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ChaDter 1 : ' 

INTRODUCTION 

A. C. M. Franken 

1 .l : Terminology 

.A thesis concerning membrane technology  should start with a d e f i n i t i o n  

of the s u b j e c t  i t s e l f .  The problem,  however., is .  that  eve ry   de f in i t i on  has 

i ts  l imi t a t ions   and   eve ryone - t ry ing  t o  d e f i n e  membrane technology takes the 

r i s k  of  being  ,incomplete or  no t   p rec i se  enough. Nevertheless,  I th ink  that  

one of the def ini t ions  worth  ment ioning is a   (Dutch)   def ini t ion  of   professor  

Smolders:  'Membraantechnologie is i n  f e i t e  schei-kunde i n  de l e t t e r l i j ke  

betekenis  van het woord' .   Translating t h i s  sentence  into  Engl ish while 

saving the pun is impossible,  because  'schei-kunde'  stands  for  both . 

'chemistry '   and  'separation-science'  a t  the same time; it will not  b e  t r i ed  

' to do the impossible. 

Many authors  have tried t o   g i v e  a de f in i t i on   o f  'membrane' i t se l f .  A 

new d e f i n i t i o n  will not  be added here, b u t   a t t e n t i o n  is, drawn t o  the d e f i n i -  

t i o n   g i v e n   i n   a , r e p o r t   o f  the European Society  of Membrane Science  and Tech- . ' 

nology on terminology: , ' a  membrane is. an  intervening phase separa t ing  

two phases  and/or  acting as an   ac t ive  or  pass ive  barrier t o  the t r a n s p o r t  o f  

mat ter between.  phases  adjacent  to it ' (1  ) . Although  defined  and  accepted. by 
the European Society  of Membrane Science  and  Technology, there will always 

be s c i e n t i s t s  who will not  be f u l l y  satisfied wi th  t h i s  d e f i n i t i o n .  Never- 

theless, standardizqtion  of  terminology and  symbols will diminish'   the  confu- 

sion  of  tongues and w i l l  c o n t r i b u t e   t o  a better understanding  between mem- 

b rano log i s t s .   I n  t h i s  thesis a   report   on  terminology  for  membrane d i s k i l -  

. l a t i o n  is given as an  appendix. This r e p o r t  has also  been  publ ished by th,e 

European Society of Membrane Science and  Technology ( 2 ) .  

1.2: Membrane technology 

I n  the last  f i f t e e n   y e a r s  membranes  aqd.memb.rane processes  have  evolved 

from a u s e f u l   l a b o r a t o r y   t o o l   t o   a n   i n d u s t r i a l   p r o d u c t   o f   s i g n i f i c a n t   t e c h -  
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n i c a l  and  commercial  importance. Membrane processes   have  not   only  replaced 

some of the convent iona l   separa t ion   techniques   in  a l l  k inds   o f   indus t r ies ,  

bu t   they   have   a l so   successfu l ly   been   u t i l i zed   to   so lve  mass sepa ra t ion  
problems where conventional  techniques failed o r  were too  expensive.  

Because membrane technology is i n  fact nothing more o r  less than a new 

separat ion  technology,  it has t o  compete with and  prove its supe r io r i ty   ove r  

ex i s t ing   s epa ra t ion   t echn iques .  This  is one  of the  reasons why the develop- 

ment of membrane technology  does  not show such  an  explosive  growth as f o r  

instance  biotechnology.  Although  in some cases  membranes are accepted as the 

best a l t e r n a t i v e   f o r  a separation  problem, this does  not  imply that from  one 

day t o  the o the r  membrane technology is the only   ' separa t ion   technique   to  

so lve  that specif ic   problem. The fact that a l r eady  huge  investments  into  an 

exis t ing  technology  have  been made o r  the fact that membrane technology is 

no t  a 'proven '   technique  yet  are some other f a c t o r s   f o r  the r e l a t i v e l y   s l o w  

development  of membrane technology. 

The development of membrane technology  can be  i l l u s t r a t e d  by the exam- 
p l e  of the production  of  chlorine  and  sodium  hydroxide by  means o f   e l e c t r o l -  
y s i s  of a sa l t - r ich   b r ine   so lu t ion .   Al though membrane e l e c t r o l y s i s   o f f e r s  

several   advantages  over  the convent ional   techniques  (mercury  e lectrolysis  

and diaphragm e lec t ro lys i s ) ,   due   t o   economica l   r ea sons   on ly  a few p l a n t s   i n  

the world  operate  using membranes. Only when replacement  investments  or new 

investments are made, i n  more than 90% of the cases  membranes will be  used 

(3 ) .  Due t o  t h i s  (slow) replacement  of the  ex i s t ing   t echno log ie s ,  it takes a 

r e l a t i v e l y   l o n g  time be fo re  this e l e c t r o l y s i s   p r o c e s s  is an  fall-membrane9 

process.  However i n  t h i s  case a 'break-through'  could b e  expected i f  the 

env i ronmen ta l   l eg i s l a t ion  on the  use  of   mercury  andlor   asbestos   should be 

made more strict. 
The though  competition with the ex i s t ing   s epa ra t ion   t echn iques  (which 

a r e   a l s o   b e i n g  improved!) , the 'conservat ive '   investment   pol icy  of  the in-  

dus t ry  and the fact that membranes and membrane p r o c e s s e s   c a n n o t   f u l f i l  a l l  

the expec ta t ions   ascr ibed  t o  them i n  the r e c e n t   h i s t o r y ,  are the main 

reasons that a real 'break-through'  of membrane technology has not   taken 
place.   Nevertheless,  membrane technology is a firmly  growing  technique with 

a growth  of the annual  turnover  of 12 t o  15% ( 4 ) .  

I n   f i g u r e  1.1 the turnover is presented as a func t ion  of the stage of 
development fo r   va r ious  membrane processes  (5). 
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The p r ò c e s s e s   i n   t h e   f i r s t   s t a g e   ( r e s e a r c h )  are processes  which are 

t e c h n i c a l l y  known and available,  but  have  not  been  developed  commercially. 

Examples  of this s t a g e  are thermo-osmosis ( T O ) ,  membrane sensors  (MS) and 
a c t i v e   t r a n s p o r t  ( A T ) .  

The second  stage  (development) is marked by a high rate of  growth.  In 

t h i s  s tage  the. technica1  development   and the maintenance  of the p i l o t - p l a n t s  

are the most important   var iables   and the p r i ce   o f  the technique is of less 
importance.  Pervaporation (PV), membrane d i s t i l l a t i o n  ( M D )  and l i q u i d  mem- 

branes (LM) are, among others ,   typical   examples   of  t h i s  group. 

Develbpment  stages - 
FIGURE 1 . l  : Stages  of  development  of  various membrane processes  ( 5 ) .  

The processes ,  which are mentioned i n  t h e  t h i r d  s tage   (op t imiza t ion2 ,  

' are so-cal led  s ta te-of- the-ar t   processes .  The development of the processes  

i n  t h i s  group is a,s good as f i n i s h e d  and opt imizat ion  of  the process   design 

is the most important   var iable .  The rate of  growth  in t h i s  s t a g e  is h igh ,  

only  diminishing  for  the 'o lder '   processes .  Examples of this s t a g e   a r e  m i -  

c r o f i l t r a t i o n  '(MF), u l t r a f i l t r a t i o ' n  (UF) ,  reverse   osmosis  (RO) and e l e c t r o -  

dialysis (ED) .  Membrane e l e c t r o l y s i s  (ME) and' gas separa t ion  (GS) are some- 
where between the second  and the t h i r d  group. 

The four th   s tage   o f   deve lopment   ( s tab i l iza t ion  and d e c l i n e )  is marked 

by a l e v e l l i n g   o f f  o r  dec l ine   o f   tu rnover .   In  t h i s  s t a g e  t h e  p rocesses   a r e  

replaced by other   technologies .   Unt i l  now, no membrane process has reached 
t h i s  s t a g e  of 'development'. 

[ 
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Some of  the t e c h n i c a l l y   i n t e r e s t i n g  membrane processes  are.summarized 

i n  table 1 -1  . The f irst  f i v e   p r o c e s s e s   i n  t h i s  table are from a commercial 

point  of  view the most impor tan t   p rocesses .   Microf i l t ra t ion  has about 30% of 
annua l   t u rnove r . in  membrane technology  and  dialysis  and  reverse  osmosis each 

have  about 15% of the world market i n  membranes. E lec t rod ia lys i s   and   u l t r a -  

f i l t r a t ion   t oge the r   posses s   abou t  15 t o  2048 of the market ( . 6 ) ,  r e s u l t i n g   i n  

a t o t a l  market-share of  these f ive   p rocesses   o f   about  80%. From f i g u r e  l D 1 

it can b e  seen that these processes  are a l r e a d y   i n   t h e . s t a g e   o f   o p t i m i z a t i o n  
and the expec ta t ions  are that the market-share of these peocesses w i l l  reach 

a s a t u r a t i o n   p o i n t   i n   t h e   n e a r   f u t u r e  (4,5,6). 

Table 1.1: Some membrane separat ion  processes .  

