  Sourirajan f.169 w e r e  t h e  first t o  prepare asym- 
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metric hyper$il,trat ' iqp membranes'. S i n c e   t h e i r  work much 
research  has  been  carried  out on the  development  of new 

and b e t t e r  asymmetric membranes, o f t en   r a the r   empi r i ca l ly  ' 

and sometimes by a more fundamental  approach. In  our  labo- 
r a to ry  much attention  has  been  paid  to  the  fundamental  ap- 
proach C17-251. Asymmetric membranes :are ,produced by phase 
inversion C261 . The concept  of  phase  inversion  covers a 
range  of  different  techniques C251 and i n   t h i s   p a p e r  we 

w i l l  discuss  the  preparation  of  asymmetric membranes by 
immersion precipitation..Immersion p r e c i p i t a t i o n  i s  the  
most  widely  used  technique  for  preparing  asymmetric membra- 
nes: a polymer so lu t ion  i s  cast on a su i tab le   suppor t  and 

immersed in   a .nonsolvent   coagulat ion  bath.The  asymetr ic  n ~ m -  
brane i s  formed  by  exchange  of  solvent  and  nonsolvent. The 
ult imate membrane s t r u c t u r e  i s  determined by ' t h e  thermody- 
namics  and k i n e t i c s  o f '  t h e  demixing  process, i .e. by t h e  
choice  of  the  system polymer/solvent/nonsolvent. Sometimes 
a curing  s.tep  can  improve membrane performance. 

When asymmetric membranes are used in   pervaporat ion ex- 
periments  there are two p o s s i b i l i t i e s  of i n s t a l l i n g   t h e  
membrane : 

. the   top layer  is  f ac ing   t he   f eed   ( ' sk in   up ' ) .  

. the  porous  sublayer is  facing  the  feed  ( ' skin  down') .  

The influence of the  porous  sublayer  on mass t r a n s f e r  
should  not  be  neglected.   In  the case of ' sk in  up' pos i t i on  
the   r e s i s t ance  a t  the  feed/membrane i n t e r f a c e  i s  e q u a l   t o  
t h a t   f o r   t h e  homogeneous  membranes b u t   t h e   r e s i s t a n c e   i n  
the  porous  layer  can  be  appreciable when high vacuum i s  
applied downstream, e spec ia l ly  when the  pore  diameter is  , 

small and the  permeation rate i s  h igh .   In   the  case of   ' skin 
down' posi t ion  the  porous  sublayer  acts as a s tagnant   l ayer  
and the   ex ten t   o f   concent ra t ion   po lar iza t ion  w i l l  strong- 
ly depend  on the  s t ructure   of   the   porous  sublayer  and t h i s  
e f fec t   increases   wi th   increas ing   permeat ion  rates.. There- 
fore,  in  developing  asymmetric membranes the   po res   i n   t he  
sublayer  shduld  be as high as possible.  

. .  

The ob jec t ive  of t h i s   chap te r  i s  to   d i scuss   the   p repara t ion  
of asymmetFic membranes with a very  dense  toplayer  prepared 
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from  various  polymers  and t o   d i s c u s s   t h e   d i f f e r e n t   f a c t o r s  

which  govern the  formation  of  these  dense  toplayers. 

THEORETICAL CONSIDERATIONS 

I n   o u r  group the  hypothesis  has  been  adopted  that  two 
d i s t i n c t l y   d i f f e r e n t   t y p e s  of  phase  separation  processes 
are responsible for the  formation of  asymmetric membranes 
C17-257 

. gela t ion  (or c rys t a l l i za t ion )   fo r   t he   fo rma t ion   o f   t he  
toplayer.  

o liquid-liquid  phase  separation  followed  by  gelation  of 
the  concentrated  polymer  phase  for  the  formation of t he  
porous  sublayer. 

Koenhen C 171 w a s  t h e   f i r s t  eo suqTestz t h i s  mechanism. 
I n   t h i s   p a p e r  we  w i l l  describe  the  formation  of  asymmetric 
pervaporation membranes with a very  dense  toplayer  in.  terms 
of t h i s  mechanism. 

Some polymers  have no a b i l i t y   t o   c r y s t a l l i z e ;   i n   t h a t  

case t h e  mechanism of c r y s t a l l i z a t i o n  for :the formation  of 
the  toplayer  can  be  excluded.  For  these amorphous polymers 
there-  i s  no l i q u i d - s o l i d   t r a n s i t i o n   i n   t h e  thermodynamic 
sense  and  gelation  generally  occurs by  entanglement o r  by 
physical  interactions  between  segments. The more  numerous 
the  entanglements,   the more dense   t he   ge lwi l l   be .   Th i s  is 

a l so   t he   r eason  why homogeneous membranes are ve ry   su i t ab le  
for   pervaporat ion.  Homogeneous  membranes are   prepared by 
evaporation  of  the  solvent  from a polymer so lu t ion  f i l m .  
During  evaporation  the  polymer  concentration  increases, 
t he   v i scos i ty   i nc reases  and the   cha ins  become more and more 
i rkobi le ,   reaching  a .  very  high  packing  density when a l l  t h e  
solvent  has  been  evaporated. When asymmetric membranes are 
developed  the  toplayer  should  have a t  least t h e  same dense 
s t r u c t u r e   a s   t h a t  for t h e  homogeneous membranes obtained 
by complete  evaporation. 
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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  
Liquid-liquid  phase  separation  occurs i f   t h e  system  can.: 

lower i t s  free  enthalpy  of  mixing by sepa ra t ing   i n to  two 
liquid  phases.  Generally, membrane forming  systems  are' ter- 
nary  systems  consisting of a polymer, a solvent  and  a.non- 
solvent .   Figure 1 shows a schematic  diagram  of a AG sur face  

f o r  a ternary  system, 
m 

.s. 

FIGURE I. Sketch of the AG surface  and  miscibility gap for  the  system 

polymer (P), solvent (S) and nonsolvent (NS); Cr: Critical  point. 
m 

A l l  pairs  of  composition  with a common t angen t   p l ane   t o   t he  
AG s u r f a c e   c o n s t i t u t e   t h e   s o l i d   l i n e  a t  the  bottom of the  
phase  diagram.  This l i n e  i s  ca l led   the   b inodal .  The dot ted  
l i n e  which  connects  the  points of i n f l e c t i o n  i s  called t h e  

spinoda.1. I n   t h e  cr i t ical  poin t  (C,) the   binodal  and  spino-,j 
dal  touch  each  other. The locat ion  of   the c r i t i ca l  poin t  
determines  whether  the  nuclei formed a t  a ce r t a in   po in t  when 

m 
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the   binodal  i s  crossed w i l l  have a composition  high  or low 
i n  polymer  concentration. I f   t h e   b i n o d a l  i s  entered  between 

e 

point  C -  and P, demixing  occurs i f   nuc le i   o f   t he   s econd  
' T  

phase  ( the  dilute  polymer  phase) are generated,  After  nucle- 
a t ion ,   t hese   d rop le t s  w i l l  grow f u r t h e r   u n t i l 1   t h e  s-urround- 
i n g .  polymer rich  phase w i l l  have  such a high  polymer  con- 
cent ra t ion   tha t   ge la t ion   occurs ,  
Figure 1 shows a liquid-liquid  demixing  gap  only.  In  Figure 
2 a ternary  phase  diagram i s  shown where  except  for  the  bi-  
nodal  demixing gap also a ge l   reg ion   (a rb i t ra r i ly   chosen)  
has  been  drawn. 

po[yrner 

sol 

FIGURE 2. Schematic  phase  diagram f o r  a ternary  system  with a one-phase 

region @ , a two-phase region @ and  a gel   region @ . Further ex- 

planation of coagulation  paths, see text.. 

The exac t   loça t lon   of   th i s   ge l   reg ion  is d i f f i c u l t   t o  esta- 
b l i s h .   I n   f a c t ,  there i s  no f ixed  locat ion  because  external  
factors   such as t h e  rate of  solvent  outflow  and  nonsolvent 
Lnflow w i l l  in f luence   the  exact locat ion.  The boundary of 
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this   gel   region  can  be  cqngidered as ' a ,  v i scos i ty  boundary  and 
the   e f f ec t   o f   i nc reas ing   v i scos i ty  on phase  separation  has 
to   be  taken  . into  account .  
Structure  formation  in  asymmetric membranes reflects strong- 
l y   d i f f e r e n t  t i m e  regimes for  composition  changes a t  d i f f e r -  
e n t  pos i t ions   in   the   coagula t ing   f i lm:  
. d i r e c t l y  below the   i n t e r f ace , coagu la t ion   ba th / cas t  polymer 

so lu t ion   t he   t op laye r  i s  being formed during  rapid  solvent  
loss. 

. a t  greater   depth below the   i n t e r f ace   t he   sub laye r   s t ruc -  
kure i s  being formed during a more o r  less gradual  exchange 

o f  so lvent  and  nonsolvent. 
These different '   composition  changes  for  toplayer  and  sublayer 
have e a r l i e r  been  described  and  visualized  in  the  ternary 
phase d i a g r m  as 'composition  path' C22,271. 
For   toplayer   formation  there  are two p o s s i b i l i t i e s ;  i) t h e  
coagulat ion  path  crosses   the  gel   region  l iefore   intersect ing 
the  binodal  demixing  gap  (Figure 2 ,  arrow AC) o r  ii) t he  co- 
agulat ion  path  intersects   the  binodal  f i r s t  (Figure 2 ,  arrow 
AB) . I n   t h e   f i r s t  case the  gel   re 'gion i s  entered a t  po in t  
C, i n  a p a r t  of the  phase  diagram  where  the'three components 
are s t i l l  completely  miscible  with  each  other  (one-phase 
reg ion) .  Now suppose t h a t  upon en ter ing   the   ge l   reg ion   the  
polymer  chains  would  be  immobilized  completely. I n   t h a t  
case  the polymer concentration would not   increase  any fur- 
ther .  However, the  diflfusion of so lvent  and  nonsolvent w i l l  
go on and t h e r e  w i l l  be  a complete  exchange. I n   t h i s  hypo- 

t h e t i c a l  case the.polymer-nonsolvent  axis, w i l l  be  reached 
a t  poinC D. Ef dur ing   ge la t ion   fur ther , shs inkage   of   the   ge l  
volume i.e. syneresis  occurs C201, ,it i s  p o s s i b l e   t h a t   t h e  
polymer-nonsolvent ax i s  is reached a t  higher polymer con- 
cent ra t ions   (po in t  E ) .  Syneresis w i l l  occur i f   t h e  system 
can  decrease i t s  free  enthalpy  of  mixing  because  the  polymer 
molecules  can  change t o  a less expanded  conformation  invol- 
ving  expel l ing of so.lvent.  (and  non,so.lvent) e 

I n   t h e  second case when the  coagulat ion  path  intersects   the 
binodal a t  lower  polymer  concentrations  (Figure 2,. arrow A B )  
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one of t h e  two demixed phases  which are in   equi l ibr ium  wi th  

each  other   ( the polymer r ich  phase)  w i l l  r e a c h ' t h e   g e l  re- 
g ion   a f t e r  a c e r t a i n  t i m e  a t  poin t  F. The same w i l l  happen 
wi th   th i s   phase  as mentioned  above;  the  polymer  concentra- 
t i o n  w i l l  not   increase much because  of  the  immobility of 
the  chains arid f u r t h e r  growth of the   d i lu ted   phase  is  im- 
peded.  Again the mechanism of syneresis  should  not be ex- 
cluded.  Research  on  this  topic  ( location of the   ge l   r eg ion  
and  syneresis)  is ca r r i ed   i n   ou r   l abo ra to ry  and t h e   r e s u l t s  
w i l l  be  published, i n   t h e   n e a r   f u t u r e .  , 

Membrane formation .is a dynamic process,  thermodynamics' 
only  cannot   descr ibe  the  process   ful ly ,  also kinetics  should 
be  included, i - e .  rates of solvent  outflow  and  nonsolvent 

inf low,   kine, t ics   of   gelat ion  and  kinet ics  of nucleat ion and 
growth  during  liquid-liquid  demîxing.  Nevertheless w e  w i l l !  
demons trate that t h e  thermodynamic  cons iderat ions  provide 

a good indica t ion  how t o   o b t a i n  a more dense  toplayer. 

Formation of t h e  t o p  l a y e r  
According t o   t h e  Fiory-Huggins  theory C281 the   f r ee   ene r -  . . .  

9y of a x i n g  (AG f o r  a ternary  system i s  given  by m 

The subscr ip ts   re fe r   to   nonsolvent  (,l), solvent  ( 2 )  and 

polymer ( 3 )  . n; and are t h e  number of  moles  and the  vol-  
ume f rac t ion   r e spec t ive ly -  xi3 i s  the nonsolvent-polymer 
interact ion  parameter  and xZ3 the solvent-polymer  interac- 
t ion  parameter.  Bokh parameters are assumed t o   b e  concen- 
t r a t i o n  Lndependent. . g12 i s  the  solvent-nonsolvent  inter-  
action  parameter and this   parameter  i s  assumed t o   ' b e  a func- 
t i o n  of u 2 p  with u ~ = $ ~ /  ($l++2), i n   t h e   n o t a t i o n  of Pouch13 
C291. . . . .. 

Differen t   fac tors  are very  important for the  formation 
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of  the  toplayer:  , 

:the ra t io   of   nonsolvent ' inf low (S1) and solvent  outflow 

. polymer concent ra t ion   in   the   cas t ing   so lu t ion .  

. location  of  the  l iquid-liquid  demixing gap. 

. locat ion  of   the  gel   region.  
Figure 3 gives a schematic  representation of the  f i lm/bath 

in t e r f ace .  

( J 2 )  

INTERFACE 
I I /  

3 
in 

I I /  

FIGURE 3. Fluxes of nonsolvent (J ) and  solvent (J ) at the interface 

coagulation  bath/cast  polymer  solution.  Components:'l,  nonsolvent'; 2, 
solvent; 3, polymer. 

1 2 

The r a t i o  o f  the  solvent  outflow ( J 2 )  and nonsolvent  inflow 
(J ) determines  the  course of the  coagulation  path.   In  order 
t o   o b t a i n  a dense   top layer ,   the   ra t io  J 1 / J 2  should  be small 
and the  coagulation  path w i l l  reach  the  gel   region  before  
in te rsec t ing   the   b inodal .  ,J1 and J 2  can  be  represented by 
a simplified  phenomenoloqical  relation 

1 

A p i r  the   chemica l   po ten t ia l   d i f fe rence , i s   the   d r iv ing   force  
fo r  mass t r anspor t  of component i through  the  film/bath  in- 
terface (see Fig. 3 )  and L i s  the   permeabi l i ty   coef f ic ien t  i 
of component i which nay 'be  a function of and pi. 
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Calculations  performed by Altena C301 showed t h a t   i n   t h e  
e a r l y  stage of membrane formation  the  ra t io  J l / J 2  is very small 
and  consequently a very   s teep   coagula t ion   pa th   resu l t s  which 
in t e r sec t s   t he   ge l   r eg ion  a t  low nonsolvent  content (see 

Fig. 2 ,  arrow AC) . I f  w e  d i s regard   the   in f luence   o f  Li (or 
assume t h e   r a t i o  L l / L 2  t o   b e  l) t h e n   t h e   r a t i o  J l / J 2  is de- 
termined  by  the  ra t io   of   the   chemical   potent ia l   d i f ferences 

Apl/Ap2. This latter r a t io   can   be   a l t e r ed  by  changing  the 
kind of solvent  and  nonsolvent 'and by  modifying  solvent  and 
nonsolvent  proportions  in  f i lm  and  bath.  Wijmans C257 chang- 
e d   t h e   r a t i o  of Av,/Av2 (and so J /J ) by adding  solvent 
to   the  coagulat ion  bath.  The coagulation  path is then less 
steep  and  the  bfnodal i s  i n t e r s e c t e d   a t  much lower  polymer 
concentrations (see Fig. 2 ,  arrow A B )  . I n   t h i s  way it is ' 
even   poss ib le   to   ob ta in  a microporous membrane without a 
.dense  toplayer .   Contrar i ly ,   in   order   to '   obtain a dense  top- 
l aye r  it i s  necessary  that   the   coagulat ion  path  should  be 
as s t eep  as possible .  

1 2  

Another  factor which is important f o r  the  formation  of a 
dense  toplayer i s  the   loca t ion   of   the   b inodal .   Al tena  C231 
was  ab le   to   ca lcu la te   numer ica l ly   the   loca t ion  of the  bino- 
d a l   o f  a ternary  system  using  Flory-Huggins  thermodynamics. 
H e  showed tha t   the   Loca t ion  of the  binodal  demixinq gap 

primarily  depends on t h e  g12 and x13 parameters, 
For a fixed  value  of x13 (say 1,.5) an   increase   in  g 1 2  

(i. e. an   increase   in   excess  free energy  of  mixing  between 
solvent  and  nonsolvent) w i l l  cause a sh i f t   o f   t he   b inoda l  
t o  a higher  nonsolvent  content (Fig. 4a). For a f ixed  val-  
ue of g12 (say 0 ; 5 )  an   i nc rease   i n  x13 (i.e. decrease "of 
polymer-nonsolvent  interaction) w i l l  cause a s h i f t  of t h e  
b inoda l   t o  a lower  nonsolvent  content  (Fig.  4b).  For a 
very  high  value  of x13 (say 4 .0 )  the   binodal  i s  located 
very  near  to  the  solvent-polymer  axis and  an  increase  in 
ql2 then  hardly  has any inf luence on the   loca t ion  of t h e  
binodal,  

What is the influence  of the . ' location of the binadal  

on t h e  compactness  and  density of the  toplayer? 
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POLYMER  POLYMER 

SOLVENT NONSOLVENT 

FIGURE 4. Direction of t h e   s h i f t  of the  binodal.  a)  increasing g1 

b)  . i n c r e a s h g  X 
' 13' 

The  more the   b inodal   has   been   sh i f ted   to   the  polymer-non- 
so lvent   ax is ,   the  more it i s  l i k e l y   t h a t   t h e   g e l   r e g i o n  i s  
reached  before  the  binodal w i l l  be   intersected.   This  i s  
schematically shown in   F ig . '  5. I n  a sence   th i s   e f fec t   pará l -  

r .  

polymer 

so lvent n o'nsolv ent I '  

FLGURE 5. Schematic  course of a coagulation  path  reaching  f irs ' t   the  bi-  

nodal  (a)  or the gel  region  (b),  depending upon the  binodal  curve. 

91 



lels the  inf luence  of   another   factor :   the   locat ion  of   the 
ge l   r eg ion ,   s ince   a l so  when a l t e r ing   ge l a t ion   ( fo r   i n s t ance  
by temperature  variation)  one  can  monitor  the  conditions a t  
t he   i n t e r sec t ion   o f   t he  demixing  gap. 

In   t he   expe r imen ta l   pa r t  w e  w i l l  focus  our   a t tent ion on 
two fac to r s  which influence  the  formation  of a dense  top- 

layer   s t rongly  : 
- polymer   concent ra t ion in   the   cas t ing   so lu t ion ;  
- locat ion  of   the  binodal .  

The loca t ion  of t he   ge l   r eg ion  i s  s t i l l  a r a t h e r  unknown 
f a c t o r  and w e  have  not  further  explored it here. 

EXPERIMENTAL 

l y a c r y l o n i t r i l e  (T 75) from Dupont. The solvents  used were 
of  analytical   grade.  

Membrane p r e p a r a t i o n  
Homogeneous  membranes: polymer  solutions w e r e  prepared 

by d isso lv ing   the  polymer i n  a su i t ab le   so lven t .  Membranes 
w e r e  prepared  by  cast ing  the polymer so lu t ion  upon a glass 

p l a t e   a f t e r  which the   so lvent  w a s  allowed to   evapora t e   i n  
a nitrogen  atmosphere. The  membranes obtained w e r e  comple- 
te ly   t ransparant   except  for polyacry loni t r i le .  

Asymmetric  membranes : asymmetric membranes w e r e  prepared 
by  immersion prec ip i ta t ion .  A polymer solut ion  containing 
10 t o  30%- by  weight, w a s  c a s t  upon a g l a s s   p l a t e   and   a f t e r  
immersion i n  a nonsolvent  bath a t  room temperature  the mem- 
brane w à s  obtained. 

. .  
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Determina t ion  of the   phase   d iagram 

The loca t ion  of the  binodal  in  the  phase  diagram has been 

determined by t i t ra t ion.   Solut ions  of   solvent /nonsolvent  
were ca re fu l ly  added t o  polymer so lu t ions  a t  room tempera- 
t u r e  (20 OC) u n t i l  permanent t u rb id i ty   (de t ec t ed   v i sua l ly )  
was obtained.  This  indicated  the  boundary between t h e  one- 
phase  region  and  the two-phase region. 

Pervapora t ion  
The pervaporation  experiments w e r e  ca r r i ed   ou ta sdesc r ib ' ed   i n  

chaptler 2 C311. Vacuum a t  the  downstream s i d e  w a s  maintain- 
ed a t  a pressure  of 13.3 Pascal ( O .  1 mm Hg) by a Crompton 
Parkinson vacuum pump. The pressure was measured by  an Ed- 
wards  piranhi.  gauge. The experiments were carried  out,   'during 
eight   hours .  A product  sample was taken  every  hour and  gene- 
ra l ly   s teady-s ta te   condi t ions  were reached  within two o r  , 

three  hours.  The temperature of the  l iquid  feed  mixture  was 
20 OC. The asymmetric membranes' were ins ta l led   wi th   the   top-  
layer   fac ing   the   feed .  

Product   anaZys is  
Analysis  of  binary  ethanol-water  mixtures was performed 

on a Varian model 3700 gaschromatogràph f i t t e d   w i t h  a chro- 
mosorb 60/80 column and  equipped  with a thermal  conductivi- 
ty   de tec tor .   For  low ethanol  concentrations (O-5%) a flame 
ion iza t ion   de t ec to r  w a s  used. 

. 1  

Scanning   eZec tron  m<croscopy 

Cross-sections  of  the membrane w e r e  examined with a JEOL 
JSM 35 CF scanning  electron  microscope. A i r  d r i e d  samples 
were prepared  by  cryogenic  breaking  followed  by  coating  the 
sample  with a charge  conducting  layer  ,of  gold by means of a 

B a l z e r  un ion   sput te r   un i t .  
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RESULTS AND DISCUSSION 

I n   t h e  f irst  example t o   b e   t r e a t e d   h e r e  w e   w i l l  show t h e  
inf luence   o f   the  g12 interact ion  parameter  on the loca t ion  

of the  binodal  and i t s  e f f e c t   o n  membrane performance. For 
this   purpose we w i l l  .compare the  systems water/DMSO/cellu- 
l o se  acetate (CA) and  water/acetone/cellulose acetate . 
The interact ion  parameters  are taken f r o m  Altena C237 and 
Muider C 4 1. The g12 parameters  both  for  water/acetone and 
w a t e r / D M S O  as a funct ion  of   the volume f r ac t ion  of water 
are' given i n  Fig. 6 . 

I f   t h e  g12 parameter is l a rge  (i.e. a high  value for the 
excess free energy of  mixing  and a low mutual a f f i n i t y )  r 

the  binodal  demixing Gap is sh i f ted   to   h igher   nonsolvent  
concentrat ions  while   for  low g12 values (i. e. low o r  nega- 
t ive   va lues  for t he  free energy  of  mixing)  the  binodal i s  
shif ted  to   lower  nonsolvent   content ,   In   Fig.  7 the   b inodals  
for  the.two  systems,  taken  from  Altena C231 are   giveh.  Asym- 
metric membranes prepared from the t w o  systems  have  been 
tes ted  on  e thanol-water   mixtures   and  the  resul ts  are given 

I l 
Q5 1-0 "water 

DMSO ' 

FIGURE 6. Concentration  dependent gI2 parameters for the binary  systems 

acetone/water and DMSO/water  (from ref. 23). 
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PSf 

FIGURE 7. Influence of the  locat ion  of   the  l iquid- l iquid demixing gap 

and of the  direction  of  the  coagulation  path on membrane formation. The 

loca t ion  of  the  binodals   are   taken from Altena C231. The loca t ion  of  

the  gel   region is chosen a r b i t r a r i l y .  I : DMSO as  solvent;  2: .acetone 

as solvent. 

TABLE 1 

Pervaporation  results of asymmetric ce l lu lose   ace ta te  membranes. Feed: 
ethanol-water 50-50% by weight.  Temperature: 20 OC 

Solvent  nonsolvent  pol.  conc. a weight % H20 perm. ra$e 
(%l  i n  permeate  (cm/hr) . 102 

acetone water 25  12.3 92.5 2.7 
acetone water 18 5.9 . 85.5 4.2 
DMSO water 25 1 ,o 50.0 32.5 
DMSO water 18 - - -a 

a permeability too high 

i n  Table '1. These r e s u l t s   c l e a r l y  show that  solvent/non- 
so lven t   i n t e rac t ions  (i.e. loca t ion  of .the binodal)  and 
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polymer concentration  have a la rge   in f luence  on membrane 

performance. A s h i f t  of the   b inodal   to   h igher  w a t e r  contents 
(system  acetone/CA)  and  an  increase of t h e  polymer  concen- 
t r a t i o n r e s u l t s   i n  membranes wi th   h ighe r   s e l ec t iv i t i e s .  

A second phenomenon which  has to   be  taken  into  account  i s  

the   d i rec t ion   of   the   coagula t ion   pa th ,   g iven  by t h e   r a t i o  
J 1 / J 2 .  In   the   case   o f   ace tone  as s o l v e n t   t h i s   r a t i o  i s  much 
s m a l l e r   i n  comparison  with DMSO as solvent  (see for instan- 
ce Frommer C331).This r e s u l t s   i n  a s teep  coagulat ion  path 
and a more dense  toplayer  (Fig, 7, arrow I ) .  

I n   t h e  case of DMSO as solvent  two ef fec ts   coopera te   to   g ive  
a less dense  toplayer:   the  binodal i s  loca ted   near   the  sol- 

vent-polymer  axis  and  the  ratio J 1 / J 2  is  much higher   giving 
a less s teep  coagulat ion  path.  Now the  coagulation  path  can 
i n t e r s e c t  the b i n o d a l   i n   t h e  neighbourhood of t he   ge l   r eg ion  
(Fig. 7,  arrow 2 )  giving a membrane with a less compact  top- 
l aye r  (Membranes prepared  from a 20% solut ion  of  CA i n  DMSO 
and w a t e r  as nonsolvent   have   u l t ra f i l t ra t ion   p roper t ies  C3411 . 

For  systems  with a very  high x13 value  such as w a t e r ( l ) /  
polysulfone(3)   the  locat ion  of   the  binodal  i s  almost comple- 
tely  determined by this  parameter.  By changing  the  kind  of 
so lvent   in   such  a way t h a t   t h e  mutual a f f i n i t y  between pol- 
ymer and  nonsolvent  increases (xl3 decreases) ,   the   binodal  
w i l l  be   shif ted  to   higher   nonsolvent   content .   In   Figure  8a 

the  experimental and ca lcu la ted  binodal f o r  t h e  system 

water/DMAc/Polysulfone  and the  experimentally  determined 
binodal   for   the  system .ethanol/DMAc/Polysulfone are given. 
The experimentally  determined  binodals €or the  system metha- 
nol  (respectively  eGano1,propanol)  /chloroform/Polysulfone 
are given  in   Figure 8b. 
From these  systems  asymmetric membranes have  been  prepar- 
ed  and, the  pervaporat ion  resul ts  are given i n  Table 2. 

Again it is  s t r i k i n g   t h a t   s e l e c t i v i t y   i n c r e a s e s   a n d  perme- 
a t ion  rate decreases i f   t h e   b i n o d a l   h a s  been s h i f t e d   t o  
higher  nonsolvent  content. 
Anot,her po in t   to   be   no t iced  is t h a t  changing  .the  kind of 
nonsolvent w i l l  a l s o   a f f e c t   t h e   l o c a t i o n   o f . t h e   g e l   r e g i o n .  
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PSf PSf 

CHCl 3 
or 

PropOH 

FIGURE 8. Experimentally  determined  binodals  for water/DMAc/PSf and 

ethanol/DMAc/PSf (a)  and for  methanol(resp.  ethanol, propanol/CHCl / 3 
PSf (b). 

TABLE 2 

Pervaporation  results o f  asymmetric polysulfone membranes. Feed:  etha- 
nol-water 50-50% by  weight.  Temperature: 20 Oc. 

Solvent  nonsolvent  pol.  conc. a weight % H O perm. rate 
(%l  i n  permeage (cm/hr)  -10 2 

DMAc water 15 - - 
DMAc e thano 1 15 1 .o 50 .O 7.0 

CHC13 methanol 15 8.3 89.2 0.2 

CHC13 ethanol 15 58 98.3 0.1 

CHC13 propanol 15 499 99 .G CO.1 

t 

t permeability too high 

The las t  point   to   be  considered i s  the  inf luence of t he  
polymer concentration on membrane performance. A s  w a s  already 
demonstrated for ce l lu lose  acetate membranes, an  increase 
i n  t h e  polymer concentration of t he  polymer s o l u t i o n   r e s u l t s  
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i n  an i n c r e a s e   i n   s e l e c t i v i t y  (see Table 1). For the  system 
i-propanol/DMAc/Polysul€one w e  have  varled  the  polymer con- 
cen t r a t ion  from  15 t o  35%  by weight of polymer and . the  re- 
s u l t s  are given i n   t a b l e  3. 

Pervaporation  results of asymmetric  polysulfone  membranes  from  the sys- 
tein L-propanol/DMAc/Polysulfone, Feed:  ethanol-water 50-50% by weight. 
Temperature: ZOOC. 

a weight % H O 
in permeate.  (cm/hr) 102 

2 perm, rate 

15 1.5 
20  6.6 
25  6.4 
30 47 
35  249 

60 ,O 
86 -8 
86.5 
97.9 
99.6 

4.5 
1.0 
O - 6  
0.1 
0-1 

From Table 3 one  can see that   the   permeat ion rate decreases 
more than a f a c t o r  45 while the se l ec t iv i ty   t o   e thano l /wa te r  
mixtures  increases from a = i . 5  t o  a N 250.  Although the  ex- 
act  loca t ion  of the  binodal  of  this  system  has  not  been cal- 
cu la ted  (which i s  i n   f a c t   n o t   n e c e s s a r y   f o r   t h i s   q u a l i t a t i v e  
explanat ion)   the  change  in   the  coagulat ion  path i s  shown 
schematical ly   in   Figure 9. Going f r o m  15 t o  35% the  coagu- 
a t ion  path  reaches  the  gel   region a t  lower  nonsolvent. 
Cross-sections  of  the asymmekric membranes from this   system 
(i-propanol/D~c/Polysulfone with  increasing  polymer  concen- 
t r a t i o n  from  15  to.  35% by weight) are given  in   Figures  10-14. 

These  f igures   c lear ly  show t h a t   i f   t h e  polymer concentration 
increases   a lso  the  thickness  of the   top layer   increases   whi le  
t h e   s t r u c t u r e  of the  porous  sublayer  hardly  changes. The in- 
crease o f   t he   t op laye r   t h i ckness   r e su l t s   i n  a decrease   in  
permeation rate (see Table  3).  Generally, i f   t h e   t h i c k n e s s  
of a homogeneous membrane is  increased,  the  permeation rate 
decreases   roughly  inversely  proport ional   to  membrane thick- 
nes s   wh i l e   s e l ec t iv i ty  is hard ly   a f fec ted  C3,361. However, 
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DMAc 

PSf 

FIGURE 9. Schematic  course of the  coagulation  paths  originating  from 

different  polymer  concentrations for the system i-propanol/DMAc/PSf. 

if t h e   r e s u l t s  of Table 3 are considered, a very  large  in-  
crease can  be  observed  and this  cannot  be  explained  by  an 
increase   in   th ickness  of the  toplayer .  Hence, t he   s tuc tu re  
of t he   t op laye r  w i l l  change  and  going  from 15 t o  35% a more 
dense  and  compact  toplayer i s  obtained. 
The SEM photographs  clearly  support   the  hypothes5s  that  two 
different   types  of   phase  separat ion are respons ib le   for   the  
formation of asymmetric membranes: ge l a t ion '   f o r   t he   fo rma t i -  
on of the  toplayer  and  l iquid-liquid  phase  separation fo l -  
lowed by ge la t ion  of the  concentrated polymer  phase f o r   t h e  
formation of the  porous  sublayer. 

Comparison of homogeneous  and  asymmetric  membranes 
The objec t ive   o f   our   inves t iga t ions  w a s  t o  develop asym- 

metric pervaporation membranes i n   o r d e r   t o  improve the  per- 
meabili ty  without loss of select ivi ty .   Therefore  homogeneous 
membranes should  be compared with  the  corresponding asym- 
metric membranes.  The results are given i n  Table 4 .  One sees 
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Fig. 10 Fig. 1 1  

Fig. 12 Pig. 13 

FIGURES 10-14. Cross-sections 

of asymmetric  membranes f rom 

the system i-propanol/DMAc/PSf. 

Fig. 10:  15% PSf; Fig. 1 1  : 20% 

PSf; Fig; 12: 25% PSf; Fig. 13: 
30% PSf; Fig. 14: 35%  PSf. 

Fig. 14 
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Homogeneous  membranes  versus  asymmetric  membranes.  Membrane  thickness 
( for  the  homogeneous  membranes):  20  pm.  Feed:  ethanol-water 50-50% by 
weight.  Temperature: 2OoC. 

HOMOGENEOUS ASYMMETRIC 
Polymer  weight % H20 a perm.  Y;ate2  weight % H 2 0  a perm.  rate 

in permeate  (cm/hr) -10 in permeate  (cm/hr) .l0 2 

C& 80.7 4.2 6.8 95 .O + 19 3.3 
PSf >99.5 >200 O ,O4  >99.5; > 200 0.1 
PP0 95-7  22 o -09  94.1 16 0.2 
PAN >99.5 >200 0.15  97.9+  47 1.9 

.f system  water/acetone/cellulose  acetate  (CA) 
5 system  propanol/CHCl  /polysulfone  (PSf 1 
* system ethanol/trich?oroethylene/polyphenyleneoxide (PPO) 
1- system i-propanol/DMAc/polyacrylonitrile (PAN) 

from Table 4 t h a t   i n  a l l  cases except   for   ce l lu lose  acetate 
an improvement in   permeabi l i ty  w a s  obtained. 
The r e s i s t ance   t o  mass t r a n s f e r  of the  asymmetric membranes 
i s  not  only  determined by the   t op laye r   bu t   a l so   t o  some ex- 
t e n t  by the   sublayer .   I f   th i s   sublayer   conta ins   very   smal l  
pores   then   the   cont r ibu t ion   to   the   to ta l   res i s tance   can   be  
considerable and the  advantage  of a thin  dense  toplayer  as 
so le   r a t e   l imi t ing   f ac to r   does   no t   ho ld  anymore.  Asymmetric 
CA membranes obtained from the  system  water/acetone/CA con- 
s i s t  of a sublayer  with  very  small   pores (< O .  1 pm) and 
therefore  the  permeation rate i s  not   as   l a rge  as expected. 
Moreover, t he   r e l a t ive ly  low permeation rate can also be 
exp la ined   i n   pa r t  by the   s t ruc ture   o f   the   top layer ;  

it has a more dense   S t ruc ture   in  comparison wi th   the  ho- 
mogeneous  membranes as i s  indicated by the  improved selec- 
t i v i t y  Of  t h e  asymmetric CA membranes. The conclusion  that  
small amounts of water increases   the   o rder ing   of   ce l lu lose  
a c e t a t e   g e l s   r e s u l t i n g   i n  a more compact s t r u c t u r e  i s  i n  
agreement with  different ia l   scanning  calor imetry measure- 
ments  performed by Altena L351. 

For the   o ther  polymers  an improvement i n  permeation rate 
has  been  obtained, however a small loss in   s e l ec t iv i ty   can  
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be  observed, 

CONCLUS IONS 

In  order  to  obtain  asymmetric  pervaporation membranes 
with a dense  toplayer   different   factors  are important: . 

t h e  polymer concentration in the   cas t ing   so lu t ion   ( should  
be  high) , t h e   - r a t i o -  J 1 / J 2  (should  be small).. and  the  ' loca- 
tien of the   binodal   demixing  region  and  the  gel   region.  
The general  mechanism of  membrane formation  follows the sche- 
me : 
toplayer  - gela t ion  by  entanglement  (in  the case of amor- 

phous  polymers. 
sublayer - l iquid-liquid  phase  separation  followed by gela- 

t i o n  of the  concentrated polymer  phase, 

The SEM photographs   c lear ly   suppor t   the   hypothes is   tha t  two 
d i f f e ren t   t ypes  of phase  separation gre responsible  €or the 
formation of asymmetric membranes . 
Asymmetric  membranes  have  been  prepared  with  high  selectivi- 
ties towards ethanol/water  mixtures.  In  comparison  with  the 
homogeneous membranes the  asymmetric membranes  show higher 
permeabi l i t ies  (as expected)  while the s e l e c t i v i t y  remains 
t h e  same or   decreases   s l igh t ly .   Cel lu lose  acetate is an ex- 
ception  because  the  asymmetric membranes  show higher  selec- 
tivìties and  lower  permeation rates compared. t o   t h e  homo- 
geneous membranes. 

The highly  selective  asymmetric  pervaporation membranes 

have   re la t ive ly   th ick   top layers  compared t o  asymmetric u l t r a -  

f i l t r a t i o n  and  hyperf i lerat ion membranes. 
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CHAPTER 5 

ON THE MECHANISM OF SEPARATION OF ETHANOL/WATER MIXTURES 

I,, CALCULATION OF CONCENTRATION PROFILES* 
BY PERVAPORATION 

M.H.V.  MULDER and C.A.  SMOLDERS 

SUMMARY 

A solution-diffusion model for  the  permeation of l iquid  mixtures 

through  polymeric membranes taking  into  account  coupling of fluxes 

has  been  developed. The model i s  applied t o  ‘the  separation by perva- 

poration of ethanol-water  mixtures  through  cellulose  .acetate.  In or- 

der t o  determine  the  activit ies of the  permeating components i n   t h e  

polymeric membrane, values of polymer-liquid  and  liquid-liquid  inter- 

action,parameters  are needed;  polymer-liquid  interaction  parameters 

have  been  determined  from  swelling  experiments and l iquid-liquid  in- 

teraction  parameters  have  been  calculated from excess  free  energy of 

mixing  data  taken from the   l i t e r a tu re .  

Concentration  profiles of water and e thanol   in   ce l lu lose   ace ta te  

membranes have  been  calculated  using  (a)  apparent  concentration  inde- 

pendent  diffusion  coefficients,  and (b) diffusion  coeff ic ients   with 

exponential  concentration  dependence and two adjustable  parameters. 

It i s  discussed  that   the  transport  of ethanol-water  mixtures by per- 

vaporation  cannot  be  explained by using  concentration  independent 

d i f fus ion   coef f ic ien ts .  

*Published in  Journal  of Membrane Science, 17 (1984)   289.  
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INTRODUCTION 

Transport  of  liquids  through homogeneous polymeric mem- 
branes, as practised  during  pervaporation,  differs  from 
gas  separation  because  the  concentrations  of  the permea- 
t i n g  components i n   t h e  polymer are i n   g e n e r a l  much higher.  
The high  permeant  concentrations  have, i n   t h e i r   t u r n r  a 
large inf luence on the   d i f fus ion   coef f ic ien ts   o f   the   per -  
meants. Hence t ransport   equat ions  der ived from  gas  separa- 
t ion  cannot  be  applied a p r io r i   t o   pe rvapora t ion ,  

For a descr ip t ion   of  a pervaporation  transport  model, 
one  should  dist inguish  single component and  multicomponent 
permeabili ty,   Single component permeation  through homoge- 
neous  polymeric membranes can   be   sa t i s fac tor i ly   descr ibed  
by Fick ' s  l a w  with a concentration  dependent  diffusion co- 
e f f i c i e n t ,  as has  been  done  by  several  authors  C1-57.Alsor 
t he   app l i ca t ion   o f  free volume theo ry   t o   s ing le  component 
permeation C61 shows  good agreement  between  theory  and  ex- 
periment,  Paul C71 proposed a model for  pressure-induced 
diffusion  of  l iquids  through  highly  swollen  rubber mem- 

branes,  satisfactory  agreement  between  theory  and  experiment 
w a s  es tab l i shed ,  
. .  

N o  s a t i s f ac to ry   t heo ry   ex i s t s   t ha t   desc r ibed  the trans-  

p o r t  of a mixture.  Fels [ 8 ]  t r i e d   t o  modify the  free vol- 
ume concept to   include  contr ibut ions from both  penetrants 
t o   t h e   t o t a l   f r e e  volume.  Although this approach  can  have 
a s ignif icant   contr ibut ion  to   the  s tudy  of   molecular   sepa-  
r a t i o n  phenomena, the  agreement  between  theory  and  experi- 
'ment i s  s t i l l  lacking. 

Greenlaw C91 inves t iga ted  the effect of a l i n e a r  rela- 
tionship  between  the  concentrations  of  permeants  and.their ,  
d i f fusion  coeff ic ients .   For   l iquid  mixtures   that   behave 
almost  ideally,   such as the  heptane-hexane  mixture  usedby 
Greenlaw, th i s   t r ea tmen t  may hold   bu t  it i s  uncertain 
whether   this  would be  the  case for non-ideal  mixtures  such 
as ethanol-water, 

. .  

Tock C l 0 1  a t t e m p t e d   t o   p r e d i c t   s e l e c t i v i t i e s   f o r  water- 
dioxane  mixtures  from  permeabilities of the   .pure  compo- 
nents  using  Fick's l a w  with a concentration  dependent dif-  
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fus ion   coef f ic ien t .   Thei r   resu l t s  show t h a t  it would hard- 

l y   b e   p o s s i b l e   t o   p r e d i c t  selectivit ies for  non-ideal mix- 
t u r e s  from s i n g l e  component permeabi l i ty   data  Only. 

Lee  Cl11 used a solution-diffusion,model with  concentra- 
t ion  independent   diffusion 'coeff ic ients   and  without  con- 
s ide r ing  a possible   coupl ing  of   f luxes.  A s  a consequence, 
t h e   s e l e c t i v i t y   f a c t o r  i s  eqLal t o   t h e   r a t i o   o f   t h e   p e r -  
meabi l i ty   coef f ic ien ts   ob ta in ,  d from s i n g l e  component per- 
meation  experiments.  In  .the case of  l iquid  mixtures which 
show hardly any  mutual  interaction,  nor any i n t e r a c t i o n  
with  the  polymer,   this  treatment may hold ,   bu t   wi th   o ther  
mixtures  which  behave,.far from ideal ly ,   such as ethanol- 
water, th i s   t rea tment  i s  probably  too  simple. 

When a liquid  mixture  permeates  through a membrane there  
w i l l  be  .coupiing  of  fluxes. The f lux   of  a component of   the 
binary  mixture may change,  not  only by the  presence  of   the 
o the r  component b u t   a l s o  by its movements. This phenomenon 
has  been  pointed  out  clearly by Meares Cl21 i n  a review 
ar t ic le  about  transport  through  polymeric membranes from 
the  l iquid  phase.   Coupling  can  be  divided  into two p a r t s ,  
a thermodynamic p a r t  and a k i n e t i c   p a r t .  The thermodynamic 
p a r t ,   t h e  change in   concentrat ion  of   one component i n   t h e  
membrane due to   the  presence  of   another  component, i s  
caused by mutual   interact ions between the  permeants i n   t h e  
membrane as w e l l  as by in t e rac t ions  between the   ind iv idua l  
components  and t h e  membrane material. The e x t e n t   o f , t h e s e  
in t e rac t ions  depends  on t h e  polymer-mixed penetrant  sys- 
t e m .  Kinetic  coupling is  due t o   t h e  dependence  of  the con- 
' cen t ra t ion  on the   d i f fus , ion   coef f ic ien ts   o f  low molecular 
weight components i n  polymers ,   par t icu lar ly   in   g lassy  po- 
lymers. I n  polymers  below t h e i r   g l a s s   t r a n s i t i o n ,   s u c h  as 
ce l lu lose  acetate, polysul fone   and   po lyacry loni t r i le   a t  
room temperature,  the  thermal  motions  of  the  chain  seg- 
ments are very much r e s t r i c t e d .  When low molecular  weight 
components are dissolved  in  such  polymers,  the  mobility 
of   the  chains   increases .   In   the case of a binary  mixture, 
both components will e x e r t  a p l a s t i c i z i n g   e f f e c t  on t h e  
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segmental  motions,  and  the mobilities of bzkh permeants 
w i l l  be  enhanced  by  the combined p l a s t i c i z i n g   a c t i o n .  
Therefore ,   in  a model d e s c r i p t i s n   f o r   t h e   s e p a r a t i o n  of  
l iquid  mixtures  by pervaporation,  coupling phenomena ha-ve 
to   be  taken  into  account .  