Membrane Phases Driving . Some 
Process  Force  Applications 

Dia lys i s  L/L 

Micro- L/L 
f i l t r a t i o n  

Ultra- L/L 
f i l t r a t i o n  

Rever se L/L 
Osmos is 

Electro-  L/L 
d i a l y s i s  

Gas G/G 
Separat ion 

Pervaporat  ion L/V 

Membrane L/V/L 
D i s t i l l a t i o n  

Liquid L/L 
Membranes 

Concentration 
d i f f e r e n c e  

Pressure 
d i f f e r e n c e  
(0.01 - 0.1 MPa) 

Pressure 
d i f f e r e n c e  
(0.1 - 1 MPa) 

Pressure 
d i f f e r e n c e  
(2 - 10 MPa) 

Electr ie 
p o t e n t i a l  
d i f f e r e n c e  

Pressure 
d i f f e r e n c e  
( 4  - 10 MPa) 

Partial vapour 
p re s su re  
d i f f e r e n c e  

Par t ia l  vapour 
p re s su re  
d i f f e r e n c e  

Concentration 
d i f f e r e n c e  

Hemodialysis 
( a r t i f i c i a l   k i d n e y )  

Sterile f i l t r a t i o n  
Cell ha rves t ing  
Product ion  of   ul t rapure water 

Separat ion  of   oi l /water   emulsions 
Recovery  of  proteins  from whey, 

m i l k  and  blood 

Desal inat   ion  of  sea and brackish 

Concentration  of whey and j u i c e  

Desal inat ion  of  brackish water 
Desalination  of  food (e.g. whey) 
Removal of metals from waste  water 

water 

Recovery  of  hydrogen 
Oxygen enriched air 
Pur i f  teat ion  of  methane i n   b i o g a s  

Concentrat ion  of   e thanol  
Separat ion  of   azeotropic   mixtures  

Desal inat ion  of  sea water and 

Boiler  feed water production 
brackish water 

Nitrate removal  from  ground water 
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The o t h e r  membrane processes  do  not  have  such a high  annual  turnover, ,  

bu t  it must be remembered that these processes  are s t i l l  i n  a s t age   o f  de- 

velopment. The expected  growth  of these processes   (especial ly 'membrane  e lec-  
t ro lys i s ,   gas   separa t ion   and   pervapora t ion)  is considerable .  

A p o i n t   o f   i n t e r e s t   f o r  membrane technology are the developments  in 

biotechnology. The need fo r   soph i s t i ca t ed   s epa ra t ion   t echno log ie s  is of 

e s sen t i a l   impor t ance   fo r  the development  of t h i s  f i e l d  of  research.  , In con- 

trast t o  most o t h e r   a p p l i c a t i o n s ,  membrane technology has' equal  chances 

compared to   t he   o the r .   s epa ra t ion   t echno log ie s ,   because   fo r   eve ry   t ype   o f  

technology  chosen  investments must be  made. Since the  most impor t an t   c r i t e -  

r ia  t o  be considered are s e l e c t i v i t y  and low operation  temperatu'res,  

membrane technology. is s l igh t ly   p refer red .   Fur thermore ,  the p r i ce   o f  the 

separat ion  technique has not  the highest  importance, '   because the separa t ion  

c o s t s  are o f t e n  low  compared t o  the value  of  the product (4). 
Less spec tacu la r ,   bu t   neve r the l e s s   i n t e re s t ing ,  are the p o s s i b i l i t i e s  

f o r  membrane technology as an  environmental  technology.  In a r ecen t   r epor t  
membrane technology is mentioned 'as a n   i n t e r e s t i n g   a l t e r n a t i v e  f o r  so lv ing  

.and  preventing  environmental   problems.  Especially the use  of  reverse  osmosis 

i n   t r ea tmen t  .of po.l luted water ( for  ins tance   percola t ion  water of  a re fuse-  

dump) and the use  of  vapour  permeation  for the recovery  of   organic   solvents  

from air. are mentioned ('?'.,g). 

. .  

1.3: Thermo-osmosis 
l 

Thermal1y:driven membrane processes  are known f o r  more than  one  hundred 

years .  "ass transport :   of   gases  by thermo-osmosis was observed   for '  the  f i r s t  
time i n  1873 by Feddersen, who called t h i s  e f fec t   ' thermo-di f fus ion '   (9 , lO) .  

Since these i n v e s t i g a t i o n s  the thermo-osmosis  of gases has been  studied by 

s e v e r a l   a u t h o r s  ( 1  1-1 5 ) .  

Thermo-osmosis o f   l i q u i d s  is of  more recent   da te .  The first observa- 
t i o n s  were made by Lippman i n  1907  and  Aubert i n  191 2 (10 , l  6 ) .  Because no 

. s t a t i o n a r y  s ta te  was reached, these observat ions are rather obscure  and  can 
a l s o  be a result   of  osmosis  and/or  electro-osmosis.  The f irst  s teady-s ta te  
observat ions on  thermo-osmosis were made in  1950, as Alexander  and  Wirtz 

investigated  thermo-osmosis  of water through  cellophane  and  nitro-cellulose 

membranes (9, lO).  A t  a given  temperature   difference a cons t an t   ' p r e s su re  
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difference  between the two phases   ad jacent   to  the membrane was found. These 

measurements  and a l s o   f u r t h e r   i n v e s t i g a t i o n s  by o the r   au tho r s  were conducted 

on  aqueous  solutions (1 7-21 ) . 
Thermo-osmosis has been described by Haase as 'mass t ranspor t   th rough a 

membrane as a r e s u l t   o f  a tempera ture   d i f fe rence '  1 9 ) .  By that time (1 959)  

Haase d id  n o t   r e a l i z e  that o ther   thermal ly   d r iven  membrane processes  (e. g. 
membrane d i s t i l l a t i o n )  would be  developed t o  which t h i s  d e f i n i t i o n   c a n   a l s o  

be  applied.  The main difference  between  thermo-osmosis  and membrane d i s t i l -  

l a t i o n  is tha t  the membranes i n  the former  process  can b e  porous  or  non- 

porous  and t h a t  no phase  t ransi t ion  occurs   between the feed side and the 

permeate side of  the membrane. In a membrane d i s t i l l a t i o n   o p e r a t i o n ,   ( s e l e c -  

t ive)   evapora t ion   of  the l i q u i d  feed takes p lace  and the permeant is t r a n s -  
ported as a vapour  through the pores  of a non-wetted membrane. Although it 

is d i f f i c u l t   t o   g i v e   a n   e x a c t   d e f i n i t i o n   o f  membrane d i s t i l l a t i o n   c o n t a i n i n g  

a l l  the c h a r a c t e r i s t i c s   o f  the membrane ope ra t ion  ( 2 ) y  the previous state- 
ment is accura t e  enough t o   e x p l a i n  the difference  between membrane distilla- 

t i o n  and  thermo-osmosis. 

Nevertheless Haase was one  of the first t o   r e a l i z e  that  not   every ther- 

mally  dr iven membrane process   can b e  called thermo-osmosis.  For  instance, he 

descr ibed tha t  the  t ransport   of   gases   through  porous membranes is i n  fact 

Knudsen d i f fus ion .  

Later au tho r s  were not  as c a r e f u l  as Haase in  defining  thermo-osmosis 
and  used terms l i k e  ' thermo-dialysis t (21 -25 ) t o  describe the same phenome- 

non. I n  some of   these  cases it can b e  doubted whether a thermo-osmotic ef- 

f e c t  is observed at a l l  (21,24,25).   Pagliuca e t  al .  (24) not iced that 'the 

transmembrane  pressure  produced  in the TF-450 membranes far exceeds  thermo- 
osmotic   pressures   ever   found  in   dense membranes under  comparable  condi- 

t ions ' .   Consider ing that they were doing  experiments  on the t r anspor t   o f  
water through  porous  Teflon membranes, it is most l i k e l y  that they were 

performing membrane d i s t i l l a t i on   expe r imen t s   w i thou t  knowing it. 

Although'thermo-osmosis has q u i t e  a l o n g   h i s t o r y ,   i n   f i g u r e  1.1 the 

process is l isted as b e i n g   i n  the first stage  of  development (research) +d 

probably t h i s  process  w i l l  never come ou t  of t h i s  s t age .  This is due t o  a 

lack   of   p rac t ica l   appl ica t ions   o f   thermo-osmosis ,   s ince  small so lven t   f l uxes  
and small s e p a r a t i o n   f a c t o r s  are normally  obtained (26) .  
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. .  

The renewed in t e re s t   i n   t he rma l ly   d r iven   p rocesses  has been  generated 

by a r e l a t i v e l y  new process ,   ca l led  membrane d i s t i l l a t i o n .  This process  is 

genera l ly   used   to  remove water from  aqueous  solut ions  of   inorganic   solutes .  

Desal inat ion  of  sea water and. the product ion  of   boi ler  feed water are the 

best-known appl ica t ions .  

Although the concept  of membrane d i s t i l l a t i o n  is known for   about   twenty 

yea r s ,  the process  is st i l l  i n  its developing  s tage.  The f i r s t  patent  on 

membrane d i s t i l l a t i o n  was obtained by  Weyl i n  1967 ( a p p l i e d   f o r   i n  1'964) 

(27)  and the first publ ica t ion  on t h i s  s u b j e c t  was made by Findley  in  1967 

(28) .  The reason why membrane d i s t i l l a t i o n  d i d  not become d i r e c t l y  a well- 

respected  separat ion  technique was t h e  lack of good  membranes. Findley  con- 
cluded that ' i f  low cos t ,   h igh   tempera ture ,   long- l i fe  membranes with desir- 

able c h a r a c t e r i s t i c s   c a n  be obtained,  t h i s  method  would become an  economical 
method of evaporat ion (. . ) I. Even though  Findley  e t  a l .  (29)  were able t o  

.make the surface  of  the-  membranes more hydrophobic by using  Teflon, the 
membranes d i d  not  have the desired p r o p e r t i e s   f o r  the development of mem- 
b r a n e   d i s t i l l a t i i o n  by that time. 

It took till about y 1980 before  membrane d i s t i l l a t i o n  as a separa t ion  

technique was rediscovered. By that  time.the cond i t ions ,   s t a t ed  by Findley, 

were (at least t o  a c e r t a i n   e x t e n t )   f u l f i l l e d .  Microporous  membranes, made 

of  polypropylene ( P P ) ,  po ly(v iny1idene   f luor ide)  (PVDF) and p o l y (   t e t r a f l u o r o  

e thylene)  (PTFE, Tef lon) ,  were a v a i l a b l e   f o r  the u s e   i n  membrane dis t i l la '  

t i o n .  