The object ive  of  t h i s  c h a p t e r i s  t o  p r e s e n t   a m d i f i e d  SB- 

lut ion-diffusion model  which  combines  both the  thermody- 
namic  and the   k ine t i c   (d i f fus ive )   a spec t s  of the  pervapo- 
ra t ion   p rocess  o Our approach  differs  from t h e  o r i g i n a l  
solut ion-diffusion model C11,13,141 i n   t h a t  we now consi- 
der  coupling  of  f luxes,   whereas  in  the  original  modeleach 
component d i s so lved   i n   t he  membrane and  diffused  through 
it independently. With t h e  model described  here it i s  

poss ib le   to   ca lcu la te   concent ra t ion   p rof i les .  When data  
on  experimental   concentration  profiles are ava i lab le ,  it 
i s  poss ib l e   t o   ca l cu la t e   d i f fus ion   coe f f i c i en t s   o f  perme- 
a t i n g  components i n  polymeric membranes, I n   t h i s  ar t ic le  
we  w i l l  p resent   ca lcu la ted   concent ra t ion   prof i les   o f   e th-  
anol  and w a t e r  i n   c e l l u l o s e  acetate membranes using (a) 

apparent  concentration  independent  diffusion  coefficfents 
obtained  from  steady-state  measurements,  and  (b)  diffu- 
s ion  coeff ic ients   with  an  exponent ia l   concentrat ion de- 
pendence  with two adjustable  parameters.   In a forthcoming 
art icle C157 w e  w i l l  r e p o r t  on  experimentally  determined 
concen t r a t ion   p ro f i l e s   and   d i scuss   t hese   r e su l t s   i n  terms 

of  the  proposed model. 

DESCRIPTION O F  THE MODEL 

Although t h e  model follows the  formalism of  the   so lu-  
t ion-diffusion model some assumptions  have  been mades 
. The model applies  to  pervaporation  processes  because 

only  boundary  conditions of the  pervaporation  process 
are inc luded .   In   p r inc ip le   the  model can  be  modified 
t o   a p p l y   t o   o t h e r  membrane processes. 

. The model desCrTbes the  f low of  permeants . i n   t h e  mem- 



brane as a one-dimensional  steady-state  diffusion:  the 

permeation  rate i s  independent  of time and the  chemical 

p o t e n t i a l  of  a component i n   t h e  membrane i s  only a func- 
t i o n  of cancentrat ion  and  dis tance and not  of t i m e .  An- 
other   important   point  i s  tha t   dur ing   s teady-s ta te   the  

membrane undergoes no s t ructural   changes.  
. The appl ica t ion   of   the  model is  r e s t r i c t e d   t o  homogene- 

ous membranes o r  t o  very  dense  toplayers  of  asymmetric 
o r  composite membranes where t ranspor t   t akes   p lace  by 
d i f fus ion  and  not by convection. 

. Transport   through  the membrane is  rate-determining.  This 
assumption  implies  that   surface  processes  such as sorp- 
t i o n  a t  t h e  feed/membrane i n t e r f a c e  and  desorption a t  

t h e  membrane/permeate i n t e r f a c e   a r e   f a s t  compared t o   d i f -  
fusion  processes  through  the membrane. 

. The in t e r f aces   o f  the'membrane are in   equ i l ib r ium  wi th  
the  upstream  and downstream phase.  This means t h a t   t h e  
chemical  potential  of  component i i n   t h e  upstream  phase 
is  equal   to   the   chemica l   po ten t ia l  of component i j u s t  
i n s ide   t he  membrane. 

. The chemica l   po ten t ia l   o r   ac t iv i ty   o f  a component i n t h e  
polymeric membrane can  be  described by Flory-Huggins 
thermodynamics C 1 6  1 . 

Binning C11 was t h e   f i r s t   t o  propose   tha t   the   t ranspor t  
of  l iquids  through homogeneous  membranes takes   place by a 
solut ion-diffusion mechanism. 

According to   t he   o r ig ina l   so lu t ion -d i f fus ion  model C 13, 
141 ,  t he   f l ux   o f  a component i through  the membrane canbe  
described by the  product  of  concentration,  mobili ty and 
dr iv ing   force .  The d r i v i n g   f o r c e   i n  most membrane proces- 
ses and a l so   in   pervapora t ion  i s  given by t h e   g r a d i e n t   i n  
the  chemical  potential .   For component i the   f lux   can   be  
described by 

A t  constant  temperature,  eqn. (1) may be   wr i t ten  as 
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d I n  a i dP Ji = --c .B (RT z i  dx + 7; 

The pressure  difference  between  the  upstream  and down- 
stream phase is  about 1 b a r  (O. I MPa) in  pervaporat ion 
processes.  Therefore,  the  pressure  gradient  can  be neg- 
lec ted   wi th   respec t  t o  the   ac t iv i ty   g rad ien t  

d In   a i  
Ji = --c .B .RT z z  dx 

Assuming t h a t  

Di = RT Bi (4 )  

where Di is  t h e   d i f f u s i o n   c o e f f i c i e n t   o f  component i i n t h e  
polymer-fixed  frame  of  reference,  substitution of  eqn. .(4) 

i n  eqn, ( 3 )  gives 

d In a; 
. Ji - --c .D - 

z i dcc 

The a c t i v i t y  of a component i n   t h e  membrane can  be  des- 
cr ibed by  Flory-Huggins  thermodynamics C161. For a binary 
sys t em  the   ac t iv i t i e s  al and a2  are given by 

*p2 v2 v2 v 2  I n  a2 = - RT - - I n  v 2  + (1 - -1 v1 .+ X12 7 5 I 

xl? is a binary  interaction  parameter  between components 1 

and 2 c a l l e d   t h e  Flory-Huggins interaction  parameter.   This 
interact ion  parameter  i s  a dimensionless  quantity  charac- 
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   e n e r g y  of a solvent  
molecule immersed i n   p u r e  polymer  compared with  one  inpure 
solvent .  

I n  t h e  case of a polymeric membrane and a b ina ry   l i qu id  



mixture, a t e r n a r y   s y s t e m ,   t h e   a c t i v i t i e s   a l a n d a 2   o f l i q -  
u id  components 1 and 2 i n   t h e  polymeric  membranearegiven 

by C161 

I n  al = In  CP1 + ( l -$l)-@2 5 5 - Ir1. + 

43 5 

Subs t i tu t ion  of eqns. (8)  and ( 9 )  i n  eqn. (5 )  gives 

Ir1 

v3 
CP- 

Equations (10) and (11) are two coupled  non-linear  dif- 
f e r en t i a l   equa t ions  which  have t o  be  solved  numerically. 
One should realize tha t   eqns .  (10) and (11) are s impl i f ied  
phenomenological r e l a t ions .  Although it seems tha t   bo th  
components w i l l  d i f fuse  independent ly ,   th is  is  n o t ’ t r u e .  
One can see from  eqns, (8)  and ( 9 )  (o r  from  eqns. ( 1 0 )  and 
(11) ) t h a t   t h e   a c t i v i t y  of component 1 i s  not  only ,depen- 

dent  on i t s  concent ra t ion   bu t   a l so  on the   concent ra t ionof  
components 2 and 3 and  on the  interact ion  parameters  of 
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(x23). Secondly,   the   diffusion  coeff ic ient ,  Dl" i s  concen- 

t ra t ion  dependent ,   not   only  on  the  concentrat ion  of  compo- 
nent I b u t   a l s o  on the  concentrat ion  of  component 2 ,  be- 
cause i n   t h e  case of a l iquid  mixture   both components w i l l  
e x e r t  a p l a s t i c i z i n g   a c t i o n  and the   d i f fus ion   coe f f i c i en t s  
w i l l  be  enhanced  by  the combined action.  Theconcentrations 
of components I and 2 change  continuously  from  upstream  to 
downstream  phase  during  steady-state  transport.  Because  the 
d i f f u s i o n   c o e f f i c i e n t s   a r e  assumed t o  be  concentration de- 

pendent  they w i l l  also change  accordingly  across the mem- 
brane as a function  of the dis tance.  

EvaZuation of t h e   b i n a r y   i n t e r a c t i o n   p a r a m e t e r  x12 
Solutions  involving  hydrogen  bonding show deviat ions 

from ideal   behaviour ,   especial ly   in   mixtures   of   l iquids  
with  strong  hydrogen  bonding  such as water and  ethanol. 

A measure fo r   t he   dev ia t ion  from i d e a l i t y  i s  given by 
the  excess   funct ions.   In   Fig.  1 the  'enthalpy, AH,, excess 
entropy, A S E ,  and  excess free energy  of  mixing, AGE, of 
the  system  ethanol-water are given C171. One can see from 

Fig,  1 tha t   the   excess   func t ions  are strongly  concentra- 

FIGURE 1. Excess  functions of 
ethanol-water  mixtures  at 25 OC 
C171. 

0.2 0-6 
rnoi. fraction ethanol 



t i o n  dependent. The x12 parameter,  which i s  i n   f a c t   a f r e e  

ener.gy  parameter,  can  be  determined  from  the  excess free 

energy  of  mixing, AGE.  Using  Flory-IIuggins  thermodynamics 

C161, x12 i s  given by 

1 m 
x12 - - m [m1 I n  - + m 2  I n  - + - 1 m 

v 2  RT 
2  AG^ 

v1 

From eqn. ( 1 2 ) ,  x12, can  be  calculated 
n 

1 
-t 

as a function  of v 
when da ta  on AGr; are avai lable .   This  method of   ca lcu la t -  
i n g  x12 values  has  been  used by several   authors  [18,19].  

Dondos C201 used  another   equat ion  for   calculat ing  the 
x12 parameter: 

Equations ( 1 2 )  and  (13) are equal when the  molar volumes 
0.f components 1 and 2 are t h e  same. I n   t h e  case of water 
and  e thanol   the  ra t io   of   the   molar  volumes is  f a r   f r o m .  
unity.  The binary  interact ion  parameter  x12, ca lcu la ted  
from eqns. ( 1 2 )  and ( 1 3 ) ,  i s  given  in  Table 1. It i s  s t r i k -  
i n g   t h a t  x12, when ca lcu la ted  from  eqn.. ( 1 2 )  , decreases 
as a funct ion  of   the volume f rac t ion   of  water while, when 
ca lcu la ted  from  eqn.  (13) , x12 increases .  

Because  eqn. ( 1 2 )  accounts   for   dif ferences  in   molar   vol-  
umes, w e  w i l l  use   the x12 values   calculated from t h i s  
equation.  These  values are presented  in   Fig.  2 .  From Table 
1 ‘and Fig. 2,it is clear that  the  X12’parameter i s  concen- 
t r a t i o n  dependent; a fourth  grade  polynomial  relation  has 
been  chosen to   exp res s   t he  x12(v )  function. The coef f i -  
, c i en t s  w e r e  found by using a least squares  method;  they 
are given i n  Table 2 .  I n   t h e  case of a ternary  system, x12 
i s  dependent  of u, which i s  the  nonsolvent  part  (u; = 

CP -* ’ , U ’ + U  =I) in   the  ternary  system. 
CPl+02 1 2 
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TABLE 1 

Binary  interaction  parameters  for-ethanol-water  mixtures  calculated 
from eqns. (12)  and  (13);  the  concentrations are given i n  volumefrac- 
t i o n s  

Water Ethanol AGE a x 12 
vl v2 (J mo1-1) eqn.  (12)  eqn.  (13) 

O. 74 
O. 55 
O. 42 
O ..32 
O. 24 
O.  17 
o. 12 
0.07 
0.03 

0.26 
0.45 
0.58 
0.68 
O. 76 
O -83 
0.88 
0.93 
0.97 

293 
498 
648 
729 
720 
643 
546 
388 
204 

0.86 
0.95 
1.05 
1.14 
1.20 
1.24 
1.30 
1.32 
1.34 

1.34 
1-28 
1.27 
1.25 
1.18 
1.10 
1.07 
1-00 
O -93 

a From Ref.  1211. 

01 I I I 1 r 
O 0.2 0.4 0.6 0-8 1-0 

@water - 
FIGURE 2. Interactcon  parameter, ~ 1 2 ,  for ethanol-water  as a function 
of the volume fraction of  water. 

TABLE 2 

Coeff ic ien ts   for  the functions  x12(v2) or x12 (UZ) 

a b c d e. 
0.98 -1.35 4.15 -3.31 0.89 

V2: Volume f r a c t i o n  of ethanol  in  ethanol-water  mixtures. 
u2: Volume f r ac t ion   o f   e thano l   r e f e r r ed   t o  the nonsolvent   par t  i n  the 

t e rna ry  system. 
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E v a l u a t i o n  o f  t h e   b i n a r y   p a r a m e t e r s  x13 and xZ3 
Two met.hods are ava i lab le   to   de te rmine   in te rac t ion  pa- 

rameters of a polymer  and a nonsolvent:  equilibrium s w e l -  

l ing  experiments and inverse  gas  chromatography. The d is -  
advantage  of  the l a t te r  method i s  t h a t   i n t e r a c t i o n  param- 
eters are ob ta ined   fo r   i n f in i t e  polymer concentration, x , 
a t  elevated  temperatures.   Because  the  interaction param- 
eter i s  usually  temperature and concentration  dependent, 
ex t rapola t ion  i s  of ten  diff icul t .   Swell ing  experiments  are 

easy  to   perform a t  any  temperature. The extent   of   swel l ing 
depends  on t h e   i n t e r a c t i o n  between  polymer  and  penetrant 
( i n   o u r  case the  nonso'lvent) . Polymers,  applied as homo- 
geneous o r  dense membranes as   in   pervaporat ion  experiments ,  
absorb  only a small quantity  of  nonsolvent. The  membrane 
can  be  considered as a swol len   ge l   o r  a network wi thc ross -  
l inks  caused by crystall ine  regions,   chain  entanglements  or 

03 

Van de r  Waals in t e rac t ions .  The swelling  behaviour  of  such 
a network  can  be  expressed by t h e  Flory-Rehnertl?eory[:161. 

The free energy  change, A G ,  involved i n   t h e  mixing  of a 
nonsolvent  and a polymer cons is t s   o f  two pa r t s , . .   t he   f r ee  
energy  of  mixing, AG,, and t h e  e las t ic  f r e e  energy., 

1 

[ M I :  

A t  swelling  equilibrium., A G  = O,  eqn.  (15) i s  obtained: 

- 
M can  be  interpreted as the  average  molecular  weight  be- 
'tween two crosslinks.  In  polymer-nonsolvent  systems  with 
small amounts of  nonsolvent i n   t h e  polymer, t h e  las t  t e r m  
i n  eqn.  (15)  can  be  neglected.  In  the case o f   c e l l u l o s e  
acetate the  values  of x w i l l  no t   . d i f f e r  by  mare than  0.05, 
even fo r   ve ry   un rea l i s t i c   va lues  of g ( B .  = 265, t h e  mo- 
lecular  weight  of  one  segment).  This is  within  the.   accu- 

C 

c c  
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racy  of  the  values  determined  experimentally. EquatTon 

(15) has thus been  reduced t o  a very  simple form: 

Cln(1-v ) + v  1 
x = -  2 

V '  
P 

The resu l t s   o f   the   swel l ing   exper iments   a re   g iven   in  
Table 3 D The so lub i l i t y   o f  w a t e r  i n   c e l l u l o s e  acetate is  i n  
close  agreement  with  values  obtained  by  oither  investiga- 
t o r s  C13,22 1. For the   ca lcu la t ions  of t he   p ro f i l e s ,   t he  

x13 and  x23  parameters  have  been  considered as constant.  

TABLE 3 

Sorption  values  and  binary  interaction  parameters of ce l lu lose  ace- 
tate/water and cel lulose  acetate/ethanol  

So lub i l i t y  Weight f r ac t ion  Volume f r a c t i o n  x 
(g penetrant/   penetrant  penetrant 
100 g dry polymer) 

C A / w a t e r  14.3 

CA/ethanol 21.5 

O. 125 O. L57 1.4 

O. 177 O. 262 1.1 

CaZcuZation of concentration p r o f i t e s  
In   o rder   to   ca lcu la te   concent ra t ion   prof i les   the   fo l low-  

ing  approach  has  been  followed. A homogeneous membrane i s  
divided  ink0 a number of i n f i n i t e s i m a l l y   t h i n   l a y e r s  C23- 

251. The f luxes,  J1 and J Z r  across   every  layer  are t h e  
same because of the  s teady-state   condi t ion.   Since  the con- 
cent ra t ion   d i f fe rence   over  a t h i n   l a y e r  i s  small, l i n e a r  
r e l a t ions   can   be   wr i t t en  between  fluxes  and  forces.  Thein- 
tens ive   var iab les  (i.e. r chemical  potentials)  change con- 
t inuously from the   feed   across   the  membrane t o   t h e  permeate 
s ide .   Equi l ibr ium  ex is t s  a t  the   hypothe t ica l   in te r faces  of 
t h e   t h i n   l a y e r s  ; thereforer the   chemica l   po ten t ia l   o f  a com- 
ponent a t  the   ou ts t ream  s ide  of t h e   n t h   l a y e r  is  equa l   t o  
t h a t  a t  the   i n s t r eam  s ide   o f   t he  (n+l)th layer .  



I n  cases where t h e   c o n c e n t r a t i o n   p r o f i l e s   i n   t h e  mem- 
brane are. f a r  from l inea r   one   can   ques t ion   i f  it i s  per- 
mi s s ib l e   t o   u se   l i nea r   r e l a t ion   because  a small  number 
of , l aye r s  is respons ib l e   fo r   t he  major pa r t   o f   t he  concen- 
t r a t ion   d i f f e rence .   In   such  a case  the membrane has   to   be 
d iv ided   in to  a l a rge  number of   l ayers   to   keep   the  concen- 
t ra t ion   d i f fe rence   over   every   s ing le   l ayer  small. B y  

using a large number of   layers  (n > 1 0 0 )  of  ,equal  thick- 
ness ,   resul ts   of   the   calculat ion  procedure become indepen- 
den t   o f   t h i s  number, which i s  an  indicat ion  that   the   pro-  
cedure  followed i s  cor rec t .  

An al ternat ive  procedure,  as suggested by McCallum C251 

is  t o   d i v i d e   t h e  membrane i n t o  a number of  layers  of  equal 
concentration  difference  but  of  unequal  thickness.  With 
t h i s  procedure it is also poss ib le  t o  t reat  non-linear  be- 
haviour,  but  the  computation i s  more complex than  the  pro- 
cedure w e  applied.  By t ak ing   each   l aye r   t o   be   ' i n f in i t e s i -  
mal ly   thin,  it i s  assumed tha t   t he   concen t r a t ion   g rad ien t  
across  a l aye r  i s  equa l   t o   t he   concen t r a t ion   d i f f e rence  

across   the  layer   divided by i ts  thickness:  

The t ransport   equat ions ( 1 0 )  and (11) can  be  appl ied  to  
each  of   the  layers .  When eqn. ( 1 7 )  is s u b s t i t u t e d   i n t o  
eqns. ( 1 0 )  and (11) , two coupled  non-l inear   different ia l  
equations  have  been  transformed  into two non-linear  equa- 
t i ons   w i th  two. var iab les  Q l  and Q2. It i s  a l so   poss ib l e  
to   t ransform  thesenon- l inearequat ions   in to   l inear  equa- 
t i ons ,  by express ing   In  al and In a 2  as t o t a l   d i f f e r e n -  
t ials of  and  After  substi tution,  eqn. ( 5 )  becomes 



The p a r t i a l   d e r i v a t i v e s  a I n  a,/a@,, a I n  al/a@2r a I n  a 2 /  
and a I n  a 2 / a @ 2  can  be  obtained  by  different ia t ing 

eqns . (8)  and ( 9 )  t o  @ and @ respec t ive ly  (see Appendix) . 
Two l inear   equa t ions  for J l  and J 2  with two var iables  4, 
and $ 2  are t h e   r e s u l t :  

The coe f f i c i en t s  g l l f  g,2r g21 and g22 are d e f i n e d   i n   t h e  
Appendix. From eqns. ( 2 0 )  and (21)  the  concentration  pro- 
f i l e s   can   be   ca l cu la t ed  as follows. 

When the   in te rac t ion   parameters '  x 1 2 f  x13 and ~ 2 3 p   t h e  
permeation rates Jl and J a ,  the   d i f fus , ion   coef f ic ien ts  D I  

and D 2 $  the  molar volumes VI, V2 and V3 a n d   t h e   i n i t i a l  

concentrations @,(n=1) f (n=l) and @ (n=1) are known, t h e  
two var iab les  (n=2) and (n=2) can.  be  calculated.  -These 
concentrations are the   s t a r t i ng   va lues   fo r   t he   nex t   l aye r .  
In t h i s  way w e . a r e ' a b I e  t o  ca lcu la te   the   concent ra t ions  

3 

@ 2  and 4, (ZOi=1)  as a function  of  the  penetration  dis-  
tance. 

EXPERIMENTAL 

MateriaZs 
Cellulose acetate (E 398-3) w a s  obtained  from Eastman 
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Chemicals.  Acetone  (reagent  qrade) was used  without  fur- 

t h e r   p u r i f i c a t i o n .  

Membrane p r e p a r a t i o n  
Homogeneous ce l lu lose  acetate membranes were prepared 

by cas t ing  a so lu t ion   of   ce l lu lose   ace ta te   in   ace toneupon 
a g l a s s   p l a t e  a f te r  which the  acetone was allowed t o  eva- 
po ra t e   i n  a nitrogen  atmosphere. The  membranes were com- 
p l e t e ly   t r anspa ren t .  

Swe l l i n g  measurements 
Dried s t r i p s   o f   c e l l u l o s e  acetate membrane (about 0 .3  g) 

w e r e  immersed in   con ica l   f l a sks   con ta in ing  water or   e tha-  
nol. The f l a s k s  were p laced   in  a thermostated  bath a t  
20 OC. After 2 4  hour s   t he   s t r i p s  were removed, pressed be- 

tween t issue  paper  and weighed i n  a closed  f lask.   This  
procedure was cont inued  unt i l  no fur ther   weight   increase 
w a s  observed. The solubi l i ty   can  be  expressed as a rela- 
t ive  weight   increase (g penetrant/100 g dry  polymer). 

Pervapora t ion  
The pervaporation  experiments were ca r r i ed   ou t  as descri- 

bed i n  chapter 2 C261.’Vacuum a t  the  downstream side was 
maintained a t  a pressure of J3.3 P a . ( O . l  mmHg) by a Cromp- 
ton  Parkinson vacuum  pump.  The pressure w a s  measured by an 
Edwards p i ranhi .  The experiments were c a r r i e d   o u t   f o r e i g h t  
hours. Samples w e r e  taken  every  hour  and  steady-state con-’ 
d i t i o n s  were usual ly   reached  af ter   about   three  hours .  The 
, thickness   of   the  homogeneous  membrane was about 20 pm. The 
temperature  of  the  l iquid  feed  mixture w a s  about 20  OC. 

P r o d u c t   a n a l y s i s  
Analysis of binary  ethanol-water  mixtures w a s  performed 
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' on  a Varian model 3700 gas  chromatograph f i t t e d   w i t h  a 
chromosorb Q0/80 column and.equipped  with a. thermal con- 
duc t iv i ty   de t ec to r .  

RESULTS AND DISCUSSION 

Concentrat ion  prof i les   of   e thanol   and water i n   c e l l u l o s e  
acetate membranes have  been  calculated  using (a) apparent 
concentrat ion  independent   diffusion  coeff ic ients   calculat-  
ed from steady-state  pervaporation  experiments,  and  (b) 
diffusion  coeff ic ients   with  an  exponent ia l   concentrat ion 
dependence. 