Membrane d i s t i l l a t i o n  is a d i s t i l l a t i o n   p r o c e s s   i n  which two aqueous 

s o l u t i o n s  with d i f fe ren t   t empera tures  are separated by a microporous  hydro- 
phobic membrane. In  t h i s  process the pores   of  the microporous membrane, 
.which are .not wetted by the l iqu id   mix tures  a t  t he  feed side or t h e  permeate 

side, a c t  as the vapour  phase. The vapour   p ressure   d i f fe rence ,   resu l t ing  

from the tempera ture   d i f fe rence   across  the membrane, causes  vapour  molecules 

t o  be transported  from the warm feed side t o  the cold  permeate side. 
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Schematic   representat ion 
of membrane d i s t i l l a t i o n .  . 
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The c h a r a c t e r i s t i c s   o f  a membrane d i s t i l l a t i o n   o p e r a t i o n ,  which are 

g i v e n   e x p l i c i t l y   i n  the r e p o r t  on terminology (2), can be reduced  to   one 
irfrportant  point,   being that  the permeant is t r anspor t ed  as a vapour  through 

the pores  of a porous membrane, which is at least a t  one side i n  direct 

contact  wi$h the l i q u i d -  

The t r a n s p o r t  mechanism of  membrane d i s t i l l a t i o n   i n v o l v e s  three s t e p s :  

1 . evaporat ion a t  the feed side of the membrane ; 

2. t r anspor t   o f  the vapour  through  the  pores  of the hydrophobic membrane; 

3. condensation  of  the  vapour a t  the permeate side of  the membrane. ' 

On the basis o f , t h i s   t r a n s p o r t  mechanism, it can b e  understood that the 
sepa ra t ion  mechanism  of membrane d i s t i l l a t i o n  is formed by the vapour-liquid 

equi l ibr ium. The maximum s e l e c t i v i t y  that. can be  obtained w i l l  never  exceed 

the s e l e c t i v i t y  which is ca l cu la t ed  from this vapour-liquid  equilibrium. 

Therefore,  membrane d i s t i l l a t i o n  is no t  a real a l t e r n a t i v e   f o r   d i s t i l l a t i o n ,  
because ï t  cannot be  used   in   d i f f icu l t   separa t ion   problems,   such  as azeo- 

t rop ic   mix tures .  

Most pub l i ca t ions ,   bo th   pa t en t s  and a r t i c l e s ,   conce rn   desa l ina t ion   o f  
s a l i n e  water, (30-42) ,   but   in   recent   years  a number of inves t iga tors   doubt  

the f e a s i b i l i t y   o f  t h i s  appl icat ion  (39,43,44) .   Desal inat ion of brackish 
water or sea water can be performed more economically by reverse   osmosis  o r  

MSF-dis t i l l a t ion ,   espec ia l ly  i f  large-scale a p p l i c a t i o n s  are concerned. 
According t o  these authors,$ the speqial   advantages  of  membrane d i s t i l l a t i o n  
should be emphasized  and  applications  of this process must be found i n  
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area's where ' i )  high  osinotic  pressures are involved, ii) a h igh   pu r i ty   o f  

the permeate is necessary? iii) waste heat is ava i l ab le   and /o r   i v )  small- 
scale a p p l i c a t i o n s  are concerned.  Special   applications?  mentioned  in l i  tera- 

t u r e ,  are the concentrat ion  of  a feed up to   ve ry   h igh   so lu t e   concen t r a t ions  

(39,48) y product ion   of   bo i le r   feed  water f o r  power plants   (44,453 and the 

use  of  membrane d i s t i l l a t i o n   i n   a p p l i c a t i o n s  where waste heat can be used 

(41 ,49).  

Only a few authors   considered the poss ib i l i t y   o f   s epa ra t ing   o rgan ic  

aqueous  solut ions by  membrane d i s t i l l a t i o n   ( 5 0 - 5 2 ) .  Honda e t  al. (50) were 
the first t o   d i s c u s s  the poss ib i l i ty   o f   separa t ing   aqueous   so lu t ions   o f  

alcohols  and  carboxylic  acids.  More recent ly   Gos to l i  e t  a l .  (51 ) and  Franken 

e t  al .  (52)  published on the  separat ion  of   e thanol   and water by  membrane 

d i s t i l l a t i o n .  However, membrane d i s t i l l a t i o n   o f   t h e s e   m i x t u r e s  is only pos- 

sible i f  the r e s t r i c t i v e   c o n d i t i o n ,  that the pores  of the hydrophobic mem- 

brane  should  not be f i l l e d  with l i q u i d ,  is fu l f i l l ed .   Therefore ,   Franken  e t  
a l .  (53)  have  defined a maximum al lowable  concentrat ion  of  t he  organic  com- 

ponent   in  water and  have  developed a method to   de t e rmine  t h i s  value.  

A number of d i f f e r e n t  embodiments of membrane d i s t i l l a t i o n   e x i s t s ,  

which a l l  are c o n s i s t e n t  with the c h a r a c t e r i s t i c s   o f  the membrane opera t ion  ' 

as described i n   s e c t i o n  l .4.2 and i n  the . r epor t  on terminology for  membrane 

d i s t i l l a t i o n  (2) .  

Direct-contact  membrane  distillation is the oldest   (27-29) and the 
most simple embodiment of membrane d i s t i l l a t i o n ,   i n  which the l i q u i d  on both 

sides of t he  membrape is i n   d i r e c t   c o n t a c t  with the membrane and i n  which 

the l i q u i d  on the downstream side is used a s  the condensing medium (see 

f i g u r e  1 .3) .  The main advantage  of t h i s  system is tha t  i t  can be used  in  any 
desired membrane conf igura t ion  ( f l a t  s h e e t s ,  sp i ra l  wound, c a p i l l a r i e s  or  

hollow fibers) . The direct-contact   system is  used by  Enka A.G. i n  a process  
called "Trans Membrane Dis t i l l a t ion"   (44-47) .  Enka uses  modules with c a p i l -  

l a r y  membranes,  which have the addi t ional   advantage that  they  can be  used 

without any mod i f i ca t ion   i n   mic ro f i l t r a t ion  as well. The p o s s i b i l i t i e s   f o r  

heat recovery when the process  is conducted  in  counter-curr'ent  flow makes 
t h i s  process   espec ia l ly   su i tab le   for   commerc ia l   appl ica t ions   [44 ,45) .  
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FIGURE 1 e 3 : 
Direct-contact  
membrane d i s t i l l a t i o n .  

The second  type  of embodiment is gas-gap membrane distillation. 
This system makes use of a coo l ing   su r f ace   i n s ide   t he  module  and the con- 

densed  l iquid on the downstream side does  not   have  to  be  i n   c o n t a c t  with the 

membranes Among o t h e r s ,  the Svenska  Utvecklings  Aktiebolaget makes use of a 

s p a c e r   t o   s e p a r a t e  the membrane from the cool ing   sur face  (40-42) e I n  this 

case the membrane and the cool ing   sur face  are s t r i c t l y   s e p a r a t e d  from  each 

o the r  by the spacer  o 

Advantages of t h i s  system  compared t o  d i r ec t - con tac t  membrane distilla- 

t i o n  are that the gas-gap  (or  air-gap as it is commonly called) reduces   the  

heat l o s s  through the membrane considerably  and that wet t ing  of  some o f   t he  

pores   of  the membrane does   no t   spo i l  t l e  permeate   qual i ty  a t  once. A disad- 

vantage  of t h i s  system is that only  plate-and-frame  or  spiral-wound  modules 

can b e  used  due  to the ex i s t ence   o f  a condensation  surface,   Furthermore,  the 

cons t ruc t ion   o f  the modules is rat 'ner   complicated  (and  re la t ively  expensive)  
compared t o   t h e  modules  used i n   d i r e c t - c o n t a c t  membrane d i s t i l l a t i o n .  These 

disadvantages make t h i s  system rather unat t ract ive  for   commercial izat ion.  

Feed-l r- 
membrane - FIGURE 1 D 4 : 

Gas-gap membrane d i s t i l l a t i o n .  , 
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Low prèssure membrane distillation is a system  in  which a low  pres-' 

s u r e  ( 'vacuum') is appl ied  downstream  and i n  which the condensation  of the 

permeating  vapour takes p l ace   ou t s ide  the module ( 2 ) .  Unt i l  so  fa r ,  t h i s  

system is only  'used on a labora tory  scale by a few i n v e s t i g a t o r s  (54,55).  

Due t o  a removal  of  inert   gases  from the membrane an  enhanced  diffusion  of 

the permeate  through the membrane takes p lace ,   r e su l t i ng   i n   an   i nc rease  of 

the flux  through the membrane by about a f a c t o r  4 as compared t o   o t h e r   p r o c -  

ess designs (55). 

condensor 

FIGURE 1.5: Low pressure  membrane d i s t i l l a t i o n .  

The last embodiment  mentioned i n  the terminology  report  is sweeping 
gas membrane distillation ( 2 ) .  I n  t h i s  system a sweeping  gas is used 

downstream t o  remove the permeating  vapour,  which is condensed  outside the 

module. B a s i n i ' e t  a l .  have  performed  measurements  on t h e  permeation  of water 

through PTFE and PP membranes and came t o  the conclusion that  the f l u x  is 

higher  and the hea t  l o s s  through the membrane is comparable when these  ex- 
periments are compared with experiments with gas-gap membrane d i s t i l l a t i o n  

(56) .  In our own experiments  on  ethanol/water  mixtures,  we found t h a t   f l u x e s  

are i n  the order  of  magnitude  of  direct-contact membrane d i s t i l l a t i o n .  De- 

pending on the flow rate of the sweep ing   gas ,   s e l ec t iv i t i e s  up t o  the s e l e c -  

t i v i t i e s  as predic,ted by the vapour-liquid  equilibrium  could be reached 

( 5 5 )  

sweeping  gas 
' w -  

permeate 

condensor 

FIGURE 1.6:  Sweeping gas  membrane d i s t i l l a t i o n .  
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An embodiment  of membrane d i s t i l l a t i o n  which cannot be d i r e c t l y  as- 

s igned  to   one  of  the descr ipt ions  above is the membrane d i s t i l l a t i o n  module 
as descr ibed by  Gore (35). The module cons i s t s   o f  a t h i n   f l e x i b l e  micropo- 

rous  membrane which is posi t ioned  against   an  impermeable ,   r igid  condensor  

sheet. The permeat ing  vapour   diffuses   through  the membrane and  condenses 

a g a i n s t  the condensor sheet. According t o  the d e f i n i t i o n s ,  t h i s  process  

should be called 'gas-gap membrane d i s t i l l a t i o n ' .  However, i n   s t e a d y - s t a t e  

ope ra t ion  no gas  gap is p r e s e n t   i n  this module  and,  furthermore, the mem- 

brane is i n   d i r e c t   c o n t a c t  with a t h i n  film of  the condensed  permeate. Con- 

s i d e r i n g  the t h i n   l i q u i d   f i l m  as the condensing medium, t h i s  system is a 
rep resen ta t ive   o f   ' d i r ec t - con tac t '  membrane d i s t i l l a t i o n .  

Lefebvre (57) descr ibed a system,  which was ca l led   Posmot ie  membrane 

d i s t i l l a t i o n v .  This system, which belongs  to  the group  of   direct-contact  

membrane d i s t i l l a t i o n ,  differs from a conventional membrane d i s t i l l a t i o n  

u n i t  by the use  of a h ighly   concent ra ted  salt s o l u t i o n  a t  the permeate side. 

Due t o  t h i s  concent ra ted   so lu t ion ,  the vapour  pressure a t  the permeate side 

of   the membrane is reduced ,   r e su l t i ng   i n  a higher f l u x   a c r o s s  the membrane. 

MD cell dilute MgS04 

concentrated MgS04 

l 
pure water 

FIGURE 1.7: Osmotic membrane d i s t i l l a t i o n .  

The d i l u t e d  .salt so lu t ion   (p re fe rab ly  magnesium s u l f a t e )   c a n  b e  concentrated 

again by reverse  osmosis.  A p r a c t i c a l   a p p l i c a t i o n   o f  t h i s  process   can be  

found i n  the concen t r a t ion   o f   so lu t ions  which  cannot be  heated. Although 

this process is a n   i n t e r e s t i n g   o b j e c t   f o r  the study  of mass t r a n s p o r t   i n  
membrane d i s t i l l a t i o n ,  it is thought that the p rac t i ca l   va lue   o f  this proc- 
ess is low. Sarti e t  al .  c a l c u l a t e d  that a tempera ture   d i f fe rence   o f  0.6OC 
is enough t o  overcome an osmotic  pressure  of 50 bars ( 5  MPa) a t  room temper- 

a t u r e  ( 5 8 ) .  I n  the same way it can be c a l c u l a t e d  that the reduc t ion  of the 

partial vapour  pressure  due  to a concentration  of 15% M@O4 i n  compari- 
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son with c lean  water can  be  achieved more e a s i l y  by the reduct ion   of   the  

permeate  temperature by less than loc .  

1.5 : Pervaporation 

The most common de f in i t i on   o f   pe rvapora t ion  is: a membrane p rocess   i n  
which a l i q u i d  is i n  direct contac t  with one side of the membrane (feed 

side) and i n  which the permeating  product is removed as a vapour a t  the 

o the r   s ide   o f   t he  membrane (permeate   s ide)  by applying a r educed   pa r t i a l  

pressure.  If t h i s  d e f i n i t i o n  is used  without   any  fur ther   specif icat ion,   one 

might  think that  membrane d i s t i l l a t i o n  is a s p e c i a l  case of  pervaporat  ion.  

To make a dis t inct ion  between membrane d i s t i l l a t i on   and   pe rvapora t ion ,  it 

should be added t o  the above   def in i t ion  that  the name pervaporat ion is used 

f o r  the select ive  permeat ion  of  a l iquid  through a dense  polymer  matrix, 

whereas membrane d i s t i l l a t i o n   d e s c r i b e s  the  permeation  through the pores   of  , 

a membrane. Unfortunately,   Japanese  authors do not   dis t inguish  between  both 
processes  and  use the term 'pervaporat ion '   for   both.  

. Although the pr inc ip le   o f   pervapora t ion  is known s i n c e  the beginning  of 

t h i s  century ( the term 'pervaporat ion '  was a l ready   in t roduced   in  1917 by 

Kober), i t  t o o k   u n t i l  the beginning  of the s i x t i e s   b e f o r e  the  research  on 

pervaporat ion was in tens i f ied   (59) .   Binning  e t  a l .  reported on a number of , 

poss ib l e   app l i ca t ions   fo r   pe rvapora t ion ,   bu t   un fo r tuna te ly .  the membranes 

used i n  their i n v e s t i g a t i o n s  showed i n s u f f i c i e n t   f l u x  and s e l e c t i v i t y   t o  

compete with ex is t ing   separa t ion   techniques  (60) .  

A new r e v i v a l  came i n  the e a r l y   s e v e n t i e s  when energy prices raised t o  

such   an   ex ten t  tha t  a l t e r n a t i v e s   f o r  energy-consuming separat ion  techniques 

became i n t e r e s t i n g .  A s  a r e s u l t  of this ' energy-cr i s i s ' ,  the r e s e a r c h   i n t o  

pervaporation was i n t e n s i f i e d  and many groups  throughout the world were 

searching   for   super ior  membranes. The development  of  asymmetric membranes  by 
, 'Loeb and  Sourirajan (61 ) and the subsequent   research  into  thin  composi te  

membranes (see next   paragraph) ,  were of  great  importance f o r  t h e  development 

of  pervaporation. 
Nevertheless,  it took   un t i l   1982  before  the German  company GFT patented 

a composite membrane f o r  tine separation  of  aqueous  mixtures  of  ethanol ( 6 2 )  

and  s tar ted  to   commercial ize  the pervaporation  process.   Since t h i s  time 
about 25 p e r v a p o r a t i o n   i n s t a l l a t i o n s  with a t o t a l   c a p a c i t y  of about 250 
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m3 /day  have  been  instal led p a l l  using GFT membranes (60) e Although membranes 

with superior   propert ies   have  been  developed  (63964) ,  the i n s t a b i l i t y   o f  

t hese  membranes does  not   permit  a commercialization a t  this moment. 

A more detailed descr ip t ion   of   pervapora t ion  with r e s p e c t   t o   t r a n s p o r t  

mechanism and d i f f e r e n t  embodiments  of the process is g iven   i n   chap te r  6 of 

this thesis o 

1.6: Composite membranes 

The evo lu t ion   o f   u l t r a th in   syn the t i c  membranes started with the de- 

velopment  of  asymmetric membranes  by Loeb and Sour i r a j an  (61 ). This inven- 

t i o n  l ed  a lnos t   immedia te ly   to  a search f o r   a l t e r n a t i v e  ways t o  make t h i n  

membranes. Most of the methods t o  make composite membranes were developed i n  

the la te  s i x t i e s   a n d   e a r l y   s e v e n t i e s  of  t h i s  century  (65) .  

Commercially i n t e r e s t i n g  methods t o  make composite membranes a r e  

cas t ing ,   d ip-coa t ing ,   p lasma  po lymer iza t ion   and   in te r fac ia l   po lymer iza t ion .  
Other methods  of making composite membranes are water-casting  (spreading  of 

a polymer s o l u t i o n  on water), dynamic membrane formation  and  spray-coating. 

For var ious  reasons these methods are   commercial ly   not   interest ing  and are 
only  used  on  laboratory scale. 

Although  casting is no t  a method t o  make u l t r a th in   compos i t e s ,  mem- 
branes with a thickness  of about 3 t o  5 pm can be obtained.  Advantages  of 

t h i s  method are that hardly  any defects occur  and that the s e l e c t i v i t i e s  
obtained are ve ry   c lose   t o  the i n t r i n s i c   s e l e c t i v i t y   o f  the polymer membrane 

material. The d isadvantage   o f   these   re la t ive ly   th ick  membranes is of  course 

the low f lux .  This method is mainly  used  for the  production  of membranes t o  

be used  in   separat ion  problems which demand a h i g h   s e l e c t t v i t y .  GFT de- 

scribes the  úse  of  t h i s  method f o r  the  production  of  pervaporation mem- 

b ranes ,   cons is t ing   o f  a poly(v iny1   a lcohol )   top layer   on  a p o l y a c r y l o n i t r i l e  
support   (62).  

A prepara t ion   technique ,  which is commonly known under the name of 
' d ip -coa t ing? ,  was descr ibed   for  the  first time by Carnell  and  Cassidy 
(66,67).  R i l e y  e t  a l .  (68)   succeeded  in  making u l t r a th in   r eve r se   o smos i s  
membranes, made f rom  ce l lu lose  acetate. In their inves t iga t ions ,   they  dipped 

a c l e a n   g l a s s   p l a t e   i n t o  a d i l u t e  polymer so lu t ion .  After evaporat ion  of  the 
I 
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solvent  and  drying  of the films, they were f Ioa t ed   o f f   on to  a water   sur face  

and  placed  on  molecular f i l t e r   s u p p o r t s .   D e s p i t e  the t r i cky   p repa ra t ion  

method, u s e f u l  membranes as t h i n  as 60 nm were prepared  reproducibly by this 

method. 