C o n c e n t r a t i o n   i n d e p e n d e n t   d i f f u s i o n   c o e f f i c i e n t s  
The d i f f u s i o n   c o e f f i c i e n t s   g i v e n   i n   t h e   f i r s t  example 

have  been  calculated  from a steady-state  pervaporation 
experiment  and are in   f ac t .mean  o r  apparent   dif fusion co- 
e f f i c i e n t s  (see eqn. ( 2 . 2 ) )  : 

These calculated  values  are given i n  Table 4,  together  
with  , the   permeat ion rates, membrane thickness  and volume 
f r a c t i o n s   j u s t   i n s i d e   t h e  _membrane a t  t h e  feed/membrane 
boundary..These volume fract ionsare   ob-tained  numerical ly  
from  eqns . ( 6 )  - ( 9 )  . From an  equilibrium  sorption  experi-  
ment,  performed.under  the same conditions  as  the  pervapo- 
ra t ion   exper iment ,   an   overa l l   sorp t ion   va lue  of 0,34 (= 

volume fract ion)   has   been  obtained.   This   resul t   agrees  
reasonably w e l l  wi th   the  calculated  values  of 9, and @ 2  

given  in  Table  4.-The  binary  interaction  parameters,  de- 
termined as described earlier, are also  given  in   Table  4, 

toge ther   wi th   the   ra t ios   o f   the   molar  volumes  which  have 
been  taken  f rom  the  l i terature  119, 271. 
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TABLE 4 

Parameters  obtained  from  pervaporation  experiments;  feed:  ethanol- 
water 73-27% by  weight;  temperature; 20 OC 

Pervaporation  parameters  Other  parameters 

J = 0.033 cm hr-l 

J = 0.042 cm hr-l  
1 

2 

V /V  = 0.309 1 2  
= 0.002 

Z = 20 pm V2/V3 = 0.0065 

= 0.133 x,, ' = 1.4 

$2 = 0.230 x,, = 1.1 

$3 = 0.637 

D = 13.8 x 10-8 cm sec 

E = 10.1 x I O - ~  cm sec 

- 2 -1 

2 -1 1 

2 

The concent ra t ion   p rof i les   o f  water and e thano l   i n  cel- 
lu lose   ace t a t e  have  been  calculated from eqns. ( 2 0 )  and 
(21), using  the  parameters  given  in  Table 4, These pro- 

f i l e s  are g iven   in   F ig .  3. One can see from Fig. 3 t h a t  

XR (relative distance through membrane) ' 

FIGURE 3. Calculated  concentration  profcles  with  concentration inde- 
pendent  diffusion  coefficients  obtained  from steady-stste  pervapora- ' 

tion ex  erimen_ts.l, water; 2, ethanol;  and 3, mixture;D1 = 13.8 x 
10-8 cm 3 /sec; = 10.1 x 10-8 cm'/sec. 

121 



somewhere Lfi t he  membrane the  Concentration  of  etha- 
nol  becomes zero,  which i s  not   possible .  Hence, it is not  
correct   to   use  t ransport   equat ions  for   l iquid  mixtures  
such as ethanol/water  assuming  concentration  indepen- 

dent  diffusion  coefficients  and  uncouplhd  f low.  This con- 
c lusion w a s  a l r e a d y   s t a t e d   c l e a r l y  by Meares C12-J. In  a 

forthcoming article L151 we w i l l  give  experimental  evi- 
dence for th i s   s ta tement .  A s  a consequence,  the model  des- 
c r ip t ion   o f  L e e  C111 cannot   be   appl ied   to   th i s   k ind  of 

l iquid  mixture  o r  t o  any l iquid  mixture  where t h e   l i q u i d s  
e x e r t  a p l a s t i c i z i n g   a c t i o n  on the  polymer. 

The ethanol  and w a t e r  p ro f i l e s   g iven   i n   F ig ,  3 can  be 
changed  by increas ing   the   d i f fus ion   coef f ic ien ts .   This  
can   be   car r ied   ou t   qu i te   eas i ly   numer ica l ly ,  If t h e   d i f -  
fus ion   coef f ic ien ts  of ethanol  and w a t e r  increase by a 
f a c t o r  two, while  the  other  parameters are kept  constant,  
p ro f i l e s   a r e   ob ta ined  as given i n  Fig. 4. 'The p r o f i l e s  
shown. i n   F i g s .  3 and 4 do not   devia te  much from l i n e a r i t y .  
This  can  be  explained by t h e  fact that   concentrat ion  inde-  
pendent  diffusion  coefficients  have  been  used. 

XR (relative  distance  through  membrane 

FIGURE.4. Ca&xlated concentration  profiles  with  concentration  inde- 
pendent diffuszon coef f ic ien ts .  1, water; 2, ethanol;  and 3, mixture; 
D I  = 27 x 10-8 cm2/,,,; D = 25 X 10'8 cm2/sec. 2 
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C o n c e n t r a t i o n   d e p e n d e n t   d i f f u s i o n   c o e f f i c i e n t s  

W e  w i l l .  now cons ider   the  case of  concentrationdependent 

d i f fus ion   coef f ic ien ts .   Di f fe ren t   re la t ionships   can   be  
used t o   e x p r e s s   t h e   r e l a t i o n  between d i f f u s i o n c o e f f i c i e n t  
and  concentration. Most authors have  used a l i n e a r  C9,281 
or   an  exponent ia l  C2-5,10,29,301 re la t ionship .  An expo- 
nen t i a l   r e l a t ionsh ip   ho lds   fo r   t he  case where the   d i f fu-  
s ion   coe f f i c i en t  is  more strongly  concentration  dependent: 

In   t he  case of a binary  mixture ,   the   diffusion  coeff i -  
c i en t s  of components 1 and 2 are given by 

' Except   for   the   concent ra t ion   i t se l f ,  two o the r   f ac to r s  
de te rmine   the   va lues   o f   the   d i f fus ion   coef f ic ien ts : ,  D o ,  

which i s  the   d i f fus ion   coef f ic ien t  a t  zero  concentration 
of  penetrant and the   exponent ia l   fac tor ,  y ,  which i s  a 
p las t ic iz ing   cons tan t ,  *showing t h e   e f f e c t   o f   t h e  pene- 
t ran t   concent ra t ion  on the   mobi l i ty   o f   the   pene t ran t   in  
t h e  membrane. I n   t h e  case of   l iquid  mixtures ,   there  w i l l  
be a combined p l a s t i c i z i n g   a c t i o n  (see eqns. ( 2 4 )  and 
( 2 5 ) ) .  In our model ca l cu la t ions   t he  same va lues   for   the  

other  parameters  have  been  used as given  in  Table 4 .  

The inf luence of t he   p ropor t iona l i t y   f ac to r ,  D o ,  and the  
exponent ia l   factor ,  y ,  on the   concent ra t ionprof i les   a reg iv-  

en   i n   F igs .  5 and 6 .  In  Fig.  5 t he   p ropor t iona l i t y   f ac to r ,  
' D  has  been  given a higher  value and i n   F i g  6 a higher 

value i s  g iven   to   the   exponent ia l   fac tor ,  y .  Both f igures  
O 

show a typical  exponential   behaviour.  However, the  curva- 
tu re   s t rongly  depends  on the   exponent ia l   fac tor ,  y .  In  
Figs.  5 and 6 the   exponent ia l   fac tor  y has   the  same value 
for   bo th  components. The actual   values  of y1 and y2 w i l l  
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0.~1 t 

XR (relative distance through membrane) 

FIGURE 5. Calculated concentration profiles with concentration depen- 
dent diffusion  coefficients. Do1 = 8.8 x 10-8 cm2/,,,; 002 = 6.0 x 10-8 
cm2/,,,; 'y1 =y2= 7.3;  1, water; 2, ethanol; and 3,  mixture. 

FIGURE 6. Calculated concentration profiles with concentration depen- 
dent diffusion  coefficients. Do1 = 7.0 x lOW9 cm2/sec; 002 = 1. l x 10-9 
cm2/sec; y1 = y2 = 20.78; 1 , water; 2,  ethanol; and 3, mixture. 
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not   be  ident ical   because  both components w i l l  no t   exer t  

t h e  same p la s t i c i z ing   ac t ion .  

The d i f fe rences  between Figs.  5 and 6 are ev ident .   I f  y 
increases  (Fig.  6 ) ,  the   concent ra t ion   prof i les  becomemore 
concave.  This  can  be  expected  since  the  exponential fac- 
t o r   h a s  a more important  contribution  than  the  pro- 
po r t iona l i t y   f ac to r ,  Do. The exponential   fact 'or 'y i s  
undoubtedly   re la ted   to   the  Flory-Huggins in t e rac t ion  pa- 
rameter, so for   the  system  water /e thanol /cel lulose  acetate ,  
y 2  (ethanol) w i l l  have a higher  value  than y1 (water). 

A t  t h i s   s t a g e  a more precise   s tudy  of   the  inf luence  of  
t h e   d i f f e r e n t   f a c t o r s  (Do, y )  on the   concent ra t ion   prof i le  
d id   no t  seem relevant   to   us   without   detai led  information 
about  experimental   concentration  profiles.   In a forthcom- 
ing  ar t ic le  f151 w e  w i l l  r epo r t  on  experimental'  concentra- 

t ion   p rof i les   o f   d i f fe ren t   b inary   mix tures   in   po lymer ic  

membranes. Di f fus ion   coef f ic ien ts  w i l l  be  calculated  ac- 
c o r d i n g   t o   t h e  model d e s c r i b e d   i n   t h i s  ar t ic le .  

CONCLUS I O N S  

A modified  solution-diffusion  mode1,has  been  developed 
which descr ibes   the  t ransport   of   l iquid  mixturesthrough 
homogeneous membranes. In   the  present   s tudy,   t ransport  
of ethanol-water  through  cellulose acetate membranes has 
been invest igated.  
The model takes   into  account   coupl ing  in   the thermody- 
namic p a r t  as w e l l  as i n   t h e   d i f f u s i v e   p a r t   o f   t h e  
t ransport   equat ions.  
Transport  of  aqueous  mixtures  cannot  be  described  with 
a concentrat ion  independent   diffusion  coeff ic ient .  
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LIST OF SYMl3OLS 

a 
B 

D 
D 
- 

D O  

m 

n 
' P  

R 

T 
U 

V 

V 

Ax 

Act iv i ty  
Mobility (mmo1 sec-'. N-') 
Diffus ion   coef f ic ien t  ( c m  . sec 2 -1 

Mean or apparent   d i f fus ion   coef f ic ien t  (cm2 sec ) 

Diffus ion   coef f ic ien t  a t  zero  concentration 
(cm2 sec-') 
Free  energy  of  mixing (J mol-') 
Excess free energy  of  mixing (J mol-') 

-1 

Permeation rate ( c m  hr-') 
Membrane thickness (pm) 

Mole f r ac t ion  
Number of layers  
Pressure (Pa)  

G a s  constant  (J mol-' K-') 

Temperature (K) 

volume f r ac t ion   r e fe r r ed   t o   t he   nonso lven t   pa r t  Zn 
the  ternary  system 

Volume f rac t iongin   the   b inary   sys tem 
Molar volume (cm3 mol-') 
Thickness  of  one  layer (urn) 

Y Exponent ia l   factor  

X Flory-Huggins'interaction parameter 
@ Volume f r ac t ion   i n   t he   t e rna ry   sys t em 
1-I Chemical p o t e n t i a l  (J mol-') 

P Density  (g cm-') 
Indices 
1 Water 
2 Ethanol 
3 Cellulose  acetate  
i Component i 

P Polymer 
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APPENDIX 

It is  assumed tha t   t he ,b ina ry   i n t e rac t ion   pa rame te r ,  x12, 
is  concentration  dependent  while  the  polymer-nonsolvent 

parameter's x13 and x23  are considered as cons tan ts .   In the  
case of a ternary  system, x12 depends  only  on  the compo- 
s i t i o n  of the  nonsolvent  mixture  in  the polymer (xl2 = 

x12 (u,) 

For  the x12(u2)  function, a fourth  grade  polynomial rela- 
tion  has  been  chosen: 

The coe f f i c i en t s  are given i n  Table, 2. By, d i f f e r e n t i a t i o n  
of eqns. ( 8 )  and ( 9 )  wi th   r e spec t   t o  $l and @2, the  par- 
t i a l  de r iva t ives  a I n  al/a$l, a lna,l/a$2, a I n  and 
a In   a2/a$2 are obtained. 

From eqns . (8') and ( 9 )  it i s  der ived   tha t :  
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a In al 
l + - -  - - 5 

911 = - - 
'1 V3 '12'2 -I- '23'2 82 

2 
+ u1u2 - a + u 2 ( 1 - 2 u 2 )  2 - 3x12 

a u 2  2 a u 2  (A3 1 

2 
- -  v2 2 2 a x12 .v2 2. .a.x.12 

VI I 2 u u  - 2 5 2 - u u  - v= J 2 au2  
a u 2  
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ax,,/a$, and ax can  be  obtained by d i f f e r e n t i a t i n g  

eqn . (A2)  t o  and $2, respec t ive ly ,   bear ing   in  mind 
t h a t  u2 i s  a funct ion of and $2.  The coe f f i c i en t s  gl,, 

g 1 2 ,  g2,  and g22 h.ave been s u b s t i t u t e d   i n t o  eqns,. ( 2 0 )  and 

1 2  

(21)  - 
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CHAPTER 6 

ON THE MECHANISM OF SEPARATION OF ETHANOL/WATER MIXTURES 
BY PERVAPORATION, 1 1 ,  EXPERIMENTAL  CONCENTRATLON  PROFILES 

M.H.V.  MULDER,.  T.  FRANKEN and C.A. SMOLDERS 

SUMMARY 

Experimental  concentration  profiles  have  been  determined f o r .  the 
system  water-ethanol-cellulose  acetate.  Knowledge  of  these  profiles 

permits  the  investigator  to  extract  more  appropriate  diffusion  data 
for  the  pervaporation  pr0ces.s. , 

The  concentration  profiles  have  been  determined  by  a  filx-stack 

method,  using  'three to six  individual  layers.  First  a  transport  model 
will  be  discussed  where  cross-term  diffusion  coefficients  have  been 

neglected.  Then  cross-term  diffusion  coefficients  will  be  considered 
too. In order  to  measure  ternary  effects  (the  extent  of  coupling)  it 
is  assumed  that  the  main-term  diffusion  coefficients  are  equal  to ,the 

binary  diffusion  coefficients . 
Furthermore,  from  the  experimental  concêntration  profiles  the  oc- 

curence  of  sorption  resistances'  can be demonstrated. 

INTRODUCTION 

Separation of m i x t u r e s  by pervaporation 'takes place by 
a solut ion-diffusion mechanism. I n  most cases coupled 



t ranspor t  w i l l  occur  which means t h a t   t h e   f l u x   o f  a compo- 
nent  of a mixture may .change  not.  only  by  the  presence  of  the 
o ther  component b u t   a l s o  by i t s  movement. This phenomenon 

has  been  pointed  out  clearly by Meares C1,21. Because  of 
the  occurence of coupling it would be  hardly  possible   to  
p r e d i c t   s e l e c t i v i t i e s  from  parameters  obtained  from  single 
component permeation  experiments as w a s  demonstrated  by 
Tock C31 €or the   separa t ion   of  water-dioxanemixturesthrough 
a Nylon-6 membrane. 
In   chapter5   aso lu t ion-d i f fus ion  model  had  been d e s c r i b e d .  
t ak ing   i n to   accoun t   coup l ing ,   bo th   i n   t he   so lub i l i t y   pa r t a s  
w e l l  as i n   t h e   k i n e t i c   p a r t .  The bas ic   fea ture   o f   the  
model i s  tha t   each  component i n  a binary  mixture w i l l  n o t  
permeate  independently  but i n  a coupled way accord ing   to  
Ji = S .  (cI, c,) Di (cI,c2) where S i s  the   so lub i l i t y   and  D t h e  
d i f f u s i v i t y  of component i. Many inves t iga tors  made use of 
concentrat ion  dependent   diffusion  coeff ic ients   but   general-  
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  w a s  neglected.   In  most.  
ca ses   i dea l   so rp t ion  w a s  assumed C5-71., i.e. a l i n e a r  rela- 
t i onsh ip   shou ld   ex i s t  between the  concentrat ion  of  a compo- 
nent of a binary  mixture   inside the membrane and the con- 
cent ra t ion  of t h a t  component i n   t he   l i qu id   f eed   mix tu re .   In  
chapter   7i t is .shownthat   the   assumption of i dea l   so rp t ion  
cannot  be  used for ethanol-water   mixtures   or   in   general   for  
mixtures  where  preferential   sorption  occurs C87,  Therefore, 
coup l ing   i n   t he   so lub i l i t y   pa r t   shou ld   be   t aken   i n to  ac- 

count  too . 

z 

The objec t ive   o f   th i s   chapter i s to   p resent   exper imenta lcon-  
cen t r a t ion   p ro f i l e s   fo r   t he   , sys t em w a t e r  ( I)  -ethanol (2)  -cel- 
lu lose  acetate (3)  . Knowledge of these   p rof i les   permi ts   the  
i n v e s t i g a t o r   t o   e x t r a c t  more appropriate data about  diffu- 
s ion   coef f ic ien ts   in   pervapora t ion .  The concentratLon  pro- 
f i l e s  have  been.determined  by a so called  f i lm-stackmethod. 
This method has  already  been  used by a number of investiga- 
t o r s  C3,9-111. 

I n   t h e  model descr ibed   in   chapter  5 second-order coup- 
l i n g  effects are considered  but   cross- terms  in   the  f lux 
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equations are neglected. The resul ts   presented  here   permit  

to   ver i fy   th i s   assumpt ion .  

THEORY 

Experimental   concentration  profiles  of  single components 
and  of  binary  mixtures  have  been  determined  and  therefore 
s ing le  component permeation  and  the  permeation  of  mixtures 
w i l l  be  considered. 

SingZe  component   permeation 
I f  w e  assume t h a t   l i n e a r   r e l a t i o n s   e x i s t  between f luxes 

and forces  where forces  'are w r i t t e n   i n  terms of  chemical 
po ten t ia l   g rad ien ts   then  w e  can w r i t e  f o r  a d i f fus ing  com- 

ponent i through a membrane 

-Ji = Li Vvi 

For  single component permeation  the  generalized  Fick's law 
can  be  derived  from  eqn. (1). Wr i t ing   ac t iv i t i e s   i n s t ead   o f  

chemical  potentials  eqn. ( 1) becomes, 

The a c t i v i t y  ai of a component i n  a polymeric membrane 

can be described by Plory-Huggins  thermodynamics [ 121.  For 

the  binary case t h e   a c t i v i t y  ,of a component . ( index i) i n  
t he  polymer (index j )  i s  given by 

where vi is  the  volume f rac t ion   of   penetrant,,^ t h e  volume 
j 
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f r ac t ion  of polymer  and x t h e  Flory-Huggins i n t e r a c t i o n  

parameter (for t h i s  case x is  assumed t o  be  concentration 
ij 
ij 

independent) Tf we def ine a d i f fus ion   coe f f i c i en t  D as i 

a I n  a .  

which for   an   idea l   sys tem 

A combination  of  eqns. 

-Ji = Di(@) Oei 

( 2 )  arid (4) gives 

D .  is  the   d i f fus ion   coe f f i c i en t   o f  component i i n   t h e  po- 
lymer-fixed  frame o€ reference,   Diffùsion  coeff ic ients  o€ 
permeating components i n  polymers are i n   g e n e r a l   s t r o n g l y  
dependent  on  the state of  swelling  of  the  polymer  because 
o f   t h e   p l a s t i c i z i n g   a c t i o n  of the   l iqu id-on   the   segmenta l  
motions. 

z- 

In   t hecaseo fpe rvapora t ion   an i so t rop ic   swe l l ing   i n   t he  mem- 
brane  from  upstream  side  to downstream s ide   occurs ,  A t  the  
upstream  s ide  the  concentrat ion i s  maximal while it i s  al- 

most  zero a t  t h e  downstream side.   Therefore,   diffusion co- 
e f f i c i e n t s  w i l l  vary  considerably  across  the membrane. 

Different   expressions  can  be  used  to   quant i fy   the rela- 
t i o n  between  di.ffusion'coefficient  and  concentration. Most 
authors  have  suggested  an  exponential   relationship [: 3 , 9 r 10, 

13-16] ., 

D = Do exp (ye)  (7 )  

where D o  is  the   d i f fus ion   coe f f i c i en t  a t  zero  concentration 
of  penetrant  and y is a p la s t i c i z ing   cons t an t  showing t h e  
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ef fec t   o f   the   pene t ran t   concent ra t ion  on the  mobil i ty   of   the  

p e n e t r a n t   i n   t h e  membrane. 
'When combining  eqns. (6 )  and ( 7 )  ' and   in tegra t ing   across  

the '  membrane. using  the '   following boundary conditions : ei = 

eoi a t  x = O and ei = O a t  x = R ,  eqn. (8)  is  obtained 

Defining a relative d i s t a n c e   i n   t h e  membrane (xR= x) , then 
a subs t i t u t ion  of t h i s   quan t i ty   i n   eqns .  ( 6 )  and ( 7 )  gives 

X 

D 0; aci 
R exp(y$ci) - 

aXR , 

Note tha t   the   concent ra t ion   p rof i le ,   (eqn .  ( 1 0 )  ) does  not 
con ta in   d i f fus iv i ty  terms anymore. When experimental con- 
cent ra t ion   p rof i les  are determined, yi and ed can  be ob- 
ta ined from  eqn. ( 1 0 ) .  Doi can  then  be  obtained  from  steady- 
s ta te  permeation  experiments  with  the  help  of  eqn. ( 8 ) .  

i 

Permeation of Z i q u i d  mixtures  
I n   t h e  case of l iquid  mixtures  coupling phenomena should 

be  taken  into  account .   In   chapter  5 (11) was used   to  
describe  the  transport   of  binary  l iquid  mixtures  through 
polymeric membranes. In f a c t ,  eqn. (11) can  be  obtained  by 
combining  eqns. (l) and (5 )  

Using  eqn. (11) second-order  effects are taken  into  account 
because  the  chemical  potential   of component i (p . )  ,depends z 
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on the  concentrat ion  of  component j and  on  the  different   in-  
teraction  parameters  used  in  the  Flory-Buggins  expression 
f o r  a ternary  system.  Furthermore,   the   diffusion  coeff ic ient  
Di i s  assumed t o  be  dependent  on  the  concentration  of compo- 
nent i and j .  In  this  approach  cross-term  diffusion  coeffi-  
c i en t s  are assumed t e  be  zero  (or - >> l) and i n  a €01- 

lowing  section w e   w i l l  d iscuss  i f .  it is allowed t o  make 
use of  this  assumption. If the  concentrat ion i s  expressedas 
vohme  f ract ion (@)  and i f   a c t i v i t i e s  are used  instead of 
chemical  potentials,  eqn. (11) becomes 

D i ' i  
D i j 3  i#$ 

Eqns. ( 1 2 )  and (13) are equal t o  eqns.. (8) and ( 9 )  of 

a I n  a7  a I n  a ,  a I n  a., 
The p a r t i a l   d e r i v a t i v e s  a I n  a 2  
a 0 3  

I I 

a 0 1  202 
and 

can  be  obtained  from  the  Flory-Huggins  equations  for 
ternary  systems (see Appendix of  Chapter 5) .- When da ta  on experimen- 
t a l  concent ra t ion   p rof i les  are available  values.  for t h e d i f -  

. L .  

fus ion   coef f ic ien ts  ( D  (@ $ ) and D 2 ( $ l r $ 2 ) )  can  be  obtain- 
ed from  eqns. ( 1 2 )  and ( 1 3 ) .  

l 1' 2 

EXPERIMENTAL 

M a t e r i a l s  
Cellulose acetate (E 398-3) w a s  obtained from  Eastman 

Chemicals. The solvents  used w e r e  of  analytical   grade.  

. .  
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Membrane p r e p a r a t i o n  
Polymer so lu t ions  were prepared  by  dissolving  the  polymer 

i n  a '  sui table   solvent   (acetone  or   dioxane)  . The  membranes 
were prepared by cas t ing   t he  polymer so lu t ion  upon  a g l a s s  
p l a t e  and the   so lven t  w a s  allowed t o   e v a p o r a t e   i n  a n i t ro -  
gen  atmosphere. The  membranes obtained were completely 
t ransparant .  

Pervaporat ion  
The pervaporation  experiments were c a r r i e d   o u t   i n   t h e  ap- 

paratus  shown in   F ig .  1. A cross-section  of  the  permeation 
ce l l  is  g iven   in   F ig .  2.  This ce l l ,  which i s  d i f f e r e n t  from 

tha t   descr ibed   in   Chapter  2 Cl4lhas  been  developed i n   o r d e r  
t o  remove t h e  'membrane as quickly as possible .  

Vacuum a t  downstream s i d e  w a s  maintained a t  a pressure of 
1 3 . 3  Pascal ( 0 . 1  mm H g )  by a Crompton Parkinson vacuum  pump. 

6 

5 L  d 5  

FIGURE 1. Schematic presentation  of the pervaporation  apparatus: 1 ,  
permeation cell; 2, co ld   t raps ;  3,  vacuum  pump; 4 ,  piranhi  gauge; 5,  
two-way cocks; 6 ,  jar; 7, l iqu id   feed .  
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FIGURE 2 o Schematic  presentation  of 
the permeation cell: 1, metal r ing ;  
2, gaskets; 3, membrane; 4 ,  porous 
metal f i l e t e r ;  5 ,  support disc; 6, 
cock; 7, screws. 

The pressure w a s  measured  .by  an Edwards p i ranhi  gauge. The 
concent ra t ion   p rof i les  w e r e  determined when s teady-state  
conditions w e r e  reached.  Product  samples w e r e  taken a t least  

every  hour. 

Product   anaZys is  
Analysis  of  binary  ethanol-water  mixtures w a s  performedon 

a Varian model 3700 gaschromatograph f i t t e d   w i t h  a chromo- 
sorb 60/80 column and  equipped  with a thermal  conductivity 
detector .  For low ethanol  concengrations (O-5%) a flameion- 
i za t ion   de t ec to r  w a s  used. 

Determina t ion  of t h e   c o n c e n t r a t i o n   p r o f i l e s  
The mult i layer  membrane was  prepared as follows: 3 t o  6 

individual  layers,   each  of them with a khickness  of at least 
100  pm, w e r e  swollen in   t he   l i qu id   f eed   mix tu re ,  A f t e r  equi- 
l ib r ium  the   l ayers  w e r e  stacked  one by one  and the   mul t i -  
l a y e r  membrane was  i n s t a l l ed   i n   t he   pe rmea t ion  cell. By pre- 
par ing   the   mul t i layer  membranes i n   t h i s  way it turned  out  
t h a t   t h e   r e s i s t a n c e  a t  t h e   i n t e r f a c e   o f   t h e   d i f f e r e n t   l a y e r s  



w a s  negl igible .   This  was  cont ro l led  by comparing  permeation 

experiments  with a mult i layer  membrane and with an uni layer  

membrane of t h e  same thickness .   In   both cases the  same per- 
meation rates were obtained. When s teady-state   condi t ions 
were reached,  the  permeation cell w a s  removed from t h e  ja r ,  

the   sur face  was .wiped quickly  with tissue paper  and  the 
mult i layer  membrane w a s  c u t  from t h e   c e l l   w i t h  a sha rpkn i fe .  
The ind iv idua l   l ayers  were peeled  off  and  immediately  put  in, 
weighing  tubes. The l iqu id   p resent   in   each   layer  w a s  removed 
from t h e  membrane using a d i s t i l l a t i on   t echn ique  as w i l l  be 
described  in  Chapter 7 .  

The amount of l i q u i d  w a s  determined by weighing  and t h e  
composition w a s  determined by gaschromatography. The l a r g e s t  
e r r o r  is made  by de te rmining   the   concent ra t ion   in   the   f i r s t  
l ayer   because . the  t i m e  i n  between  removing the  permeation 
cel l  from the   l i qu id   f eed  and p u t t i n g   t h e   f i r s t   l a y e r   i n  a 
weighing  tube i s  about 1 minute.  During t h i s  time desorption 
from t h e  membrane occurs i..e. the  actual   concentrat ion w i l l  
d i f f e r  from the  measured concentrat ion.   In   order   to   correct  
for   these  errors ,control   experiments  have  been ca r r i ed   ou t  
i n  which the  weight  decrease w a s  measured as a function  of 
t i m e .  The measured concentrations  have  been  corrected  for 
these,weight  losses due . to   desorpt ion.  The second  and sub- 
sequent  layers  have  been  put i n  a weighing  tube 5 t o  10 sec- 
onds a f t e r  each  other and it w a s  no t   necessary   to   cor rec t  
the   ob ta ined   resu l t s .  The e r r o r   i n   t h e  mass balance was less 
than 5%. 

RESULTS AND DISCUSSION 

Table 1 summarized t h e   r e s u l t s  of the  permeation  experi- 
ments for   the  system  water-cel lulose  acetate .  The experimen- 
t a l  concent ra t ion   p rof i le   for   th i s   sys tem i s  given i n  Fig. 
3 .  The obta ined   prof i le  i s  i n  agreement  with  the  observa-, 
t ions   o f  K i m  C l01  on t h e  same system.  Another i n t e r e s t i n g  
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TABLE 1 

Permeation  characteristics for &e binary  system  water-cellulose  ace- 
tate 

Temperature D 

CeQ, equilibrium  sorption 
m 
O 

J ,  permeation  rate 

R, membrane  thickness 
N u m b e r  of layers 

DO 

17 OC 

0.125 g/q 

0.125 g/g 

1.1 10-3 cm/hr 

500 pm 

3 - 5  

5.5 I O - ~  cm /sec 2 

poin t  from Fig. 3 is  tha t   t he   equ i l ib r ium  so rp t ion   va lue  
(arrow i n   F i g .  3 )  and the  concentration  just   insidethemern- 
brane  during  steady-state  pervaporation are qui te   c lose ,   in -  
d i ca t ing   t ha t   t he   so rp t ion   r e s i s t ance  a t  the  liquid/polyrner 
i n t e r f ace  i s  negligible  and  hence  diffusion  through  the mem- 

0.5 
x [relative distance in the rnernbran, 

FIGURE 3. Concentration  profile of water in cellulose acetate during 
steady-state pervaporation.ceq  (arrow)  indicates the equilibrium sorp- 
t h n  value. 
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brane is rate-determining. 

Table 2 .and  Fig. 4 give  the  results  obtained f o r  the bi- 
nary  system  ethanol-cellulose  acetate.  Comparing  the  results 
of the systems  water-cellulose  acetate  and  ethanol-cellulose 

TABLE 2 

Permeation  characteristics  for  the  binary  system  ethanol-cellulose ace-, 
tate 

Temperature 

eeqf equilibrium 

c 

J ,  permeation  rate 

m 
O 

2, membrane  thickness 
Number of layers 

DO 

,20 oc 

0.177 g/g 

0.109 g/g 

7.8 10-4 cm/hr 

500 pm 

3 

1 .I 1 0 - l ~  cm2/sec 

l 

O L  x (relative distance Q5 in the membrane) 

FIGURE 4 .  Concentration  profile  of  ethanol in cellulose  acetate  during 
steady-state  pervaporation. eeq (arrow) indicates the equilibrium  sorp- 
tion  value. 
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one  does  observe a number of  differences:  
- the  permeation rate of  water through  cel lulose acetate i s  

much l a rge r ;  
- the   concentrat ion  prof i le   of   e thanol   in   cel lulose  acetate  

is  much more concave,  especially on the  downstream ha l f  
of t h e  membrane; 

- the   difference  between  the  equi l ibr ium  sorpt ion  value  and 
the   concent ra t ion   jus t   ins ide   the  membrane a t  the   l i qu id /  
polymer in t e r f ace  i s  considerable   for   the  system  ethanol-  
ce l lu lose  acetate; 

- t he  Do value   for   e thanol  i s  50 times smaller than   t ha t , fo r  
w a t e r  e 

A l s o  €or  other  systems  (polyethylene-benzene and polyethyl- 
enedioxane)  considerable  differences  have  been  found  between 
equi l ibr ium  sorpt ion  values   and  concentrat ions  just   ins ide 
the  membrane C l 0 1  , 

The resul ts   for   the  ternary  system  water-ethanol-cel lulose 
ace t a t e   a r eg iven   i n  T a b l e  3 and Figs,  5 ,  6 and 7 .  Again the  

difference  between  equilib.rium  sorption  value  and  concentra- 
t i o n   j u s t   i n s i d e   t h e  membrane i s  considerable. When the   in -  

TABLE 3 

Permeation  characterLstics for  the ternary  system  water-ethanol-cellu- 
l o se  acetate 

Temperature 

Concentration of water i n   t h e  feed 

eeqr equilibrium  sorption 

c (overal l )  

J, permeation rate 

m 
O 

17 OC 

35 % by  we5ght 

0.253 g/g 

0,169 g/g 

1.6 10-3 cm/hr 

R, membrane thickness 500 pm 

Number of l aye r s  4 - 6  c (water) 0.100 g/g 

eeq ( w a t e r  1 0.147 g/g 

e: (ethanol) O .O69 g/g 

e (ethanol) 0.106 g/g 

a, separa t ion   fac tor  9 -8 
eq 
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FIGURE 5. Concentration  profile  of an ethanol-water  mixture in cellu- 
lose  acetatq  during  steady-state  pervaporation.  Concentration in the 
feed: 35% by weight of water;  overall profile. 
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FIGURE 6. Concentration  profile of, an ethanol-water  mixture in cellu- 
lose  acetate  during steady-state.pervaporation. Concentration in the 
feed: 35% by weight of water’; water  prof $le. 
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ad 1.0 
xR (relative  distance  in  the  membrane) 

FIGURE 7. Concentration  profile of an ethanol-water  inixture i n   c e l l u -  
lose  acetate  during  steady-state  pervaporation.  Concentration in  the  
feed: 35% by weight  of water; ethanol pro f i l e .  

d i v i d u a l   p r o f i l e s  are considered  one  can  observe  that  both 

ethanol  and water show a concentration drop at  t h e   l i q u i d /  
membrane boundary.  This  observation i s  important  because it 

demonstrates  clearly  the  occurence  of a coupled  sorption 
process.  Furthermore,  the  ethanol  and water p r o f i l e s  are 
r a the r   s imi l a r - in   r e spec t   t o   t he   p ro f i l e s   o f   t hepurecompo-  
nents.   Because  the  concentration  profiles are known the   va l -  
ues   €or   the   d i f fus ion   coef f ic ien ts   o f  w a t e r  and  ethanol  in 
c e l l u l o s e  acetate for   the  ternary  system  can  be  calculated 
from  eqns. (12 )  and (13)- 

However, problems  appear in  applying  our  simple  approach 
of  neglecting  cross-term  diffusion  coefficients  because ne- 
ga t ive   va lues   for   the   d i f fus ion   coef f ic ien t   o f   e thanol  are 
obtained, The r eason   fo r   t h i s   nega t ive  D 2  values w i l l  be 
discussed now. Therefore, w e  have ' t o  recall eqns (12)  and 

( 1 3 )  
The term between the  square  brackets  should  have a nega- 



t i v e  .Value.  Across  the. membrane from x = O t o  X = J, the   val-  . 

ues  of - d@1 and - are negative,  as are a l s o   t h e .   p a r t i a l  d@ 2 
dx  dx 

a I n  a l  

w, 
der iva t ives  and 

.4 

a I n  al a I n  a2 
and are 

a I n  a.. L . The p a r t i a l   d e r i v a t i v e s  

pos i t ive .   Fur ther  

. In  case of water (component 1) l 
t h e r e  are no problems  because 

Probleins arise i n . t h e  case of  ethanol  because  for low pene- 

t r a t i o n  . dis tances  - is  very small (Fig. 7 )  and s ince  

l-$l ,> l-&l while. ' . a@2 l e  l w 1  I .  ' . the  terms of  eqn. 

(13) between  square  brackets w i l l  have a pos i t ive   va lue  re- 
su l t ing   in   nega t ive   va lue   for   the   d i f fus ion   coef f ic ien t  
(D2). Therefore,  the  simple  phenomenological  eqn. (l). should 
be  replaced by ,an  equation  where  cross-term  diffusion  coef- 
f i c i e n t s  are taken  into  account.  

d+ 

d@ d$) I I n  a2 a I n  a 

Cussler C171 gave some empirical   rules  for  deciding.when 
gulticomponent  diffusion effects w i l l  be  large.  Two of   these 
rules  can  be  applied  to  the  system  water-ethanol-cellulose 
acetate: i) t h e  components show s t rong  thermodynamic i n t e r -  
actions  and ii) the   concentrat ion  gradient   of  water i n  cel- 
lu lose  acetate is  much d i f f e ren t   f rom ' tha t   o f   e thano l   i n  
ce l lu lose  acetate. The equations  used so far   (eqns.  ( 1 2 )  and 

( 1 3 ) )  ho ld   fo r   t he  case where  main-term d i f fus ion   coe f f i -  
c i e n t s  are much'larger  than  the  cross t e r m  diffusion  coef-  
f i c i e n t s  (D > > D  1. I n  a forthcoming ar t ic le  C81 w e  
w i l l  report   on  experimental   concentration  profiles  of o- 
xylene  and  p-xylene i n   c e l l u l o s e  acetate and 'discuss  the '  
results  of  this  weakly-interacting  system  using main-term 
d i f fus ion   coef f ic ien ts   on ly .  

ii ij,{#$ 

Taking  cross-terms into  account  eqn. (1) becomes 



For s teady-state   t ransport   of  w a t e r  and  ethanol  through a 

ce l Iu lose  acetate membrane we  now have 

-J - D21c1 D22c2 
2 RT "1 - RT "2 

The f i r s t   t e r m  on the  r ight-hand  side of eqn . ( 15 ) descr ibes  
the   f l ux   o f  component l due t o  i t s  own gradient  and  the sec- 
ond t e r m  of   this   equat ion  descr ibes   the  f lux  of  component 1 
due to   t he   g rad ien t   o f  component 2.  This  second term repre- 
sents  the  coupling  effect .   In  the  system  water-ethanol-cel-  
l u lose  acetate the   c ross - te rm  d i f fus ion   coef f ic ien t  ( D  ij, <#j 1 
w i l l  be a s i g n i f i c a n t   f r a c t i o n   o f   t h e  main-term d i f fus ion  

coe f f i c i en t   e spec ia l ly   i n '   t he  case of component 2 (ethanol) 
where it w i l l  dominate  the  effect   of  the main coe f f i c i en t .  
This   impl ies   tha t   the   f lux   o f   e thanol   due   to   the   g rad ien tof  
w a t e r  should  have a larger   value  than  the  f lux  of   e thanol  

caused by i ts  own gradient .  
In   general ,   the   cross- term  diffusion  coeff ic ients  are not  

symmetric, i.e. O 1 2  f D21. 
B y  expressing  the  concentrat ion as volume f r ac t ion  and 

using  act ivi t ies   instead  of   chemical   potent ia ls   eqns.  (15) 

and (16)  become 
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Cussler C171 summarized d i f f e ren t   t heo r i e s   t o   quan t i fy  

the  cross- term  diffusion  coeff ic ients .  A general  approach 

is  t o  assume t h a t   t h e  main-term d i f fus ion   coe f f i c i en t s  
(Dii i = 1 , 2 ) .  are c l o s e l y   r e l a t e d   t o , t h e   b i n a r y   d i f f u s i o n  
coe f f i c i en t s .  These binary  diffusion  coeff ic ients   can  be 
obtained from s i n g l e  component permeation  experiments, as 

given  in  Tables 1 and 2 .  The cross-diffusion  coeff ic ient  
can now be  calculated from  eqns. ( 1 7 )  and (18) . 

The r a t i o s  

respect ively, .  are a measure fo r   t he   t e rna ry  ef- 

f e c t s  and  each  of them is given  in   Figs .  8 and 9 as a func- 

2.0 

O 0.5 11 
x (relat ive  distance in the membrane) R 

FIGURE 8. Ratio of cross-term  diffusion  ,cqefficients and main-tem 
diffusion  coeff ic ients   as   a   funct lon of \ t he   r e l a t ive   d i s t ance   i n   t he  
membrane. ' 
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x (relat ive  d istance in the  membrane) R 

FIGURE 9. Ratio o f  cross-term diffusion  coefficient times gradient and 
main-trem diffusion  coefficient times gradient as function of the rela- 

. tive distance in  the membrane. 

t ion   o f   the   re la t ive   d i s tance   th rough  the  membrane (x,). Com- 

par ing  FYgs. 8 and 9 one  can see t h a t   t h e   v a l u e  of  de- 

creases when X, increases  'while  the term * -  1 D 2 2  - vp2 j increases D21 Q2 

in   va lue .  Is? f a c t ,  is a b e t t e r  measure for   mul t i -  

component d i f fus ion   e f fec ts   than   because   a l so   the   e f -  

f ec t s   o f   t he   g rad ien t s  are involved. 

From Fig. b one  can see t h a t  - - I > I implying  that  1::; 
the   f lux   o f  component 2 (ethanol) due t o   t h e   g r a d i e n t   o f  
component 1 (water) has a larger   value  than  the  f lux  ofcom- 
ponent 2 caused  by i t s  own gradient.  This is i n  agreement 
with  the  negat ive  values  for t h e   d i f f u s i o n   c o e f f i c i e n t  D2 
obtained  from  eqn. ('13) implying  that  the  assumption of 
us ing   b inary   d i f fus ion   coef f ic ien ts  i s  not  so bad after a l l .  
The f lux   of  w a t e r  is hard ly   a f fec ted  by the   g rad ien t   o f  
ethanol,  a t  l ea s t   a t   sma l l   pene t r a t ion   d i s t ances  (s, 0.5) .  
A t  h igh   pene t ra t ion   d i s tance   coupl ing   e f fec ts  become more (. 
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and more important. 

The results  presented  here  demonstrate beyond  any  doubt 

the  occurence  of  coupling.  Because it has  been  assumed t h a t  
t he  main-term d i f f u s i o n   c o e f f i c i e n t  is  s imply  equal   to   the 
b ina ry   d i f fus ion   coe f f i c i en t  it is, hard ly   poss ib le   to  draw 
quantitative  conclusions  about  the  magnitude  of  the coup- 
l i n g  .effect . 

Boundary   res i s tance  
Boundary resis tances   exis t   in   every  permeat ion  experfment  

( t h i s  means tha t   t he   chemica l   po ten t i a l   o f  a component i i n  
the  feed i s  not   equa l   to   the   chemica l   po ten t ia l  of compo- 
nent i j u s t   i n s i d e   t h e  membrane1,Hwang C191 showed t h a t   t h e  
boundary res i s tance   cont r ibu ted   to  a l a r g e   e x t e n t   t o   t h e  
to ta l   res i s tance   dur ing . the   permeat ion   of   d i sso lved  oxygen 
i n  water through a s i l icone  rubber  membrane. 

By invest igat ing  the  concentrat ion  prof i les   of   the   system 
water-ethanol-cellulose acetate (pure components  and mix- 

FEED 

1.0 I - 

U+ 

O 

MEMBRANE 

I 

PERMEATE 

1.0 

c 
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0.5 :z 
-l- u 
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0.5' I .o 
x ( re lat ive  dis tance in the   membrane)  R 

FIGURE' 10. Activity  profile  for  the  bïnary  system  water-cellulose ace- 
tate. 
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ture)   the  occurence  of   boundary  res is tances   could  be demon- 
s t r a t e d  (see Figs.  4-7). Because  of  the  non-ideali ty  of  the 
var ious   sys tems  ac t iv i ty   p rof i les  are preferred  over  con- 
cent ra t ion   p rof i les .   In   F igs .  10 and 11 t h e   a c t i v i t y  pro- 
f i l e s   f o r   t h e  systems  water-cellulose acetate and  ethanol- . 

c e l l u l o s e  acetate are given.   These  act ivi ty   prof i les   have 
been  calculated  from  the  experimental   concentration pro- 
f i l e s   u s i n g  Flory-Huggins  thermodynamics  (eqn. ( 3 )  ) . I n   t h e  
case of  w a t e r  no res i s tance  a t  t h e  liquid/membrane in t e r -  

face can  be  observed  (Fig. 1 0 )  w h i l e   i n   t h e  case of  ethanol 
t he re  is an  appreciable   res is tance.  Comparing Fig,  4 with 
Fig. l1 one  can see t h a t   t h e   a c t i v i t y   d r o p  is  much smaller 
than  the  concentration  drop. 

CONCLUS row 

The t ransport   of   e thanol-water   mixtures   through  cel lulose 
acetate membranes cannot  be  described  with a simple phenome- 

O 0.5 
x (relative  distance in themembrane) R 

FIGURE 1 l .  Activity  profile €or  the binary system ethanol-cellulose 
acetate. 
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nological.mode1  where  cross-term  diffusion  coefficients are 

neglected.  Therefore,  multicomponent  effects  should  be con- 
s idered.   Cross- term  diffusion  coeff ic ients   appear   to   be a 
s ign i f i can t   f r ac t ion   o f   t he  main-term d i f fus ion   coe f f i c i en t s  
and i n   t h e  case of   e thanol ,   d i f fusing  through  cel lulose ace- 

ta te  in   the  presence  of  water, the  cross-term  effect   even 
dominates  the  main-term  effect. 