The more common  way to   p repare   'd ip-coa ted '  membranes is t o   b r i n g  the 

porous   sublayer   d i rec t ly   in to   contac t  with t h e  polymer so lu t ion .  The coa t ing  

o f   e l a s tomers   on to   an   u l t r a f i l t r a t ion   sub laye r  is one  of t h e  most used 

methods for  the prepara t ion   of  membranes f o r  vapour  permeation  (69,70). The 

best-known  example Ò f  a th in   s i l i cone- rubber   coa t ing   appl ied  by dip-coat ing 

is the Prism membrane of  Monsanto  (71 ). 
The pioneer of the use  of   plasma  polymerizat ion  to   prepare  thin mem- 

branes is without  any  doubt Yasuda (72) .  He observed that  unde r   ce r t a in  

condi t ions  organic   vapours  become a pa r t i a l ly   i on ized   gas  o r  'plasma' ,  which 

w i l l  depos i t  on nea rby   so l id   su r f aces  as a very  thin polymer fi lm with .an 

i l l-defined  chemistry.   Although a l o t   o f   r e s e a r c h  is being  performed on t h i s  

s u b j e c t ,  the re la t ive   compl ica ted   p rocess   des ign  and the bad r e p r o d u c i b i l i t y  

o f   t he  membranes are the  malefactor  tha t  plasma  polymerized membranes have 
not  been  commercialized  yet (65) .  

Probably the most successfu l  method t o  make composite membranes is 

in t e r f ac i a l   po lymer i za t ion   (73 ) .   In  t h i s  method a condensation  polymeriza- 

t i o n  is ca r r i ed   ou t  a t  the i n t e r f a c e   o f  two immiscible   solut ions.  By choos- 
ing the condi t ions   in   such  a way tha t  the r e a c t i o n   t a k e s   p l a c e   a t  the s u r -  

face  of a f inely  porous membrane, a t h i n .  film composite of the condensation 

polymer is obtained. A l l  t h e  membranes obtained by t h i s  method are used  in  
reverse  osmosis. Commercial  examples a r e  NS-100 membranes of North Scar and 

FT-30 of F i l m  Tec (65) .  

The most frequently  mentioned  support  in  composite membranes is an 
asymmetric membrane made of   polysulfone  (69,71  ,73) .  The advantage  of  poly- 

su l fone  is that  it can be  eas i lymanufac tured   in to   an   asymmetr ic  membrane 

with the desired su r face   po ros i ty  and s u r f a c e   p o r e   s i z e s   o f  less than 20 nm. 

Depending  on the a p p l i c a t i o n ,  the surface  porosi ty   can be ad jus ted   wi th in  
c e r t a i n  limits. For i n s t a n c e ,   f o r   g a s   s e p a r a t i o n   ( i n   c a s e   o f  t he  Monsanto 

membrane) the sur face   poros i ty   should  be as low as possible,  whereas  on t h e  

ot'ner  hand for  vapour  permeation a high su r face   po ros i ty  is d e s i r e d .  As an 

example of the l a t t e r   a p p l i c a t i o n ,  it can be mentioned that  Strathmann. has 
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published that a support   having a s u r f a c e   p o r o s i t y   o f  25% with  pore sizes of  

about . 20 nm can be  prepared  (69) .  Other supports  which are mentioned i n  
. l i t e r a t u r e  are porous films o f   c e l l u l o s e   n i t r a t e  / c e l l u l o s e  acetate (CNCA) 

(72) and  porous  asymmetric membranes o f   p o l y a c r y l o n i t r i l e  (PAN) ( 6 2 ) .  

Although  most a u t h o r s   i n v o l v e d   i n  the fab r i ca t ion   o f   t h in   compos i t e  

membranes do n o t   d i s c u s s  the inf luence   o f  the  sublayer ,  it appears  that the 

sublayer  is o f t e n  as important as the toplayer .  From i n v e s t i g a t i o n s  a t  our  

i n s t i t u t e  (74) and  communications with o t h e r   i n v e s t i g a t o r s ,  it .appeared 
that ,  once a sublayer   can be made reproducibly  without  defects, the a c t u a l  

manufacturing  of the composite membrane itself is a minor  problem. 

Another  aspect  of the porous  sublayer ,   besides   support ing the s e l e c t i v e  
l a y e r ,  is its r o l e   i n  the ac tua l   s epa ra t ion   p rocess .  As far as the above  ap- 

p l i c a t i o n s  are concerned, the sublayer  is mainly  used as a support .  Only the 

Monsanto Prism-membrane makes use of the s e p a r a t i o n  characteristics of the 

sublayer  and the s i l icone-rubber   coat ing is used t o   r e d u c e  the effect of  

'pin-holes (71 ) e 

Membrane d i s t i l l a t i o n  is on ly   poss ib l e  i f  the r e s t r i c t i v e   c o n d i t i o n ,  

that the pores   should  not  be f i l led with l i q u i d  is guaranteed. To prevent  

the hydrophobic membrane from  being wetted, a t h i n  polymer  layer  can be 

a p p l i e d   t o  t h i s  hydrophobic membrane. In   such  a composite membrane the hy- 

drophobic  sublayer  determines the  s e p a r a t i o n   c h a r a c t e r i s t i c s   o f   t h e  membrane 

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

The use  of  composite membranes i n  membrane d i s t i l l a t i o n  was described 

by Cheng e t  al ,  (30-34) i n  a series of   pa ten ts .  While performing membrane 

d i s t i l l a t i o n   e x p e r i m e n t s   o n   s a l i n e  water with microporous  hydrophobic. mem- 

branes,  Cheng observed  water-logging  of the membranes after severa l   days  of 

operat ion.  It is bel ieved that water - logging   occurs   in   desa l ina t ion   due   to  a 

growth  of salt c r y s t a l s   t h r o u g h  the membrane (30). To prevent  o r  a t  least t o  
reduce the effect of  water-logging, the hydrophobic membrane is coated with 

a hydrophi l ic  membrane. The coa t ing   can  be a p p l i e d  a t  both sides of the 

membrane, but   should a t  least b e  app l i ed  a t  the feed side of  the membrane 

(31 ) . The hydrophi l ic   coa t ing   can  be  made of  , f o r   i n s t a n c e ,   c e l l u l o s e  ace- 
tate or  polysulfone  (32).   Although the hydrophyl ic   layer   can b e  non-porous, - 
a l s o  good r e s u l t s  were obtained w i t h  p o r e   s i z e s  i n  the range of 25 till 50 

nm '(32). 



- 17 - 

As soon 'as   o rganic   so lu tes  are p resen t   i n   an   aqueous   so lu t ion ,  the sur -  

face  tension  of  t h i s  s o l u t i o n  will decrease rap id ly .  When the concent ra t ion  

of  the  organic  material i n  the feed exceeds a c e r t a i n  limit, the hydrophobic 
microporous membrane will be f i l l e d  with l iqu id   ins tan taneous ly  and the mem- 

b r a n e   d i s t i l l a t i o n   p r o c e s s   c a n n o t  be used. 

A s o l u t i o n   f o r  t h i s  problem is t o   u s e  a composite membrane, c o n s i s t i n g  

of  a hydrophi l ic   se lec t ive   top layer   and  a porous  hydrophobic  sublayer.  In 

t h i s  thermally  dr iven membrane opera t ion  the top layer  is pe rmse lec t ive   t o  

water. Because the toplayer  shows a permselectivity  towards  one of the com- 

ponents,  th i s  process  differs e s s e n t i a l l y  from the above  descr ipt ion by 

Cheng e t  a l .  The use  of  the hydrophobic  porous  sublayer is, however, s t i l l  

v e r y   e s s e n t i a l  for t h i s  process   s ince  the pores   of  t h i s  sublayer   contain the 

vapour  phase. As f a r  as wet t ing of the microporous  hydrophobic membrane is 

concerned,  only the l i q u i d  a t  the permeate  side  of the composite membrane 

has t o   f u i f i l  the non-wetting  condition. In  chapter  6 of t h i s  thesis the. 

separat ion  of   mixtures  of e thanol  and water, using t h i s  'modified' membrane 

d i s t i l l a t i o n   o p e r a t i o n ,  is descr ibed.  

Although the t i t l e  of  t h i s  paragraph  suggests that this membrane opera-. 

'tien is a modif icat ion of the  membrane d i s t i l l a t i o n   o p e r a t i o n ,  it is a new 
process  design  of  pervaporation.  Because the s e p a r a t i o n   c h a r a c t e r i s t i c s  of  

this membrane opera t ion  are determined by the permselect ive  toplayer ,  the 

name  'membrane d i s t i l l a t i o n '   s h o u l d   n o t  be appl ied.  

1.7: S t r u c t u r e  of t h i s  thesis 

The main objec t ive  of the r e sea rch   p ro j ec t  was to  develop  composite 

membranes, cons is t ing   o f  a hydrophi l ic   select ive  toplayer   and a porous  hy- 

drophobic  sublayer, which can be used  in  a thermally  driven  pervaporat  ion 

p rocess   fo r  the dehydration  of  aqueous  organic  components. I n  t h i s  thesis 
several   aspects   concerning the development of these composite membranes are 

described. 

Chapters 2 and 3 both deal with the  c h a r a c t e r i z a t i o n  of the microporous 

sublayer .   In  these chapters  the cr i ter ia  f o r  the a p p l i c a b i l i t y  of a  membrane 

d i s t i l l a t i o n   o p e r a t i o n  and a thermally  dr iven  pervaporat ion  process  are 

descr ibed.   In   chapter  2 theore t ica l   cons idera t ions   abo 'u t   wet t ing   o f  
polymers are given  and  an  exper-imental method is descr ibed  to   measure the 

maximum al lowable  concentrat ion  of   an  organic  component  'in- water- a t  which 

L_. 
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t h e   l i q u i d  is on the ve rge   o f   pene t r a t ion   i n to   t he  membrane. 