Boundary r e s i s t ances  found in   pervaporat ion are caused  by 
sorp t ion  phenomena and i n   t h e  case of  permeation  of  liquid 
mixtures ,   these   sorp t ion   res i s tances  are coupled  too. 
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SYMBOLS 

a c t i v i t y  
d i f f u s i o n   c o e f f i c i e n t  
d i f f u s i o n   c o e f f i c i e n t  
(cm2 sec -1 

( cm2  sec-’) 
a t  zero  concentration 

main-term d i f f u s i o n   c o e f f i c i e n t  (cm2 sec -1 ) 

cross- term  diffusion  coeff ic ient  ( c m 2  sec-’) 
permeation rate ( c m  h r - l )  
equi l ibr ium  sorpt ion  value  (g/g  dry polymer) 
concentratkon  inside  the membrane a t  x = O 

(g/g dry  Polymer) 
membrane thickness ( c m )  
phenomenological c o e f f i c i e n t  ( c m  mol sec-’ N-’) 
gas  constant (J mol-’ K - ~ )  
temperature ( K )  

volume f r ac t ion   i n   t he   b ina ry   sys t em 
molar volume ( c m  3 mol-’) 
r e l a t ive   t h i ckness   i n   t he  membrane 
thickness of an   i n f in i t e s ima l   t h in   l aye r  (cm)  
s epa ra t ion   f ac to r  
exponent ia l .   factor  
Flory-Huggins interaction  parameter 
volume f r ac t ion   i n   t he   t e rna ry   sys t em 
chemical   potent ia l  (J mol-’) 
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I n d i c e s  

water 
ethanol 
cellulose acetate 
component i 
componen t  j 
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CHAPTER 7 

PREFERENTIAL  SORPTION  VERSUS  PREFERENTIAL  PERMEABILITY I N  

PERVAPORATION 

M.H.V. MULDER, T. FRANKEN and C.A. SMOLDERS 

SUMMARY 

Transport  of  liquids  by  pervaporation  takes  place  by a solution- 
diffusion  mechanism. In order  to  investigate  the  'solution-part'  of 
this  transportmodel , preferential  sorption  has  been  compared  wíEh 
preferential  permeability.  Sorption  equilibria  and  pervaporation 
performance for the  systems  water-ethanol-cellulose  acetate,  water- 

ethanol-polyacrylonitrile and water-ethanol-polysulfone have  beenin- 

vestigated.  Theoretical  values of preferential  sorption  have  been  de- 
rived  from  Flory-Huggins  thermodynamics,  extended  with  concentration 

dependent  interaction  parameters.  These  calculated  sorption  values 

show a reasonable  agreement with experimental  values.  The  large  dif- 

ference in molar  volumes  between  water  and  ethanol  determines  the 

preferential  sorption of gater in these  systems  to a great  extentand 

this  effect  increases  with  decreasing  swelling  value. 

Comparison  of  preferential  sorption  experiments  with  pervaporation 
experiments  indicates,that  apart  from  the  effect  of  differences ?n 

,diffusivity  for  the  permeating  components,  preferential  sorption  con- 
tributes to a major  extent  to  selective  transport. 

1 5 7  



INTRODUCTION 

I n  most membrane processes  transport  of  molecules  takes 
p lace   in   the   d i rec t ion   of   decreas ing   chemica l   po ten t ia l .  
In   peryapora t ion ,   the   d r iv ing   force   for   t ranspor t  is t h e  
concentrat ion  difference  across   the membrane. The t rans-  
port   process   can  be  divided  into  three  s teps ,  i) sorp- 
t i o n   i n t o   t h e  membrane a t  the  upstream  side,  if) di f fus ion  
through the membrane and iii) desorp t ion   in to  a vapour 
phase a t  t h e  downstream s ide ,  The separat ion mechanism of 
pervaporation i s  a solution  diffusion-mechanism II 1-4 I r i. e . 
the  permeation rate i s  a func t ion   o f   so lub i l i t y  and  diffu- 
s i v i t y .   S o l u b i l i t y  is a thermodynamic property  and  diffu- 
s i v i t y  is a k ine t i c   p rope r ty   and   bo th   a f f ec t   s e l ec t iv i ty .  
I n  case of a l iquid  mixture   separat ion i s  obtained  becaus'e 
t h e  membrane h a s   t h e   a b i l i t y   t o   t r a n s p o r t  one component 
more readi ly   than   the   o ther   even   i f   the   d r iv ing   forces  are 
equal. Hence, p r e d i c t i o n   o f   s e l e c t i v i t y  i s  o f t e n   d i f f i c u l t  
because in   gene ra l   t he re  w i l l  be  coupling  of  f luxes,  i.e. 

the  permeation rate of  one component can  be  changed  by  the 
presence  and movement o f   t he   o the r  component, Ina   p rev ious  
chapter ,  C41 a solut ion-diffusion model has  been  developed 
for the  permeation  of a l iquid  mixture  through a polymeric 

membrane taking  into  account  coupling of f luxes.  
The ob jec t ive   o f   t h i s ' chap te r  is  t o   i n v e s t i g a t e  the ther-  

modynamic aspects  o f  t h e  membrane separation  process by 
comparing preferen t ia l   sorp t ion   òf  a water-ethanol  mixture 
by a polymeric membrane wi th   p referen t ia l   permeabi l i ty  
through  that  membrane. 

Aptel L51 showed that  for  systems  with  polyvinylpyrroli-  
done-poLytetraffuoroethylene as membrane material and  va- 
r ious   b inary   l iqu id .mixtures ,   the  component mat was  sorb- 
ed   p re fe ren t i a l ly  w a s  a l so   t ranspor ted   p referen t ia l ly .  
Even the   occurence   o f   se lec t iv i ty   invers ion  was  i n  agree- 
ment with  their   sorpt ion  experiments .  

Our invest igat ion  can  be  divided  into two par t s :  
a) thermodynamics of p re fe ren t i a l   so rp t ion ;  
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b)   comparison  of   preferent ia l   sorpt ion  versus   preferent ia l  

permeability. 
P re fe ren t i a l  o r  s e l ec t ive   so rp t ion  i s  given  by  the  dif-  

ference  in  composition  of a binary  l iquid  mixture   inside 
the  polymeric membrane and ou t s ide   i n   t he   l i qu id   f eed  mix- 
ture.   Theoretical   values on preferen t ia l   sorp t ion   have .  
been  derived  from  Flory-Huggins  thermodynamics C61 using 
concentration  dependent  interaction  parameters.  To improve 
the  agreement  between  experimental  and  theoretical  data  on 
p re fe ren t i a l   so rp t ion  Pouchly C 7 r 8 1 introduced a second'or- 
der  interaction  parameter,   the  ternary  parameter gT. An- 
o the r  way of   descr ibing  second  order .effectS.  i s  by tak ing  
the  interaction  parameters  concentratio 'n  dependent.   Inthis 
paper w e   w i l l  follow  the la t ter  approach. 

Experimentai   data  on  preferential   sorption  have  been ob- 
ta ined  by separa t ing   the   sorbed   l iqu id   quant i ta t ive ly  from 
the  membrane phase by a d i s t i l l a t i on   t echn ique .  These  ex- 
perimental   data w i l l  be compared wi th   the   theore t ica l   va l -  
ues. The following  polymers  have  been  studied:  cellulose 

. acetate (CA) r po lyac ry lon i t r i l e  (PAN) and  polysulfone 
(PSf),  while  water/ethanol was used as the  l iquid  mixture .  
Except for   equi l ibr ium  sorpt ion measurements  pervaporation 
experiments  have  also  been  performed. The s e l e c t i v i t y   i n  
pervaporation.wil1  be compared wi th   the   p referen t ia l   sorp-  
t i o n   d a t a  and t h e   r e s u l t s  w i l l  be   discussed  in  terms of 
the  solut ion-diffusion mechanism. 

THEORY 

The equilibrium  between a polymeric membrane (index 3 )  

and a binary  mixture  of  nonsolvents  (indices 1 and 2 )  can 
be  considered as an  osmotic  equilibrium.  Preferential  
sorption  occurs when the , .composi t ions   o f the   b inary   l iqu id  
mixture   inside  the polymer  and i n   t h e   l i q u i d   f e e d , m i x t u r e  
are d i f f e r e n t .  The index 1 i s  g iven   t o   t he  component. 

khat $s sorbed  preserent ia l ly  by t h e  polymer. If _ . .  ' 
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w e  denote  the  concentration of a component of the   b inary  Kc$- 
uid  mixture  in  the  polymeric  phase by 

and  the  concentration (volume f r a c t i o n )   i n   t h e   l i q u i d   p h a s e  
by vi t h e n ' t h e   p r e f e r e n t i a l   s o r p t i o n  E i s  given  by C71 

E = u1 - v1 = v 2  - u2 

The condition  for  equilibrium  between  the two phases, 

the   b inary   l iqu id   phase   and   the   t e rnary  polymer  phase, ks 
expressed  by  equality of the   chemica l   po ten t ia l s   . in   the  
two phases. The polymer free 

p e r s c r i p t  o and the   t e rna ry  
p e r s c r i p t  . A t  equilibrium m 

All", = *p: + IW1 

phase i s  denoted  with  the su- 
(membrane) phase  with  the SU-' 

hp2 = * p 2  + EV2 O m 
( 4 )  

The chemical  potentials  can  be  obtained from Flory-Huggins 
thermodynamics C61. The Gibbs free energy of mixing f o r  a 

ternary  system i s  given  by 

Again the   ind tces  1 and 2 r e f e r  to the  nonsolvents  and in- 

dex 3 t o   t h e  polymer. ni and $i are t h e  mole f r ac t ion  and 
volume f rac t ion   of  component i respect ively.  The binary 
interact ion  parameters  q12' q13 and g23 are assumed t o  be 



concentration  dependent. When these  parameters  are  taken 

concentration  independent  they  reduce  to  the well-known x 
parameters   ( in   the   o r ig ina l  Flory-Huggins  theory x param- 

eters are concentration  independent [ S I ) .  Di f fe ren t ia t ion  
of  eqn. ( 5 )  t o  n l  and n 2  respectively,   yields  the  follow- 
ing  equat ions  for   the  chemical   potent ia ls   of  components 1 
and 2 i n   t h e  polymer  phase. 

According t o   t h e  Flory-Huggins  thermodynamics, t h e  Gibbs 
free  energy of mixing  for  the  binary  phase i s  given by eqn. 
(8 )  where x i s  t h e  mole f rac t ion   of  component i i n   t h e  i 
b ina ry   l i qu id  

= x I n  v 1  + x 2  I n  v 2  + g 1 2 ( v 2 ) x 1 v 2  1 

Di f f e ren t i a t ion   w i th   r e spec t   t o  x1 and x 2  yields   eqns.  ( 9 )  

and ( 1 0 )  
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a.': 2  2 a912 
- I n  v 1  + (1 + g12 v 2  - v v - 1 2 av2 

- -  
RT 

AV; v2 v2 v2 2 a912 
- -  
RT - I n  v 2  + ( l - - ) v  +- 5 J- :vl 912': +.q 2 1 av2 

v v  - 

N v2 Assuming - - - z O and - = R ,  subs t i t u t ion   o feqns .  (G), 
(7)  , ( 9 )  and (10) i n  eqns. ( 3 )  and,  ( 4 )  and  elimination  of K 

v3   v3   v2  

gives 

a913 5 ag23 
+93u1 - - V2  "2@3 au, 

Krigbaum C91 used a d i f f e r e n t   c o e f f i c i e n t   f o r   e x p r e s s i n g  
the  preferent ia l   sorpt ion,namely  the  composi t ion  ra t io  CR 

9 1 /92  $1 

v d V  2 
(CR I - + In CR = ln($---) - h ( - )  ) . The p r e f e r e n t i a l  

2 v2 
so rp t ion   coe f f i c i en t  E and  the  composi t ion  ra t io  CR are 
d i r e c t l y   r e l a t e d   t o   e a c h   o t h e r ,  

( C R - l ) u p 2  
E =  Cl+(CR-l)V,I 

. .. 

The lef; hand' side  of  eqn. (ii) is  equal   to   the   logar i thm 
of   the  composi t ion  ra t io .  One can see tha t   the   expres-  . 

Sion for t he   p re fe ren t i a l   so rp t ion   ( eqn .  (11) ) does  not con- 
t a in   de r iva t ives   o f  g13 aEd g23 wi th   r e spec t   t o  @ 3  anymor? 
wh i l e   i n   equa t ions  for the  osmotic  pressure  these  deriva- 
t i v e s   a r e   p r e s e n t .  I f  the   in te rac t ion   parameters  are as- 
sumed to  be  concentrat ion  independent ,  eqn. (11) veduces'to 
t h e  s a m e  equations as have  been  derived by S c o t t  Cl01 for 
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systems  with R=l and by Krigbaum C91 for  systems  with R f l .  

Fromeqn. (11) the   preferent ia l   sorpt ion  can  be  calculat-  
ed   numer ica l ly ' i f the   in te rac t ion   parameters  and the i r   par -  
t i a l  de r iva t ives ,   t he   r a t io   o f   t he  molar volumes R and t h e  
volume f r ac t ion   o f  'polymer @ 3  (or   the   overa l l   sorp t ion)  
are known. 

Eva lua t ion  of. t h e   b i n a r y   i n t e r a c t i o n   p a r a m e t e r  g12 
In  Chapter 5 it w a s  shown t h a t   i f   d a t a  on excess   f ree  

energy  of  mixing are ava i lab le ,  g12 ( v , )  (o r  g12(u2)) can 
be  calculated  according  to   eqn.  (13) [ 1 1 , 1 2 ] .  

X 

v 2  RT 

E Data on AG were taken  f rom  l i terature  C.131. 

g12(V2) ~0.9820 -1.3483 V 2 +  4 . 1 5 ~ ~  2 -3.3116 ~ ~ 2 0 . 8 8 9 7 ~ ~  3 4 

For the  l iquid  mixture  in  the  polymer,  v 2  has   t o  be, replaced 

by 5 '  

Eva lua t ion  of t h e   b i n a r y   p a r a m e t e r s  g13 and g23 
Interaction  parameters between a polymer  and a nonsol- 

vent  can  be  determined  experimentally by equilibrium swel- 
l i n g  measurements 'as has  been  described  in  Chapter 5. 

For   the  system  s tudied  the  swel l ing measurements  and in-  
teraction  parameters are given i n  Table l. 

Theparametersg iven   in   the  las t  column of  Table 1 are 
b inary .parameters .   In   o rder   to   cons ider   second,order  o r  

t e rna ry   e f f ec t s   t he  g13 and g23 parameters are assumed t o  
be concentration  dependent, i .e. g13 and g 2 3  are functions,  
of ui ( i = 1 , 2 )  and W e  w i l l  use such  a'mathematicalex- 
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TABLE 1 

Solub i l i t y  and interact ion  parameters  of water (component 1) and eth- 
anol (component 2) i n   t h e  polymers ( 3 )  ce l lu lose   ace t a t e  (CA) p poly- 
a c r y l o n i t r i l e  (PAN) and  polysulfone  (PSf) 

polymer pene t ran t   so lubi l i ty  volume f r a c t i o n  x b 
g penetrant   per  of polymer a 
100 g dry polymer 

CA w a t e r  14.3 O .84 l.. 4 
PAN w a t e r  8 -9 o -91 1.8 
PS f w a t e r  0.1 o. 999 5.9 

PAN ethanol 0.4 O .g94  4.2 
PSf ethanol 2.3 O -96 2.5 

a 

CA ethanol 2 1  -5  O .74 1.1 

ind ica ted  as and @3 i n  eqns.  (15)  and (16) respectively.  

bindicated as q13 and q23 i n  eqns. (15) and (16) respectLvely. 
u2* u p  

u2W "1" 

pression for these  parameters that i f   t h e   c o n c e n t r a t i o n  

u2 i n   t h e  polymer increases ,  q13 will..increase  and i f  u 1 
increases ,  w i l l  increase.   Furthermore, i f   the  polymer 
concentration  increases  both g13 and g23 w i l l  increase.  

9 2 3  

For t h e   l i m i t i n g  cases u2+0 and ul+O and ( 1 6 )  
- 2 3  - g - X 3 .  The values reduce t o  g13 = q13 - x13 and g - - 

U2+0 

of the constants  g13 f 923 r 
$3 and @3 have  been  given 

u2+-o u1+0 u +-o 2 ul+-o 
i n  Table 1. The molecular   in te rpre ta t ion  of the  constants  
a r  b ,- c and d' is  l e f t   f o r   f u t u r e   s t u d y .  These  coefficients 
can  be  chosen i n  such a way as t o  improve t h e  agreement 
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between theory  and  experiment, as w e  w i l l  see later on. I. 

EXPERIMENTAL 

M a t e r i a l s  
Cellulose acetate (E 398-3) was obtained from Eastman 

Chemicals,  polysulfone ( P  3500)  from Union Carbide and 
polyacry loni t r i le  ( T  75)  from Dupont. The solvents  used 
were of   analyt ical   grade.  

Membrane , p r e p a r a t i o n  
Polymer so lu t ions  were prepared by d i s so lv ing   t he  poly- 

m e r  i n  a su i tab le   so lvent .  The  membranes were prepared by 
cas t ing   t he  polymer so lu t ion  upon a g l a s s   p l a t e  and the  
solvent  was al lowed  to   evaporate   in  a nitrogen  atmosphere. 
The  membranes used were completely  t ransparent   except   for  
po lyacry loni t r i le .  

Swel l ing   measurements  
Dried  strips  of  polymeric membrane (ab.out 0,.3 g) w e r e  

immersed in   d i f fe ren t   conica l   f lasks   conta in ing   water /e th-  
anol  mixtures  of  different  compositions.  The f l a sks  were 
p laced   i n  a thermosta tedbatha t  20 C. A f t e r  2 4  hours  the 
s t r i p s  w e r e  removed, pressed between t issue  paper   and 
weighed i n  a closed  flask.  This  procedure was continued 
u n t i l  no fur ther   weight   increase was observed. The solu- 
bi l i ty   has   been   expressed  as a relat ive  weight   increase 
(g penetrant/100 g dry  polymer). 

O 

Pervaporat ion  
The pervaporation  experiments w e r e  ca r r i ed   ou t  as des- 

cr ibed  in   Chapter  2 .  Vacuum a t  t h e  downstream s ide  w a s  
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maintained a t  a pressure  of  1 3 . 3  Pascal ( 0 . 1  mm H g )  by a 
Crompton Parkinson vacuum pump. The pressure w a s  measured 
by  an Edwards piranhi  gauge. The experiments w e r e  c a r r i e d  
'ou t   for   e igh t   hours .  A product  sample w a s  taken  every  hour 
and general ly   s teady-state   condi t ions w e r e  reached i n  a- 
bout  three  hours,  The th ickness   o f   the  homogeneous mem- 
branes w a s  about 20  pm. The temperature   of   the   l iquid  feed 
mixture w a s  20 C , O 

Product   anaZys is  
Analysis  of  binary  ethanol-water  mixtures w a s  performed 

on a Varian model 3700 gaschromatograph f i t t e d   w i t h a c h r o -  
mosorb 60/80  column and  equipped  with a thermal  conducti- . 

v i t y   d e t e c t o r .  FOK low ethanol  concentrations (O-5%) a 
f lame  ionizat ion  detector  w a s  used. 

AnaZysis  of t h e   b i n a r y   Z i q u i d   m i x t u r e s   i n s i d e   t h e  poZymer- 
ie membrane 

The composition of the  l iquid  mixture   in   the  polymeric  
membrane w a s  determined  by a d i s t i l l a t i o n   t e c h n i q u e  as 
described by P a t a t  Cl57. The experiments w e r e  c a r r i e d   o u t  
with  the  apparatus   shorn  in   Fig.  1. The apparatus w a s  
flushed  thoroughly  with  nitrogen  before  the  experiments 
w e r e  s t a r t e d .  The  polymeric membrane  was immersed i n  a 

conical   f lask  containing the binary  ethanol-water  mixture. 
After   sorpt ion  equi l ibr ium, which  can  be  verified  by re- 
peated  weighing,  the membrane sample w a s  pressed  between 
tissue  paper  and  put  immediately  in  tube 1. The closed 
tube 1 w a s  cooled   wi th   l iqu id   n i t rogen   and   ins ta l led   in  
the  apparatus .  The system w a s  brought   to  a pressure  of 
about 1 - 3  Pascal ( 0 . 0 1  mm Hg) while  tube 1 was s t i l l  

cooled.  After  about 5-10 minutes  valve 5 was  closed,  tube 
2 w a s  cooled   wi th   l iqu id   n i t rogen   ( the   l eve l  up t o  which 
cooling is  performed i s  kndicated by t h e d a s h e d l l n e )  and 
tube 1 w a s  heated  with  boi l ing w a t e r .  Within 10 t o  30 sec- 
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1 
q6 2 

FIGURE 1 .  Apparatus  to  determine the composition of the  liquid  mix- 
ture  inside  the polymer. 1,2; collecting  tubes; 3: piranhi  gauge; 
4,5:  valves; 6: vacuum  pump. 

onds ,   the   l iqu id   ins ide   the  membrane s t a r t e d   t o   b o i l  and 
the  vapour w a s  condensed i n  tube 2.  A f t e r  about 10-15,min- 
u tes  the  experiment was stopped  because no  more l i q u i d  
could  be removed from t h e  membrane. This was ve r i f i ed   . i n  
two ways: by following  the  pressure  during  the  experiment 
and by performing  experiments  for  longer  periods  of time. 

The amount of l i q u i d   i s o l a t e d  €rom the  membrane could  be 
determined by gaschromatography . 

The experimental   error  depends  on  the amount of   l iqu id  
sorbed by t h e  membrane.  The maximum amount of l iqu id   sor -  
bed i n  a PSf  membrane i s  about 3% while   for  CA membranes 
up t o  25% w a s  sorbed, The  mass ba lance   e r ror  is  about 5% 

for  polysulfone  systems. 

RESULTS AND DISCUSSION 

The experimental   to ta l   sorpt ion  values  of  ethanol-water 
mixtures   in   ce l lu lose  acetate, polysulfone  and  polyacrylo- 
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n i t r i l e  are given i n  Fig,  2.  Fig, 2 c lear ly   demonstrates  
t h e   d i f f e r e n c e   i n  thermodynamic  behaviour  between  the  dif- 
f e r e n t  polymers  and  ethanol-water  mixtures; low swell ing 

va lues   i n  PS€ and PAN and much higher   values   in  CA. PSf 
and PAN show opposite  behaviour,  hardly  any w a t e r  sorp t ion  
i n  PSf while PAN shows hardly  any  ethanol  sorption. 
The so lubi l i ty   o f   e thanol /water   mix tures   in  CA passes 
through a maximum a t  about 65% e thano l   i n   t he   f eed .  