I n  chapter  3 the in f luence   o f  the s t r u c t u r e   o f  a hydrophobic  micro- 

porous membrane on its w e t t a b i l i t y  is discussed .   Theore t fca l   cons idera t ions  
on the penet ra t ion   o f  a l i q u i d   i n t o   d i f f e r e n t   p o r e   s t r u c t u r e s  are confirmed 

by experiments,   using the experimental  method of  the previous  chapter .  

The next  two chap te r s   d i scuss  the p o s s i b i l i t y   o f   s e p a r a t i n g  a mixture 

of  ethanol  and water by membrane d i s t i l l a t i o n .  A model, i n  which vapour- 

l i q u i d   e q u i l i b r i a  data are combined with a n   e f f e c t  of temperature  and  con- 

c e n t r a t i o n   p o l a r i z a t i o n ,  is described i n  chapter  4. 
I n  chapter  5 membrane d i s t i l l a t i o n   e x p e r i m e n t s  with ethanol/water 

mixttrres are described  and the expe r imen ta l   s e l ec t iv i t i e s   and   f l uxes  are 

compared with the ca lcu la ted   va lues .  

Chapter 6 describes a new process   design  for   pervaporat ion  in   which 

a composite membrane, cons i s t ing   o f  a hydrophi l ic   se lec t ive   top layer   and  a 

porous  hydrophobic  sublayer, is used. The d r i v i n g   f o r c e   f o r   t h i s   p r o c e s s  is 
caused by the thermal gradien t   ex is t ing   be tween the warm feed side of the 

membrane and the cold  permeate side of the membrane. I n  this chapter  the 

c h a r a c t e r i s t i c s   o f  this new process  design  and its advantages  over  other 

pervaporation  designs are described. 

In chapter  9 a method f o r  the app l i ca t ion   o f  a homogeneous  perm- 
s e l e c t i v e   l a y e r   o n t o  a porous  hydrophobic  sublayer, called the evaporation- 

depos i t i on  method, is desc r ibed .   Seve ra l   coa t ing   va r i ab le s  are discussed  and 

r e s u l t s   o f  the app l i ca t ion   o f  a poly(viny1  a lcohol)   layer   onto  microporous 

po lypropy lene   cap i l l a r i e s  are evaluated  by  pervaporation  experiments.  
The r e p o r t  on  'Terminology  for Membrane D i s t i l l a t i o n P  as published by 

the  European  Society  of Membrane Science  and  Technology is given as a n  ap- 

pendix t o  t h i s  thesis e 
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Chapter 2: ' 

WETTING  CRITERIA FOR THE  APPLICABILITY OF MEMBRANE  DISTILLATION 

A.C.M. Franken, J.A.M. Nolten, M.H.V. Mulder, D. Bargeman and C.A. Smolders 

Summarv 

Membrane d i s t i l l a t i o n   c a n   o n l y  be appl ied  on l iqu id   mix tures  which  do 

n o t  wet a microporous  hydrophobic membrane. Solu t ions   o f   inorganic  material 

i n  water have   such   h igh   va lues  of the su r face   t ens ion  (V, h 72 . 10-3 N/m) 
that the non-wetting  condition is f u l f i l l e d   f o r  a number of hydrophobic 

membranes. As soon as o rgan ic   so lu t e s   a r e   p re sen t   i n  the s o l u t i o n ,  the s u r -  

face tens ion  YL will be lowered  and i f  the   concent ra t ion  of o rgan ic   ma te r i a l  
becomes too  high,   wet t ing  of  the membrane w i l l  occur.  

By means of t heo re t i ca l   cons ide ra t ions  a c r i t i c a l   s o l u t e   c o n c e n t r a t i o n  
o r  s u r f a c e   t e n s i o n  a t  which a homogeneous  smooth material will be wetted ( 0  

' < 90 O )  can be ca lcu la ted .  For microporous membranes no such   t heo re t i ca l  

r e l a t i o n   c a n  be der ived.  

Therefore,  a simple  experimental  method is described t o  measure the 

maximum a l lowable   concent ra t ion   for  a microporous membrane. On the b a s i s  of  

these measurements, t he  maximum al lowable  concentrat ion  under   process   zondi-  

t i ons   can  be determined. 

2.1 : Introduction 

Membrane d i s t i l l a t i o n  is a d i s t i l l a t i o n   p r o c e s s  making use of the pores  

of  a microporous  non-wettable membrane as the vapour phase. In t h i s  process  
two aqueous  l iquids  with d i f f e ren t   t empera tu res  are separated by a hydropho- 

b i c  microporous  membrane. The v a p o u r   p r e s s u r e   d i f f e r e n c e  APV a c r o s s  the 
membrane, resu l t ing   f rom the tempera ture   d i f fe rence  AT, causes  vapour mo- 

l e c u l e s  t o  be transported  through the pores   of  the membrane from the warm 

side (feed) t o  the co ld  side (permeate).  

The advantages of membrane d i s t i l l a t i o n  are that the d i s t i l l a t i o n   p r o c -  

ess takes place a t  moderate  temperatures and that a r e l a t i v e l y  small temper- 

a ture   d i f fe rence   be tween the two l iqu ids   con tac t ing  the microporous  hydro- 
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phobic membrane g i v e s   r e l a t i v e l y   h i g h   f l u x e s .  Because  entrainment  of  dis- 

s o l v e d   p a r t i c l e s  is avoided a permeate with a h i g h   p u r i t y  is obtained. 

However, membrane d i s t i l l a t i o n  is only   poss ib le  i f  the r e s t r i c t i v e  
cond i t ion  is f u l f i l l e d ,  that the pores  of the meuìbrane should  not  be  f i l led 

with l i q u i d .  Hence the wett ing power of  the l iqu ids   shou ld  b e  low. Water and 

s o l u t i o n s  .of inorganic   subs tances   in  water have  such high values  of the 

s u r f a c e   t e n s i o n  (Y 2 72 . 10-3 N/m) , that f o r  a number of hydrophobic m i -  

croporous membranes w i t h  p o r e s   i n  the range  of l pm or less (such as poly- 

propylene ( P P ) ,  po ly(v iny1idene   f luor ide)  (PVDF) and   po ly( te t ra f1uoro   e thyl -  

ene) (PTFE, Te f lon ) )  t h i s  non-webting cond i t ion  is guaranteed.  Therefore,  

impor tan t   appl ica t ions   o f  membrane d i s t i l l a t i o n   c a n  be s e e n   i n  the f i e l d  of 

water pur i f i ca t ion   and   i n   concen t r a t ion   o f   p roduc t   so lu t ions  o r  waste water 
s o l u t i o n s  ( I  , 2 )  o 

L 

A s  soon as o rgan ic   so lu t e s  are present   in   an   aqueous   so lu t ion ,  the 
s u r f a c e   t e n s i o n  Y L  w i l l  d e c r e a s e   r a p i d l y .   I f  the concent ra t ion   of   o rganic  
material does  not  exceed a c e r t a i n  cr i t ical  value ( s o  the l i q u i d  on  both 

sides of the membrane does  not wet the membrane), the membrane d i s t i l l a t i o n  
process  can s t i l l  be used. On the o ther   hand ,   i f  the concent ra t ion   of  

organic  material exceeds this c r i t i c a l   v a l u e ,  the microporous membrane w i l l  

be  f i l l ed  with l i qu id .   In  this case membrane d i s t i l l a t i o n  is no  longer pos- 

sible. 

The airn of this i n v e s t i g a t i o n  is t o  f i n d   o u t  which concentrat ion  of  
organic  material i n  water is allowed  before the l i q u i d  w i l l  p e n e t r a t e   i n t o  

the membrane. 

2.2: Background 

The value  of the contac t   angle  8 of a l i q u i d   d r o p l e t   o n   a n  ideal smooth 
homogeneous su r face  is descr ibed by Young's equat ion:  

A d r o p l e t  o f  water on a hydrophobic  surface  (e.g.  PP,  PVDF o r  PTFE) w i l l  
g ive  a contact  angle  which is larger than  90". If s u r f a c e   a c t i v e   a g e n t s  (or  

in   gene ra l :   o rgan ic  materials) are d i s so lved   i n  water, the s u r f a c e   t e n s i o n  
of the l i q u i d  w i l l  decrease. As a consequence, the con tac t   ang le  8 w i l l  

decrease and i f  8 becomes smaller than 90" the l i q u i d  w i l l  w e t  the s o l i d  
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sur face .   In  'the case that  the'materia1,is non-porous. t he  contac t   angle  w i l l  

have a va lue  between O o  .and goo. On the other   hand,  i f  the material is, po- 
rous  (which is the case f o r  ,membranes used i n  the membrane d j s t l l l a t i o n  

. I  

process)  it is poss ib le  that the dropLet . .w:i l l   penetrate   into the pores   of  

the mat erial .  

Lucassen-Reynders ( 3 )  ' stated that  any of the i n t e r f a c i a l   t e n s i o n s   i n  

equat ion 2.1 can be affected by sur fac tan t   adsorp t ion  by v i r t u e   o f  Gib:b's 

law : 

a b e i n g  the  a c t i v i t y   o f  t h e .  s u r f a c t a n t  and Ti it,s sur fpce   excess  a t  any i 
i n t e r f a c e .  

Adsorpt ion  of   surfactants   can  only  inf luence the contac t   angle  i f  they  

a f f e c t  the r a t i o  ( Ys - YsL) /YL. Changes in   contac t   angle   can  be shown con- 

v e n i e n t l y  by p l o t t i n g  Ys - YsL as a func t ion   of  YL. Combination  of  equation 

2.1 and 2.2 then   y i e lds  the fol lowing  expression:  

Bargeman.. e t  al .  " ( 4 )  indeed  found t h i s '  r e l a t i o n   f o r   s o l u t i o n s  of  sodium 
decane-l  -sulphonate  and  sodium  dodecane  sulphate  in water on non-polar s o l -  

i d s  l i k e  p a r a f i n  wax and PTFE. For condi t ions  as assumed up till now t h e  
" i n f luence   o f   su r f ac t an t s  on the contac t   angle  on non-polar  sol 'ids  can 'be 

descr ibed by : 
. .  . I  . , '  ! , 

Y .coSe = -Y + c ' ' ' 

. .  
L L " ( 2 . 5 )  
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This l inea i r   equa t ion   w i th  a s l o p e   e q u a l   t o  -1 has the advantage .'that 

only  one  contact  angle  measurement  needs  to  be  performed:  the  measurement  of 
the contac t   angle   o f   pure  water on the s o l i d  material. If the su r face   t en -  

s i o n  of the s o l u t i o n  as a f u n c t i o n   o f  the composition is known, the value  of  

YL and  therefore  the value  of  the contac t   angle  8 can be c a l c u l a t e d   f o r   e a c h  

solut ion  composi t ion.  This s i t u a t i o n  is represented by the d o t t e d   l i n e   i n  

f i g u r e  2.1 . 
1 

FIGURE 2.1: YL.cosB as a func t ion   of  YL for   e thanol lwater   mixtures  on 
a homogeneous PTFE surface.  

I n   f i g u r e  2.1 the value  of Y:' is given by the in t e rcep t   on  the abcissa. Y:" 
is the su r face   t ens ion   o f  a l i qu id   mix tu re  which has a contac t   angle   o f  90" 

when brought   in ,   contact  with a homogeneous smooth s o l i d  material. I n  the 

membrane d i s t i l l a t i o n   p r o c e s s  the v a l u e   o f  Y:' is very  important. If the 

s u r f a c e   t e n s i o p   o f  a l i q u i d  is lower  than Y:' it could b e  p o s s i b l e  that the 

l i q u i d   p e n e t r a t e s   i n t o  the pores   of  the porous material spontaneously. 

The su r face   t ens ion   o f  a l i q u i d  that is on the verge of pene t r a t ion  
i n t o  the p o r e s   o f  a microporous  membrane, is defined as Y: (p   s t ands   fo r  

p e n e t r a t i o n )  ., :As far  as membrane d i s t i l l a t i o n  is concerned the va lue ,  of Y: 

is even more important  than the va lue  of Y:". 
~. 

Although the above described method f o r  the determinat ion  of  Y;' seems ' 

t o  b e  promising,  it cannot be used as an  accurate   determinat ion  of  Y:. This 

is mainly  due  to three  effects: 

1. the exper imenta l   e r ror  for p o i n t s  on a l i n e  with a ce r t a in   i naccuracy  i n  

its s l o p e  drawn through  one  experimental   point w i t h  a c e r t a i n   i n h e r e n t  
e r r o r ,   i n c r e a s e s  with the d i s t a n c e  to that p o i n t ;  
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2. the use  o'f equation  2.5 is l imited t o   s u r f a c e   a c t i v e   a g e n t s   o f  a c e r t a i n  

molecular   s t ructure  (rather long  chain  amphipolar  molecules, so  c a l l e d  
s u r f a c t a n t s )  ; 

3 .  the value of'Y;' does  not  always  coincide with the value  of  YL for   porous P 

media. 

ad 1. Although  contact  angle  measurements  can be  made very  accurately 

some devia t ions  are inevi table .   Most ly  a deviat ion  of   about  l O is given. In 

l i t e r a t u r e  the differences  between the measured contac t   angles  may d i f f e r  

considerably.  For example,  for a d rop le t   o f  water on a' Teflon  surface,   con-  

tact  angles  varying  from 1 0 8 O  t o  1 1 5 O  have  been  reported (5-8). This  e f f e c t  
is mainly  due to   d i f fe ren t   spec lmens   o f   Tef lon .  Another sou rce   o f   e r ro r  is 

the inaccuracy   in  the s lope   o f  the curve : 'the s lope  is not   exac t ly  -1 a For 

d i f f e r e n t  series of  measurements Bargeman e t  a l .  ( 4 )  found t h a t  the s lope  

varied  between -0.96 and -1.02. So, the effect  of an   exper imenta l   e r ror   in  

the contac t   angle  is re inforced  by the unce r t a in ty   i n  the tangent '   o f  the 

s lope.  For example, i f  f o r  a d rop le t   o f  water on Teflon a contac t   angle  8 = 

1 1 4 O  k l 0  is found  and the tangent   of  the s lope  is uncer ta in   wi th in  2%, then 

. t he  e x t r e m e   v a l u e s   f o r  lso are 40 . N/m and 46 . 10-3 N/m respec t ive-  L 
1 Y  9 

ad 2.  Equation 2.5 is used t o   d e s c r i b e  the inf luence   o f   sur fac tan ts   on  

the contac t   angle  of non-polar  solids  and a good agreement with experimental  

r e s u l t s  is found ( 4 ) .  On the o t h e r  hand t h i s  r e l a t ion   canno t  be used i n  
genera l   for   mix tures   o f  water and  low molecular weight organic  compone,hts, 
such as alcohols  (methanol,   ethanol) or carboxyl ic   ac ids   ( formic   ac id ,  

a c e t i c   a c i d ) .   I n  these cases the l inea i r   behaviour  as descr ibed by equat ion 

2.5 is not  always found. A s  an example the curve  for   e thanol /water   mixtures  

on a homogeneous PTFE s u r f a c e  is g iven   i n   f i gu re  2.1 ( the  experimental  re- 

s u l t s  were obtained  from  Bernett  e t  a l .  ( 6 ) ) .  
ad 3. The d i f f e r e n c e   b e t w e e n  Y:' and Y' will be demonstrated and! ex- L 

plained  on the  basis of  t h e  resul ts   of   our   experiments .  

The r e s t r i c t i o n s  mentioned  above  do  not  permit  an  accurate  determina- 

t i o n  of  Y;' on the basis of the measurement of  the contac t   angle   o f  a drop- 

l e t  of water on a solid.   Furthermore it is doubtful  whether the   va lue   fo r  

Y;' is the same as the va lue   fo r  YL. P 

From the  above  considerat ions i t  can be concluded that  the value  of  Y: 
has t o  be determined  experimental ly   for  the microporous membranes used. 
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Z 3  : Method of fnvsst'igat ion 
. .  

2.3.1 : Determination  of Y: 

The value  of  Y: is determine( 1 by the 'pene t ra t ing   d rop  methoc 1' e I n  t h i s  

method a d r o p l e t  is brought   in   contac t  with the microporous membrane. By 

trials with narrowing series of   solut ion  composi t ions the composition of a 

l i qu id   mix tu re  is determined at which the l i q u i d  'is on the verge  of  penetra- 

t i o n   i n t o  the membrane. The amount of organic  material i n  water a t  t h i s  

composition is c a l l e d  the 'maximum al lowable  concentrat ion?  and the vaiue  of 

. .  

. "  . .  

the   sur face   t ens ion   be longing   to  t h i s  composition is defined as YLo 

,- the value  of  Yp can be measured d i r e c t l y ;  
- the measurements  can be  carried out  on the membrane material i tself;  

- the method is experimentally  simple  and  requires no special   equipment;  

- the measurements  can be car r ied   ou t   very   qu ick ly ;  

- the met'nod has a high accuracy.  (compared  to the con tac t   ang le  measure- 

The advantages  of the penetrat ing  drop method are: 

L 

ment) o 

The accuracy of the penetrat ing  drop method can be  f a i r l y   i l l u s t r a t e d  
with the following  example. A d r o p l e t  w i l l  have a he igh t  of less than 5 mm 

and t h e r e f o r e  w i l l  e x e r t  a g rav i t a t iona l   fo rce   o f   abou t  50 N/m2 which  might 

fo rm  an   i naccuracy   i n   de t e rmin ing .  Y!.' Suppose the maximum pore   s i ze   o f  the 

membrane material is smaller than 10 pm. Accot-dtng t o  the Laplace  equation, 
. I  

2.B.YL.cos8 

r hP = - 
max 

the v a l u e  o f  YLecosB  can  b e  measured with an  accuracy of less than 0,25 D ' 

10-3 M/m. In the above  equation B is -a pore  geometry  cbeff ic ient ,   being 1 

f o r   c y l i n d r i c a l  por.es.  Using  equation 2.4 fo r   an   e s t ima t ion  of the uncer- 

t a i n t y  i n  Y:, 'in this case AY:, it fol lows that AY: < 0.25 o 10-3 N/m. 

The preceding  explanat ion  about  Y: aAd its determinat ion is only p a r t l y  

applicable  to  hydrophobic  microporous membranes under  process  conditions.  ,As  

far as i n t r i n s i c  membrane p r o p e r t i e s  are concerned' the  precedfng  dfscussion 
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remains  unaltered. 

Nevertheless ,  i t  can be easily  understood  bhat a l iqu id   mix ture   wi th  a 
composition  just   beneath the maximum allowable  concentration  can  give  prob- 
lems i n   t h e  membrane d i s t i l l a t i o n   p r o c e s s .   I n   p r a c t i c a l   a p p l i c a t i o n s  the 

pressure ,   exer ted  by the l i qu id   on   t he  membrane, will b.e higher   than  zero as 
a r e s u l t   o f , ,  among o the r   t h ings ,  pumping pressure.  If i n  tha t  case the l i q -  

u i d  has a s u r f a c e   t e n s i o n  YL,' which is o n l y   s l i g h t l y  higher than  Y:, it is 

poss ib le  t h a t , t h e  l i q u i d   p e n e t r a t e s   i n t o  the microporous membrane. 

. .  

. . Therefore,  Yp is introduced. The su r face   t ens ion  Yp is def ined as 
L,PC L,PC 

the 'minimum a l lowable   sur face   t ens ion  , under  process  conditions . The con- 

cen t r a t ion   co r re spond ing   t o  Yp ' is c a l l e d  'maximum a l lowable   concent ra t ion  
L,PC 

under   process   condi t iops ' . ,  . 