Values for   the   p referen t ia l   sorp t ion   have   been   de te r -  
mined experimentally  and  theoretically.  The t h e o r e t i c a l  
values  can  be  calculated from  eqn. (Il), which shows 
t h a t   p r e f e r e n t i a l   s o r p t i o n  depends  on the   d i f f e rences   i n  
molar volumes o f   t he  two pene t r an t s ,   t he   a f f in i ty   o f   bo th  
components  towards t h e  polymer  and t h e  mutual   interact ion 
between t h e  two penetrants ,  

The e f f ec t   o f   t he   d i f f e rence   i n   mo la r  volume has i t s  
or ig in   in   the   combina tor ia l   en t ropy  . This 'effect upon 
t h e   p r e f e r e n t i a l   s o r p t i o n   i n c r e a s e s   i f  the d i f f e r e n c e   i n  

O O- 5 1.0 
weight fraction of water in the feed 

FIGURE 2. Total  sorption as a  function of the water content o f  the . 

water/ethanol liquid feed mixture for different polymers. 
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molar volume Lncreases  and i f   t h e  polymer concentration 

increases ,  The component with  the  smaller  molar  volumewill  
be  sorbed  preferent ia l ly ,   For   water-ethanol   the  ra t io   of  
t he  molar volumes R( =-) i s  0.31 which means t h a t  water 
w i l l  be   sorbed  preferent ia l ly .  

V1 
v2 

Posi t ive  values   of   the  term conta in ing   the   in te rac t ion  
parameters   with  respect   to   the polymer (R.g23-g13) w i l l  
f avour   the   p referen t ia l   sorp t ion   of  component 1 and t h i s  
e f f e c t   a l s o  depends on the  polymer concentration.  For  the 
systems  s tudied  this   value i s  negative.  Hence, th i s   t e rm 
c o n t r i b u t e s   t o   s e l e c t i v i t y  towards component 2 (e thanol ) .  

The influence  of g12 on the   p re fe ren t i a l   so rp t ion  de- 
pends  on the  concentrat ion  in   the  binary  l iquid  phase and 
on the   s ign   of   the  g12 interact ion  parameter .   In   the  case 
of  watkr-ethanol  the.interaction  parameter g has a posi- 

t ive  value  over  the  entïre  composition  range.  This  implies 
t h a t   t h e  term g12(v2-v ) has a p o s i t i v e   e f f e c t  on the  pre-  
f e ren t i a l   so rp t ion   o f  water for   h igh   e thanol   feed  concen- 
t r a t ions  (v2>v1) while it has a negat ive   e f fec t   for   h igh  
water feed  concentrations (vl>v2). The same accounts  for 
g12($ -$ ) bu t   t he   e f f ec t   o f   t h i s  term i s  much smaller  
because  and are smaller for  the  systems  studiedcom- 
pared   to  v 1  and v2. 

1 2  

1 

1 2  

The inf luence   o f   the   der iva t ives   o f  g13 and g23 with 
r e spec t   t o  u2 and u1 respec t ive ly  depends  on the  magnitu- 
des of the   var iab les  a and c (see eqns. (15)  and ( 1 6 ) )  .. The 
term conta in ing   the   der iva t lve  - "l2 has a p o s i t i v e   e f f e c t  
n the   p re fe ren t i a l   so rp t ion   o f  water whi le   the  t e r m  with 

has a negat ive   e f fec t ,   the  l a t t e r  being smaller than 

a v2 
9912 
au2 

the  former . 
When neglect ing  the  concentrat ion dependency  of the   in -  

teraction  parameters it can  be  deduced  fromeqn. (11) t h a t  
fo r   t he   l imi t ing   ca se  $i +- 1, the   l iqu id   mix ture   ins ide  
the  polymer consists  almost  exclusively  of  the component 
with  the smaller molar  volume. 

Some numerical  examples w i l l  demonstrate  the  influence 
o f   t he   d i f f e ren t   f ac to r s   ( . d i f f e rence   i n  molar  volume, d i f -  
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f e rence   i n   a f f in i ty   t owards   t he  polymer  and the  mutual  in- 
t e r a c t i o n  between  ethanol  and w a t e r )  on t h e   p r e f e r e n t i a l  
sorption  applied  to  ethanol-water  mixtures.   Fig.  3 gives 

the   p referen t ia l   sorp t ion   of   e thanol -water   for   d i f fe ren t  
polymer  concentrations  assuming  equal  and  constant  polymer- 
nonsolvent  parameters (xl3 = x23 = 1.0) . For g12 ( w a t e r -  
e thanol)  eqn. (14) has  been  used, It i s  obvious  that   the  ef- 
f ec t   o f   t he   d i f f e rence   i n   mo la r  volume on t h e   p r e f e r e n t i a l  
sorpt ion  of  water becomes s t r o n g e r   i f   t h e  polymer  concen- 
t r a t ion   i nc reases .  

Fig. 4 i s  an example of   an  opposi te   effect .  The smaller 
molar volume of water, which  favours   the  preferent ia lsorp-  
t i o n  of waterpis opposed  by t h e  small mutua l   a f f in i ty   o f  
water and  polymer. When t h e  xL3 parameter  increases,  keep- 
i n g  x23  cons tan t ,   t he   p re fe ren t i a l   so rp t ion  of w a t e r  de- 
creases  and  even  an  inversion i n   p r e f e r e n t i a l   s o r p t i o n   c a n  
be  observed.  Furthermore,  the lower curve of Fig. 4 (x13 = 

2 . 0 )  c lear ly   demonst ra tes   the   in f luence  of t h e  ql2 parameter 

on t h e   p r e f e r e n t i a l   s o r p t i o n :  g12 i s  .pos i t ive   over   the  en- 

I 

I I I 

v o h m e  fraction of water in the feed 
0-2 0.4 0.6 Of8  ’ O 

FIGURE 3. Preferential  sorption in a ternary system  water-ethanol-po- 
lymer  €or  different  polymer  concentrations (43 = O .95; $3 = O. 9 ; $3 = 
0 . 8 ) .  Other  parameters: x 1 3 = ~ 2 3  = 1.0; g12=912(u2) (see e-. (14) ) ;  
R = 0.31. 
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l I I l 
0.2 0.4 0.6 0.8 1.0 , 

volume f ract ion  o f   water  in the  feed , 

FIGURE: 4 .  Preferential  sorption in a  ternary  system  water-ethanol-po- 
lymer  for  different  values of x13 (X13 = 1 .O;  x13=  1.5; X13' 2.0) 
Other  parameters: X23 = 1.0:'g12 = g12(uz) (see  eq. ( 1 4 ) ;  !L = 0.31: 
(p3 = 0.90. .. . 

t i re  composition  range (see eqn. (14) ) and the   cont r ibu t ion  
t o   t h e   p r e f e r e n t i a l   s o r p t i o n  i s  p o s i t i v e   f o r  low water con- 
cent ra t ion   in   the   feed   whi le  it has a nega t ive   e f f ec t   fo r  
high water Concentrat ions  in   the  feed.  

Tnthecase   o fpolysul fone   andpolyacry loni t r i le  asmembrane 

mater ia l s ,   the  polymer concentration ((p3) i s  qui te   h igh  
(see Fig. 2 ) .  For  the  system water-ethanol-polyacryloni- 
trile we expect a l a rge   p re fe ren t i a l   so rp t ion   fo r   wa te rbe -  
cause  the component with  the smaller molar volume (water) 
has   a l so  a l a r g e r   a f f i n i t y  towards  the  polymer (see Table 
1 and  Fig. 2 ) .  For  the  system water-ethanol-polysulfone 
t he   p re fe ren t i a l   so rp t ion   fo r  water due t o   t h e   e f f e c t   o f  
t he  smaller molar volume i s  counteracted by the  very small 
a f f i n i t y  of w a t e r  to   polysulfone.   In   the  next   sect ion w e  

w i l l  see whether the  experimentaland  theoret icaldata   agree.  
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The  system  water-ethanoZ-ce ZZuZose a c e t a t e  ( s o r p t i o n  re -  
s u t t s )  

In  Fig.  5 t he   t heo re t i ca l   va lues  for t h e   p r e f e r e n t i a l  
sorp t ion   ca lcu la ted   accord ing   to  eqn. (11) with  constant  
interact ion  parameters  (g = x..) and  with  concentration i j  11 
dependent  interaction  parameters,   together  with  the  exper- 
imental  values are given  as a function of t he  w a t e r  con- 
cen t r a t ion   i n   t he   f eed .  The experimental  values show t h a t  
w a t e r  i s  sorbed   preferen t ia l ly   over   the   en t i re   composi t ion  
range. The preferen t ia l   sorp t ion   increases   wi th   decreas ing  
w a t e r  concentrat ion  in   the  feed  mixture .  

From the  calculated  values   using  constant  polymer- 
nonsolvent  interaction  parameters  an  inversion of the  pre-  
ferential   sorption  can  be  observed  which is  not   in   agree-  
ment with the experimental   observations.  To ïmprove t h e  
agreement  between  experimental  and  theoreticalvalues, con- 
centration  dependent q13 and qZ3  parameters  have  been  used. 
By i n v e s t i g a t i n g   t h e   e f f e c t  of t he   va r i ab le s  a ,  6 ,  c and d 
(see eqns. (15) and ( 1 6 )  ) on the   p re fe ren t i a l   so rp t ion ,  it 

O 0-5 
volume fraction of  water in the feed 

3 

FIGURE 5. Experimental values (o) for  the  preferential  sorption (ex- 
pressed as volume fraction of water inside  the polymer)  and calculat- 
ed values  using  concentration dependent (full curve) and constant 
(dotted curve) interaction parameters as a  function of thsvolumefrac- 
tion of water i n  the  liquid feed, for  the system water-ethanol-cellu- 
lose  acetate. 
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became clear t h a t  a reasonable  agreement  between  theory 

and  experiment was obtained when the   coe f f i c i en t  a has a 
higher  value  than e .  The concentration dependence of g13 
and g23 is  g iven   in   F ig .  6 .  

The inf luence  of   the g and g 2 3  parameters on the  pre-  
13 

f e r e n t i a l   s o r p t i o n  i s  caused t o  a la rge   ex ten t  by t h e i r  
der ivat ives   and  the  choice  of   the   coeff ic ients  a and c. 
Hence a>c r e s u l t s   i n  - "l3 > - which has a pos i t i ve  ef- au2 au,  
f e c t  on  the  preferent ia l   sorpt iön of water (see eqn. (11) 1 .  

The  system  water-ethano Z-po Zyacry Zonitri Ze ( s o r p t i o n  r e -  
s u t t s )  

The experimental   and  theoret ical   values   for   the  prefe-  

r e n t i a l   s o r p t i o n  are g iven   in   F ig .  7 .  The theo re t i ca l   va l -  

ues  have  been  calculated  according  to  eqn. (11) using con- 
s tant   interact ion  parameters   given  in   Table  1 '(gli - -x13 = 

1.8 and g23 = x23 = 4.2). 

.For low water   concentrat ions  in   the  feed no experimental 
values  could  be  obtained  because  the amount of sorbed  l iq-  

*'O1 

O ,  
O 012 d.4  d.6 0!8 l.Ò 

volume fraction o f  water in the feed 

FIGURE 6. Interaction  parameters g13 and 923 in the  system  water/etha- 
noljcellulose  acetate as a function Q €  the  water  concentration in the 
feed. Parameters used in eqas.. (15) and (1 6 )  are: a = O. 6 ; b = 2.2; c ,= 
0.1; d = 2.2. 
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O 
volume f ract ion o f  water in the feed 

FIGURE 7. Experimental (o) and  theoretical (---) values for the pre- 
ferential sorption in the  system water-ethanol-polyacrylonitrile as 
a function of the  volume fraction of water in the  liquid  feed. 

uid w a s  too small (see Fig.  2 )  . From Fig. 7 very  high  val- 
ues fo r   t he   p re fe ren t i a l   so rp t ion   o f  water can  be  observed. 
This  behaviour  could.already be expècted  because  of  the 
smaller  molar volume of water and  the much h ighe r   a f f in i ty  
between w a t e r  and p o l y a c r y l o n i t r i l e   i n  comparison wi the th -  
anol  and polyacry loni t r i le .  The theore t ica l   va lues   hard ly  
change when concentration  dependent g13 and g 2 3  parameters 
are used.   Because  of   the  very  high  f ract ional  w a t e r  con- 

t e n t   i n s i d e   t h e  membrane, the  value  of  ql3 w i l l  not  change 
very much (u2 -t O ,  see eqn’. (15) ) while a higher  value  of 
g23  has no inf luence   on   the   p referen t ia l   sorp t ion .  

The s y s t e m  watep-ethanol-poZysuZfone ( s o r p t i o n  r e s u t t s )  
IC 

This  system is a ve ry   i n t e re s t ing  one  because  the  effect  
of the   d i f fe rence   in   molar  volume, c o n t r i b u t i n g   t o  a l a rge  
e x t e n t   t o   t h e   p r e f e r e n t i a l   s o r p t i o n   o f  w a t e r  i n   t h e  two 
other  systems  studied, i s  opposed  here by the  very small 
mutual a f f i n i t y  between w a t e r  and  polysulfone. 

Because a very’ small amount’ of l i q u i d  i s  sorbed by poly- 
su l fone ,   espec ia l ly  a t  high w a t e r  concent ra t ions   in   the  



feed,  only  one  experimental  value  has  been  obtained a t  a 
high  ethanol  feed  concentration. The t h e o r e t i c a l  and  ex- 

per imental   resul ts   are   given  in   Table  2 .  

TABLE 2 

Theoretical  and  experimental   value  of  preferential   sorption  in  the 
system water-ethanol-polysulfone 

water in feed ( V I )  , water in membrane (u1 ) 
(weight  fraction) (weight  fraction) 

Experimental 
Theoretical  

0.11 
0.11 

0.23 
0.28 

Parameters  used i n  eqns, (15) and (16) are:  a = 0.2; b = 65 . O i  c = 1.2 
d = 65.0. 

Using  concentration  independent  interaction  parameters, 
t he  t e r m  RX23-X13(= -5.1) which is very  large,  dominates 
completely  and  predicts a preferent ia l   sorpt ion  of ,compo- 
nent 2 ( .ethanol).   By.taking  the  interaction  parameters con- 
centrat ion  dependent ,   preferent ia l   sorpt ion of  water canbe  
calculated.  However, t he   coe f f i c i en t s  a ,  b ,  c and d (see 
eqs. , ( l51 and ( 1 6 ) )  have  completely  different  values as i n  
t h e  case of  cellulose  acetate.   Although a reasonable  agree- 
ment can be obtained  between  theory  and  experiment,  the ' 

phys ica l   in te rpre ta t ion  of the   va lues   for   the   coef f ic ien ts  
a, b ,  c and d i s  s t i l l  unexplained. 

Nevertheless, it is s t r i k i n g   t h a t  even i n  hydrophobic 
polymers  such as polysulfone, water i s  sorbed  preferent ia l -  

l Y  - 

P r e f e r e n t i a l   s o r p t i o n   v e r s u s   p r e f e r e n t i a l   p e r m e a t i o n  
The main ob jec t ive   o f   t h i s  work w a s  to   inveskigate   pre- '  

f e r e n t i a 1   s o r p t i o n   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 . i n  
pervaporation.'  Successively w e  w i l l  discuss  the  systems 
water-ethanol-cellulose acetate, water-e,thanol-polyacrylo- 
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n i t r i l e  and water-ethanol-polysuIfone, 

Thze s y s t e m   w a t e r - e t h a n o l - c e l l u Z o s e   a c e t a t e   ( s o r p t i o n  v s .  

p e r m e a b i l i t y )  
In   Fig.  8 the  experimental   sorpt ion  values  and per- 

vapora t ton   resu l t s  are given as a funct ion  of   the 

weight  fraction of w a t e r  in   the   feed   mix ture .  It i s  ob- 
v ious   t ha t  both: curves show p r a c t i c a l l y   t h e  same behaviour. 
If t h e s e   r e s u l t s  are considered i n  terms of the   so lu t ion-  
d i f fus ion  model, inwhich '   the   f lux  ofacomponent   through  the 

membrane i s  a func t ion   of   so lubi l i ty  (S) and d i f f u s i v i t y  
( D )  p it can be shown t h a t   s o l u b i l i t y   c o n t r i b u t e s  t o  a major 
e x t e n t   t o   s e l e c t i v e   t r a n s p o r t  

In   t he  case of water and  ethano1,perineating  through cel- 
lu lose   ace t a t e ,   bo th   t he   r a t io s  S , / S ,  and D,/D, are lar- 

1.0. 
W' c 
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FIGURE 8. Experimental  values for preferential  sorption  (expressed as 
weight fraction of water  inside the polymer)  and f o r  pervaporation 
(expressed  as  weight fraction of water in the  permeate) f o r  the sys- 
tem water-ethanol-cellulose acetate  as. a func t ion  of the  weight  frac- 
t i o n  of  water in the  feed. 
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ger  than  one.  For water and e thano l   t he   r a t io  D1/D2islar- 

ger  than  one  because of the   d i f fe . rence   in  s i z e  of   the mo- 
l ecu le s  (see for instance  Behrens C161). So i n   o r d e r  to 
ob ta in   ve ry   h igh   s e l ec t iv i t i e s   t he   r a t io s  S1/S2 and/or 
D1/D2 should  be  very  large.  For  the  system  water-ethanol- 
ce l lu lose  acetate t h e   r a t i o  S1/S2 i s  r a t h e r  low and mode- 
r a t e ' s e l e c t i v i t i e s  are obtained  implying  that   the   ra t io  
D1/D2 w i l l  not  be  very large e i t h e r .  

The sys tem  wa~er-e thanoZ-poZyacry  Zon i t r iZe  ( s o r p t i o n  v s .  

peGrneabiZity) 
For this   system  the  experimental   preferent ia l   sorpt ion 

values  and  the  pervaporation  results as a function of 
the  weight   f ract ion of water in   t he   f eed  are given  in   Fig.  
9 .  Again,  both  curves show t h e  same behaviour. 

Because t h e   r a t i o  S1/S2 i s  much l a rge r   he re  compared t o  
t h a t   f o r   c e l l u l o s e  acetate, very  high  select ivi t ies   could 
be'expected and are achieved  indeed. Also fo r   t h i s   sys t em 
the   con t r ibu t ion   o f   t he   p re fe ren t i a l   so rp t ion   t o   t he  se- 
l ec t iv i ty   i n   pe rmea t ion   t u rns   ou t   t o   be   t he   l ead ing  fac- 
t o r .  

weight  fraction of water in  the feed 



The  sys tem  water-e thano Z-po ZysuZ fone   ( sorp t ion  v s .  perrnea- 
b i Z i t y )  

I n  a previous  sect ion it w a s  shown t h a t  w a t e r  is sorbed 
preferen t ia l ly   in   the   s t rongly   hydrophobic  polymer  poly- 
sulfone  from  an  ethanol-water  mixture.  Analogous t o   t h e  
other   systems  s tudied a p r e f e r e n t i a l   p e r m e a b i l i t y   f o r  wa- 
t e r  should  be  expected.  In  Fig. +O the  one  experimental  

sorption  value  and a curve f o r  pervapora t ion   resu l t s  are 
given as a function  of  the  weight  fraction  of w a t e r  i n  
t he   l i qu id   f eed .  A s  w a s  found for t he   o the r  two systems, 
p r e f e r e n t i a l   s o r p t i o n  and preferent ia l   permeat ion show 
p a r a l l e l   b e h a v i o u r   b u t   i n   c o n t r a s t   t o   t h e   o t h e r  two sys- 
t e m s ,  t h e   s o r p t i o n   s e l e c t i v i t y  is much lower  than  the se- 
l e c t i v i t i e s  found in   the  pervaporat ion  process .  W e  th ink 
t h a t   i n   t h i s  system  ' the-mobili ty  of  the  ethanol  molecules 
has  been  decreased  because  of  the  hydrophobic  interactions 
between  ethanol  and  polysulfone.'As a consequence t h e r a t i o  
D 1 / D 2  should  be  very  large.  

The system water-ethanol-polysulfohe is a p e r f e c t  exam- 
ple  to  demonstrate  the  presence  of  coupled  transport .  For 
pure w a t e r  ne i the r   so rp t ion  nor permeation  can  be  observed 

whi le   in   the   p resence  of e t h a n o l w a t e r  is sorbed  and  trans- 

weight fraction of water in the feed 

FIGURE 10'. Experimental  values for pre fe ren t i a l   so rp t ion  (one poin t  x) 
and  pervaporat ion  for   the system'water-ethanol-polysulfone as a func- 
t i on   o f  the weight   f rac t ion   of  w a t e r  in the feed. 



por ted   p referen t ia l ly .   In  several models C3,171ithas  been 

t r i e d   t o   p r e d i c t   s e l e c t i v i t y  'and permeation rates from  pa- 

rameters obtained from s ing le  component experiments. The 
resul ts   presented  here   c lear ly   demonstrate   that  it would 
be  hardly  possible  t o  predict: membrane c h a r a c t e r i s t i c s   f o r  
non-ideal  mixtures  l ike  water-ethanol from s ing le  compo- 
nent  experiments  only.  Coupling  occurs i n   t h e  thermodynam- 
i c  par t   %( . ' so lu t ion '  ) as w e l l  as i n   t h e   k i n e t i c   p a r t  ( ' d i f -  
fusion '  ) of .   the   so lu t ion-d i f   fus ion  mechanism, 

Another interest ing  aspect .which  can  be deduced  from  our' 
experiments i s  t h a t . t h e  assumption  of  ideal  sorption be- 
haviour.   cannot  be  -used  for  non-ideal  mixtures  such as eth- 
anol-water.  This  can  be  demonstrated  clearly by the  system 
water-ethanol-polysulfone (but   a l so  by the   o the r  two sys- 
tems), Krewinghaus C181 assumed a l i n e a r   r e l a t i o n s h i p  
( idea l   sorp t ion)  . between  the.  concentration 65 a component 
i n   t h e  membrane and the   concent ra t ion   of   tha t  component 
ou ts ide   the  membrane according I t o  eqb.  (18) ' 

. .  

O 

=.xi "i ( 18 1 
. .  

where c i s  the  concentrat ion  of  component i i n   t h e  mem- 
brane, x i s  the  mole f rac t ion   of  component i i n   t h e  liq- 
uid  feed  mixture and ei is  the   so lub i l i t y   o f   t he   pu re  com- 
ponent i n  t h e  membrane. Eqn. (18)  cannot  be  used  for  the 

i 
i 

O 

system water-ethanol-polysulfone because  for  pure water 
no sorp t ion   occurs   in  a polysulfone membrane wh i l e   i n   t he  

presence  of  ethanol water i s  sorbed   preferen t ia l ly .   In  ge- 
ne ra l  one  can  say  that   in cases where preferen t ia l   sorp-  
t ion  occurs  eqn.  (18)  cannot  be  used. 

CONCLUS IONS 

. .  

Using  Flory-Huggins  thermodynamics r extended  with con- 
centration  dependent  interaction  parameters,  the  agreement 
between t h e o r e t i c a l  and  experimental   values  for  the 'prefe- 
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r e n t i a l   s o r p t i o n  of  low molecular  weight components i n  po- 

lymeric membranes i s  reasonably w e l l  es tabl ished.  For t he  

sys tems  s tud ied ,   p referen t ia l   sorp t ion   of  w a t e r  from  etha- 
nol-water  mixtures  occurs  and  this  can  be  ascribed  to  the 
large d i f fe rence   in   molar  volume between w a t e r  and ethanol. 

Comparison of t he   p re fe ren t i a l   so rp t ion   va lues  and t h e  re- 
su l t s   fo r   p re fe ren t i a l   pe rmea t ion  show t h a t   p r e f e r e n t i a l  
sorpt ion  of  w a t e r  con t r ibu te s   t o  a l a r g e   e x t e n t   t o   s e l e c t i v e  
w a t e r  t ranspor t .  From t he   r e su l t s   p re sen ted   he re  it can  be 
predicted that h i g h   s e l e c t i v i t i e s   f o r  water from  ethanol- 
w a t e r  mixtures  can  be  expected when t h e   t o t a l  amount o f l i q -  

u i d   i n s i d e   t h e  polymer is  small ( i n   t h i s  case t h e  permea- 
t i o n  rates w i l l  be low, however)  and when t h e   a f f i n i t y  be- 
tween w a t e r  and  polymer is l a r g e r   t h a n   t h a t  between  ethanol 
and  polymer. 

I n  terms of the   so lu t ion-d i f fus ion  model the  conclusion 
is  j u s t i f i e d   t h a t   t h e  component t h a t  is sorbed  preferen- 
t i a l l y  w i l l  also permeate  preferentially.   This  statement i s  
i n  agreement  with  the  observations of Àptel C51. Further- 
more it can  be  concluded  that  the  assumption of i d e a l s o r p -  
t ion  cannot   be  used  in   general .  

LIST O F  SYMBOLS 

a a c t i v i t y  
c concentrat ion  inside  the membrane 

O s o l u b i l i t y  of the  pure component i n   t h e  membrane 
CR composition  ratio 

9 concentration  dependent  . interaction  parameter 
 AG,^^ f ree   energy of mixing. (J mol-') ' 

AGE excess free  energy  of  mixing. (J mol-') 
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V 

V 

X 

E 

v1 
v2 

ra t io   o f   molar  volumes (= -1 
mole f r ac t ion  i n  the  ternary  phase 
pressure (Pascal) 

gas  constant (J mol-' K - ~ )  

temperature (K)  

volume f rac t ion   conf ined   to   the   nonsolvent   par t   in  
the  ternary  phase 
volume f r a c t i o n   i n   t h e   b i n a r y   p h a s e  
molar volume (cm3  mol-') 
mole f r ac t ion   i n   t he   b ina ry   phase  

coe f f i c i en t   o f   p re fe ren t i a l   so rp t ion  

X concentration  independent  binary  interaction 

r#) volume f r ac t ion   i n   t he   t e rna ry   sys t em 

parameter 

1-I chemical  potential  (J mol-') 
n osmotic  pressure (J cm-3) 

Indices 
1 water 
2 ethanol. 
3 polymer ' 

i component i 
m membrane 
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I n   t h i s   t h e s i s  two aspects  of  the.pervaporation  process 
have  been  described:  preparation  of  pervaporation membranes 
and  considerations  on  the  transport  model. 
The transport'mechanism  of  pervaporation i s  a solution-dif-  
fusion mechanism. This mechanism runs   l ike  a thread  through 
khfs   thes i s :   the  development of  pervaporation membranes i s  
d i r e c t l y   r e l a t e d   t o   t h e   t r a n s p o r t  model. 

When different  molecules  simultaneously  diffuse  through 
a (homogeneous) membrane t h i s  w i l l  not  occur by e n t i r e l y  
separa te  pathways  because the re  w i l l  be  an in te rac t ion   wi th  
the  membrane material and  mutually  between  the  diffusing 
molecules.  Furthermore,  the  flow  of component A may be  en- 
hanced or   decreased by the  f lows  of   the  other  components. 
Because  of  these  coupling phenomena t ranspor t   descr ip t ions  
o f   mix tu res   a r e   o f t en   d i f f i cu l t   t o   e s t ab l i sh .  

In  drder  to  prepare  proper  pervaporation meinbranes t h e  
solution-diffusion model has  to  be  one's  guide.  T i l l  now 
l i t t l e  a t ten t ion   has   been   pa id   to   the   so lubi l i ty   par t   o f  
 this^ model. A ra ther   s imple model which  can  be  used t o  pre- 
d i c t  .polymer-  (,non) solvent  compatibil i ty is  t h e   s o l u b i l i t y  
parameter  concept.  This  theory  can  only  be  applied t o  hydro- 
phobic o r  weakly polar  components.  Chapter 2 gives a s h o r t  
eva lua t ion   of   th i s   theory   appl ied   to   the   separa t ion   of   i so-  

meric xylenes  through  cellulose ester membranes.  The t r ans -  
port   behaviour   of   this   mixture   can  nei ther   be  predicted " 

nor  described by th i s   so lubi l i ty   parameter   concept .   In   fac t ,  
t h i s  i,s not so surprising  because  in  this  theory  only  pro- 

,per t ies   o f   the   pure  components are taken  into  account i .e.  
b ina ry   o r   t e rna ry   e f f ec t s  are not  being  considered. A s  f a r  
as permeability  of  one component is  concerned th i s   theory  
can  be  used i n  a q u a l i t a t i v e  manner t o  select proper  poly- 
meric materials. 
Most of the  work descr ibed  in   this   thesis   has   been  per-  

formed with  ethanol/water  mixtures.  Chapter . 3  gives a ge-. 
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neral  description  of  ethanol/water  separation  by  pervapora- 
t ion .   Di f fe ren t  membrane structures  can  be  used: homogeneous, 
aymmetric  and  composite,  Although  the  different membranes 
give good performances . t h e  most  promising membranes are t h e  
asymmetric membranes. The development  of  asymmetric  perva- 
porat ion membranes is  described more i n   d e t a i l   i n  Chapter 4. 

In   order   to   obtain  highly  select ive  asymmetr ic   pervaporat ion 
membranes d i f f e r e n t   f a c t o r s  are important:  polymer  concen- 
' t r a t i o n ,   r a t i o  of solvent  outflow  and  nonsolvent  inflow du- 
r ing   p rec ip i ta t ion , loca t ion  of the  binodal  demixing  gap  and 
locat ion  of   the ge$  region. Asymmetric pervaporation mem- 
branes  prepared  from  various  polymers  have  in  general   better 
characterist ics  (higher  permeation rates w h i l e   s e l e c t i v i t t e s  

remain  the Same Or become s l i g h t l y  'less) than   the  homogeneous 
membranes prepared  from  the same $olymer. 

, 

In  Chapter 5 a solut ion-diffusion model i s  described where 
second-order  coupling  effects are taken  into  account  but 
cross- term  diffuston  coeff ic ients  are neg lec t ed   i n   o rde r   t o  
reduce  the number o f   a d j u s t a b l e   p a r p e t e r s .  Because non- 
ideal  systems are considered  (polymer/penetrant)   activit ies 
should  be  used  instead  of  concentrations.  In  Chapter 6 ex- 
perimental   concentration  profiles  of  the  system  water/etha- 
no l /ce l lu lose  acetate are given  and  these  results are dis-  
cussed i n  terms of t h e  model descr ibed  in   Chapter  5. The 
r e s u l t s   c l e a r l y   d e m o n s t r a t e   t h a t   i n   s t r o n g l y   i n t e r a c t i n g  
systems  such as the  system w e  s tudied  cross- term  diffusion 
coeff ic ients   have  to   be  taken  into  account ,   This  means t h a t  
the  flow  of component A may be  inf luenced  s t rongly by t h e  
flow of component B, For the  system  water/ethanol/cellulose 
acetate the  f low  of  ethanol is almost  completely  determined 
by the  f low of water. Therefore,  the model descr ipt ion  given 
' in  Chapter 5 w a s  extended to   i nc lude   t hese   coup l ing   e f f ec t s .  
I n   t h e  case where  coupling  effects are small t h e  model des- 
c r ip t ion   g iven   in   Chapter  5 can   be   used   bu t   in   the  case 
where medium or st rong  coupl ing  effects   occur   the mode1 
should  be  extended as descr ibed  in   Chapter  6 .  

Another  point  which  can  be  deduced  from  the  experimental 
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concent ra t ion   p rof i les  is  the  occurrence  of   sorpt ion resis- 
tances i .e .  equal i ty  of the  chemical   potent ia l  a t  the  feed/ 
membrane interface  during  steady-state  permeation  does  not 
exist  a p r i o r i .   I n   t h e  case of e thanol /ce l lu lose   ace ta te  
and water/ethanol/cellulose acetate an   ac t iv i ty   d rop  a t  t h e  
interface  can  be  observed  while   in , the case of water/cellu- 
l o se  acetate the re  is no ac t iv i ty   d rop .  

I n  my opinion  the most important  chapter of t h i s   t h e s i s  
is  Chapter 7. I n   t h i s   c h a p t e r  two points  are c l e a r l y  stres- 

sed: .i) the   occurence  of   preferent ia l   sorpt ion and ii) t h e  
observa t ion   tha t   p referen t ia l   sorp t ion   leads   to   p referen t ia l  
permeabili ty.  Although  both  statements  are  quali tative  only 
it clear ly   indicates   the  importance of the  choice of t h e  
polymeric material towards a cer ta in   l iqu id   mix ture .  When 
a polymeric material i s  se lec ted  membrane performance  can 
be  further  optimized as descr ibed  in   Chapter  4. Another 
po in t  which i s  clearly  demonstrated  in  Chapter 7 i s  t h a t  
ideal  sorption  behaviour  cannot  be assumed a t  forehand o r  
i n   g e n e r a l .  
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SAMENVATTING 

I n   d i t   p r o e f s c h r i f t  worden t w e e  aspekten  van  het  perva- 
poratieproces  beschreven:  bereiding van  pervaporatiemem- 
branen  en  beschrijving van transport  door  deze membranen. 

D e  f ransportbeschri jying van het  pervaporatieproces 
loopt  als een  draad  door d i t   p r o e f s c h r i f t  omdat  ook de  ont- 
wikkeling  van  nieuwe membranen d i r e k t  i s  gekoppeld  aan  het 
t ranspor t  mechanisme, 

Wanneer verschi l lende komponenten door  een membraan d i f -  
funderen  dan  zal   d i t   n ie t   onafhankel i jk  van elkaar  gebeuren 
maar gekoppeld  d.w.z.  de  diffunderende komponenten beinvloe- 
den elkaar   onderl ing terwijl ook i n t e r a k t i e s  van  de kompo- 
nenten m e t  h e t  membraan(materiaa1)  een rol spelen. D e  aard 

van de  koppeling  wordt  bepaald.door  keus  van  het te schei-  
den  mengsel  en het  daarvoor  gebruikte membraan. Door h e t  op- 
t reden van  koppeling is  de  beschrijving van he t   t r anspor t  
i .h.a.   moeili jk.  

H e t  ontwkkkelen  van  geschikte  pervaporatiemembranen  dient 
t e  geschieden  aan  de  hand  van  het  oplos-diffusie  model, 
Tot nu t o e  i s  i n  de  l i teratuur   weinig  aandacht   besteed  aan 
het   'oplos ' -gedeel te  van d i t  model. 
D e  oplosbaarheidsparameter  theorie is een   r ede l i j k  eenvou- 
d ige   t heo r i e   d i e  kan  worden gebruikt  voor  het   voorspellen 
van polymeer-(niet)oplosmiddel kompat ib i l i t e i t .  Deze theo- 
rie kan   ech ter   a l leen  worden toegepast op  hydrofobe of 
zwak po la i r e   s to f f en .  Hoofdstuk 2 geef t   een  evaluat ie  van 
deze  theorie   toegepast  op de scheiding  van  xyleen  isomeren 
door c e l l u l o s e  ester membranen. H e t  t ransportgedrag  van  di t  
mengsel  kan  noch  voorspeld  noch  beschreven worden door d i t  
oplosbaarheidsparameter  koncept. D i t  i s  i n   f e i t e   n i e t  zo 

verwonderlijk omdat b i j  deze   theor ie   a l leen  de eigenschap- 

pen  van  de  zuivere  stof i n  beschouwing.worden genomen d.w.z. 
effekten  die   optreden  t .g .v .  menging  worden niet   verdiskon- 
teerd. D e  theorie   kan w e l  gebruikt worden om de  permeabili- 
t e i t  van  de  zuivere stof t e  beschrijven op een  kwalitatie- 



ve  wijze,  d.w.z.  voor  zover  het  de  permeatie  van  één  kom- 
ponent  betreft  kan  een  polymeer  materiaal  geselekteerd 
worden. 
Het grootste  gedeelte  van  het  werk  beschreven  in  deze 

dissertatie  betreft  onderzoek  aan  ethanol/water  mengsels. 
Hoofdstuk 3 geeft  een  algemeen overzicht.van de  scheiding 
van  ethanol/water  mengsels  d.m.v.  pervaporatie,  Hoewel  de 
verschillende  typen  membranen  (homogene,  asymmetrlsche  en 
komposiet  of  samengestelde)  goede  scheidingseigenschappen 
bezitten  zijn  asymmetrische  membranen  het  meest  belovend. 
In hoofdstuk 4 wordt  de  ontwikkeling  van  asymmetrische 
pervaporatiemembranen  meer  gedetailleerd  beschreven.  Ver- 
schillende  faktoren  zijn  van  belang  voor  het  verkrijgen 
van  asymmetrische  pervaporatiemembranen  met  een  hoog  schei- 
dend  vermogen':  polymeerkoncentratie,  verhouding  van  uit- 
stroom  van  oplosmiddel  en  instroom  van  niet-oplosmiddel, 
ligging  van  de.binodaa1  en  ligging  van  het  gelgebied. 
De  ontwikkelde  asymmetrische  membranen  bezitten  betere  ei- 
genschappen  dan  de  overeenkomstige  homogene  membranen  (ho- 
gere  fluxen  bij  gelijkblijvende  of  enigszins  verminderde 
selektiviteit) . 
In hoofdstuk 5 wordt  een  oplos-diffusie  model  beschreven 

waarb.ij  tweede-orde  koppelingsef  fekten  zijn  beschouwd  maar 
waarbij  kruis-'diffusie  koefficienten  zijn  verwaarloosd om 
het  aantal  onbekende  parameters  te  verminderen. 
In hoofdstuk 6 worden'experimentele  koncentratieprofie- 

len  van  het  systeem  water/ethanol/cellulose  acetaat  gege- 
ven  en  deze  resultaten  worden  bediskusseerd  aan  de  hand 
van  het  model  beschreven.in  hoofdstuk 5. De resultaten  to- 
nen  duidelijk  aan  dat  het  niet  toegestaan  is om kruis-dif- 
fusie  koefficienten  te  verwaarlozen  in  het  geval  van  meng- 
sels  zoals  ethanol/water.  Dit  betekent  dat  de  mode1beschri.j- 
ving  moet  worden  aangepast.  In  het  geval  van  te  verwaarlo- 
zen of geringe  koppelingseffekten  kan  de  modelbeschrijving 
van  hoofdstuk 5 wel  worden  gebruikt. 
Een  ander  interessant  punt  uit  hoofdstuk 6 is  dat  de  aan- 

wezigheid  van  sorptie  weerstanden  aan  het  grensvlak  voed- 
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ding/membraan experimenteel is  aangetoond. D i t  betekent 
dat de  chemische  potentialen  van  een komponent i n   de   be ide  
fasen   van   he t   g rensvlak   n ie t   ge l i jk   z i jn ,  terwijl d i t  veel- 
a l  i n  de   l i t e ra tuur   wordt  aangenomen ( z i e  ook hoofdstuk 5 ) .  

Hoofdstuk 7 i s ,mi jn   i nz i ens ,   he t   mees t .be l angr i jke  hoofd- 
s tuk  van deze   d i s se r t a t i e .   I n   d i t   hoofds tuk  worden t w e e  
punten  duidelijk  benadrukt:i)  de  aanwezigheid  van  preferen- 
t iele so rp t i e   en  <i) de   kons t a t e r ing   da t   p re fe ren t i e l e  
s o r p t i e   l e i d t   l e i d t   t o t   p r e f e r e n t i e l e   p e r m e a t i e ,  Hoewel 
beide  beweringen  slechts  kwalitatief  zi jn  wordt  duideli jk 
het  belang  van  de  keus  van  het  polymeermateriaal  aangetoond 
t.a.v. een  bepaald  vloeistofmengsel, Wanneer eenmaal  een 
materiaal i s  geselekteerd kunnen de  membraaneigenschappen 
verder  geoptimaliseerd worden zoals   in   hoofdstuk 4 staat 
beschreven. Een ande r   be l angr i jk   pun t   da t   du ide l i j k   i n  
hoofdstuk 7 wordt  aangettond i s  d a t   i d e a l e   s o r p t i e  op 
voorhand  of i n   h e t  algemeen n i e t   p l a a t s   v i n d t .  
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SAMENVATTING  VOOR DE LEEK 

Deze samenvatting i s  bedoeld  voor mensen die   graag w i l -  
l e n  weten waarmee i k  m e  heb  beziggehouden  zonder d a t  z e  
worden overladen m e t  vaktermen. 

I n  de  afgelopen 4 j a a r  heb ik  vooral  gewerkt  aan  de 
scheiding  van  ethanol  ( in  de volksmond alkohol)/water meng- 
sels. 

Waarom w i l  j e  ethanol  en water van elkaar  scheiden ter- 

wi j  1 e rg  veel mensen h e t   j u i s t   i n  gemengde toestand (a l  
dan n i e t  m e t  geur-  en  smaakstoffen  en  toevoegingen  zoals 
su l f i e t )   p re . t t i g   v inden?  
Voor h e t  antwoord op deze  vraag moeten w e  even  terug  naar 
1973 ,  he t   j aa r ' van   de  zogenaamde .energ iekr i s i s .  1 9 7 3  i s  i n  
wezen h e t  jaar van  de  doorbraak  geweest  m.b.t.  onderzoek 

naar  alternatieve  (hernieuwbare)  energiebronnen  zoals zon- 
neenergie,  windenergie,  getijdenenrgie e tc . .  
Zonneener.giekanbehalve  direkt ook indirekt   benut  worden 
via  de  in  de  plant  opgeslagen  energie.  Deze energie kan 
w e e r  worden teruggewonnen via  een  gist ingsproces  waarbij  
bijvoorbeeld  ethanol of methaan  wordt gevormd. Afhankelijk 
van he t   soor t   g i s t ingsproces  kunnen verschillende  soorten 
alkoholen worden gevormd (methanol,  ethanol,  butanol e tc . ) .  
Deze alkoholen kunnen in   zu ivere  vorm worden gebru ik t   a l s  

als v loe ibare   b rands tof , ' een   a l te rna t ie f   voor   o l ie   en   gas ,  
a l l e e n  m e t  h e t   v e r s c h i l  van  een b i j n a   o n u i t p u t t e l i j k e  voor- 
raad. Wanneer alkohol, als brandstof  wordt  gebruikt mag h e t ,  
afhankelijk van  de  toepassing, maar weinig  of  geen water 
bevatten. N a  g is t ing  wordt   globaal   een  a lkohol   percentage 
van  ongeveer 1 0 %  verkregen d.w.z. h e t  mengsel  bevat nog 
9 0 %  w a t e r  (en  verder nog andere   s tof   fen)   da t  moet  worden 
verwijderd. 

D e  meest bekende  manier om ethanol/water  mengsels van 
e lkaar  t e  scheiden i s  d.m.v. d e s t i l l a t i e .  H e t  nadeel  van 
deze methode i s  d a t  veel energie  nodig i s  om deze  schei- 
ding u i t  t e  .voeren  vooral  wanneer nog  maar weinig water 
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i n   h e t  mengsel  aanwezig is. D e  afgelopen  jaren is er op 

t a l  van p laa tsen   in   de   were ld  (USA, Japan,  Rusland)  onder- 
zoek gepleegd  naar  de  mogelijke  toepassing  van membraan- 
f i l t r a t i e  voor  het   scheiden van ethanol/water  mengsels. 

Membraanfil tratie is  een  scheidingstechniek  waarbij 
mengsels worden gescheiden  door  een membraan, d.w.z. i n  
het   geval  van ethanol/water z a l  een  van  de t w e e  s to f f en  
(b i jv .  w a t e r )  be te r   door   he t  membraan gaan  dan  de  andere 
komponent (e thanol ) .  D e  door m i j  onderzochte membranen 
worden  gemaakt  van p l a s t i k s ,  d.w.z. h e t  membraan is n i e t s  
anders   dan  een  dunstukjeplast ik .  Membranen kunnen  ook  ge- 
maakt  worden van  een  ander soort materiaal zoals  glas  of 
papier  (Denk aan  koff ief i l ters ,   waarbi j   de  gemalen k o f f i e  
wordt  tegengehouden terwijl w a t e r  m e t  de  geur-  en smaak- 
s t o f f e n  door h e t  filter (membraan) gaan) . 
D e  bekendste  toepassingen  van  membraanfiltratie i s  b i j  de 
n ie rd ia lyse .en   he t   on tzouten  van  zeewater  voor  de  bereiding 
van  drinkwater. 

I k  heb m e  de  afgelopen 4 jaar vooraa  beziggehouden m e t  
de  vraag  hoe  het  nu komt d a t  w a t e r  van ethanol  kan worden 
gescheiden  door  een membraan. Wanneer w a t e r  en  ethanol 

zich  door  het  membraan verplaatsen dan  beinvloeden  ze el- 
kaar  terwijl 'ook he t   t ype   p l a s t ik 'waa r   he t  membraan v a n .  
gemaakt i s  e rg   be l angr i jk  is. H e t  b l i j k t   name l i jk   da t  de: 
mate van sche id ing   s te rk   a fhangt  van de  keus :van he t   p las -  
t ikmater iaa l .  Door' nu u i t  te  zoeken  welke faktoren  belang- 
r i j k   z i j n  om t o t  een  goede  scheiding te  komen wordt  het  
zoeken naar  ander  (nieuw)  plastik iets eenvoudiger. 

Wanneer eenmaal  een  bepaald  type  plastik is  uitgekozen 
dan  kan hiervan.een membraan van  gemaakt  worden. D i t  kan 
op verschillende  manieren gebeuren:  waardoor membranen  wor- 
den  verkregen m e t  verschillende  eigenschappen. Op deze ma- 
n i e r  i s  h e t  dus  mogelijk om de  scheiding  verder t e  verbe- 

te ren .  
Momenteel wordt  membraanfiltratie voor ethanol/water 

scheidilig nog nauwelijks  toegepast maar de  vooruitzichten 
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zijn goed. Uit  onderzoek,  uitgevoerd 09 de TH.Twente en in 

W-Duitsland,blijkt  dat  het  ekonomisch  aantrekkelijk  is om 

membraanfiltratie toe  te passen i.p.v. destillatie  wanneer 
weinig  water  (minder  dan 25%) moet.worden verwijderd  uit 

een  ethanol/water  mengsel. 
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