The relat ion  between the appl ied  pressure and the su r face   t ens ion  is 

given by the Laplace  equation  (equation 2.6 1. If the va lue   o f   the  maximum 

p o r e   s i z e  is known and  an  es t imat ion is m-ade f o r  the appl ied   p ressure ,   then  

t he  v a l u e   o f  YL.cosB can be ca lcu la ted .  If the curve   for  YL.cosB as a func- 

t i o n   o f  the  c o n c e n t r a t i o n  is  known, the  v a l u e   o f  Y: ' c a n  b e  obtained 
graphica l ly .   Determina t ion   of  Y: i n  this way makes use of  the  assumption 

t ha t  Y[' = Y! and as will be shown l a t e r  t h i s  assumption is not  always  cor- 
r e c t .  

,PC ' , 

9 PC 

A better approach is provided by making use  of  equation 2.5. Combina- 

t i o n   o f  t h i s  equation  and  equation 2.6 with the  boundary  condi t ion  that  YL = 

Yp i f  YL.cosB = O ,  t hen   y i e lds  t h e  fol lowing  equat ion:  L .. I 

If i n  the above  equation the 'va lues   ' fo r  a membrane d i s t i l l a t i o n   p r o c e s s  

are  s u b s t i t u t e d ,   t h e n  the ca l cu la t ed   va lue   o f  YL is e q u a l   t o  Y;,pc. For a 

proper  use  of  equation .2.7 it ,  is important that  . the  value  of AP, which is 

substituted, ,is higher   than the ,maximum p r e s s u r e   t o  be app l i ed   i n  the s y s -  

tem. 

The a b o v e   c a l c u l a t i o n  of' Y: r e p r o d u c e s   r e l i a b l e   r e s u l t s .   I f ,  how- 
eve r ,   an   accu ra t e   de t e rmina t ion   o f  Y: is desired, the value  of Y p  has 
t o  be  determined  experimentally. 

9 P C  

? PC L,  PC 
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This can be  done by determining the ' l i q u i d   e n t r y   p r e s s u r e '  as a func- 

t i o n   o f  the su r face   t ens ion   o f  the l i q u i d   ( i n   o t h e r  words: as a func t ion  of 
the concentrat ion  of   organic  material i n  water). For these measurements a 

dry  microporous membrane is p u t   i n t o  a ce l l  and the l i q u i d  is brought   into 

con tac t  with the membrane. The l i q u i d  is pùt  under  p.ressure  and t h i s  pres-  

s u r e  is slowly raised. The p res su re  at  which the l i q u i d   p e n e t r a t e s   i n t o  the . 
membrane is def ined as the l i qu id   en t ry   p re s su re .  By changing the l i q u i d  

composition, the l i q u i d   e n t r y   p r e s s u r e  is obtained as a funct ion   of  the 

concent ra t ion   o f   o rganic  material i n  water. In   o rder   to   min imize  the number 

o f   e x p e r i m e n t s ,  the ca l cu la t ed   va lue   o f  Y: can , b e  used as a f i r s t  est i-  
mate. In f igure   2 .2  the l iqu id   en t ry   p re s su re  is given as a funct ion   of  the 

we igh t .   f r ac t ion   o f   e thano l   i n  the mixture,   using a microporous  polypropylene 

membrane (Accurel O. 1 ) . 

Y PC 

weight fraction ethanol in water- 

FIGURE 2.2:   Liquid  entry  pressure as a func t ion   of  the weight 
f r a c t i o n   o f   e t h a n o l   i n  water f o r  a f la t  PP membrane . 
(Accurel O.  1 ) . 

Note that the po in t  where the l i q u i d   e n t r y   p r e s s u r e  is zero,  the con- 

c e n t r a t i o n  is equa l  t o  the maximum al lowable  concentrat ion  and the su r face  

tens ion   of  the l i q u i d  is e q u a l   t o  Y:. 
O f  course,  a margin  of  safety  should be taken. The poin t   o f   opera t ion  

should  always be  s i t ua t ed   on  the left hand side of the c u r v e   i n   f i g u r e  2.2 

and   preferab ly   no t  too c l o s e  t o  t h i s  curve. 
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The experimental  method involves  the fol lowing steps: 

- determination: of Y! by means of   the  'penetrat ing  drop method' ; 
L 

- ca lcu la t ion   o f  Y: 
Y PC 

- determinat ion of the 

composi t ion  ( in   case 

2.4: ExDerimental 

by means of   equat ion 2.7, i n  which YL = 

' l i qu id   en t ry   p re s su re '  as a func t ion   of  the l i q u i d  

the ca l cu la t ion   o f  YE is not   accurate   enough) .  
9 PC 

We have  seen that i n   t h i s   i n v e s t i g a t i o n  two d i f fe ren t   exper imenta l  
. techniques were used;  namely: 

- the penetrat ing  drop method; 

- the l i q u i d   e n t r y   p r e s s u r e  method. 

Both techniques are rather simple and  have  already  been  described i n  t he  

previous  paragraph. 
Penetrat ing  drop metho'd (PDM) measurements were carried out   using two 

'd i f fe ren t   k inds   o f   po lymers  (PVDF and P P )  with d i f f e r e n t   c h a r a c t e r i s t i c s . .  An 
overview  of the c h a r a c t e r i s t i c s   o f  the membranes used is given i n  table 

2.1. 

Table 2.1: P rope r t i e s   o f  membranes used. 

Property Acc.O.1 R 5/1 PV 159 F 0030 

mater ia1 PP 
conf igura t ion  f la t  
outer  diameter' (pm) - 
inner  diameter (pm) - 
membrane th ickness  (pm) 160 
poros i ty  ( % l  ca.  80 
av.  pore diameter (pm) O.  1 
max.pore diameter (pm) 0.40 

PP PVDF PVDF 

1800 1230 1500 
1 200 830 1 O00 
300 200 250 

ca.80 75 82 
0.1 
0.38 0.25 O .60 

c a p i l l a r y  

Liquid  entry  pressure ( L E P )  ' measur&nents were car r ied   ou t   on  f l a t  PP 

membranes and  on  capi l lary PVDF membranes. 
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The measurements,  both PDM measurements  and LEP measurements, were 

conducted with new un t r ea t ed  membranes which were only   used   in   one   exper i -  
ment o 

A11 the membranes were kindly  suppl ied by Enka A-G. (Product " Group 

Membrana). 

2 D 5 : Results 

In  this paragraph the r e s u l t s   o f  the penet ra t ing   d rop '  method: and . the 

l iquid  entry  pressure  measurements  w i l l  be presented.  In  o r d e r   t o   b e   a b l e   t o  
compare the r e s u l t s   o f  these meäsuremen'ts with the r e s u l t s  of the measure- 

ments  on  homogeneous,  smooth s u r f a c e s  the l i t e r a t u r e   r e s u l t s   o f  the latter 

are p resen ted   i n  table 2.2.   In this table the r e s u l t s   o f  the measurements 'on 

PTFE s u r f a c e s  are also  given. '  

Table 2.2: Some propert ies   of   hydrophobic  materials. 

Property PP PVDF  PTFE 

55 50 40.5 (6 )  

29 (10)  25 ( 9 )  18 ' ( 9 )  

?c Y, is the c r i t i c a 2   s u r f a c e   t e n s i o n  of wet t ing of- a homogeneous 
smooth material by a l iqu id   mix ture ,  which is def ined by the 
in t e rcep t   o f  the expe r imen ta l   l i ne   i n   f i gu re  1 with the l i n e  
where f3 = O ( 9 ) .  . . ' '. 

The r e s u l t s   o f  the penet ra t ing   d rop  method measurements are g i v e n   i n  

table 2.3  and some of  these measurements are a l s o   p l o t t e d   i n   f i g u r e s  2.3  and 

2 .4 .   Al though the  v a l u e s   o b t a i n e d   f o r  .Y: d e v i a t e   s t r o n g l y  from Y E o ,  some 

in t e re s t ing   conc lus ions   can  be drawn  from these measurements. 

F i r s t ,  it is remarkable that .the l i q u i d   p e n e t r a t e s   i n t o .  PVDF membranes 

a t  a higher   value  of  YL than i t  does   in to  PP membranes. This r e s u l t  is unex- 
petted s i n c e  PVDF is a more hydrophobic material than PP. 

The second  conclusion which can be  obtained  from these measurements is 

that a l l  the va lues  of Y: are lower  than the value'  of Yio. Some o f  the meas- 
urements (e-g. a lcohol lwater   mix tures   in   contac t  with flat PP membranes) 

-.- 

g i v e   v a l u e s   f o r  YE which are almost as low as Ye. This means that con tac t  
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angle  measurements  on  homogeneous,.smoo,th -materials form n o t  a t  a l l  a good 

c r i t e r i o n   f o r   t h e   a p p l i c a b i l i t y   o f  membrane d i s t i l l a t i o n .  The only measure- 

m e n t s   i n  which v a l u e s   o f  Y: are ‘ - rough ly ’   equa l   t o  Y;’ are the experiments 
with aqueous  mïxtures  of DMF, DMAc and DMSO on PVDF porous membranes and 

even f o r  d i f f e ren t   t ypes   o f  PVDF membranes d i f f e rences   occu r .  
. .. . ”_ 

‘TcIPMFI 
0 I I 1 

l 2 3 4  
number of C atoms 

&IPWFI 
I I I I 

1 2 3 4  
number .o f  C atoms 

FIGURE 2.3 : Y: for   aqueous  mixtures   .of   a lcohols .  

FIGURE 2.4: Y: for   aqueous  mixtures   of   carboxy1ic”acids .  

The , th i rd  conc lus ion ’ tha t   can  be drawn  from the PDM-experiments is that  

f o r  a s p e c i f i c  membrane Y: c a n  b e  dependent  upon the composition of the 

l i q u i d   m i x t u r e .  For PP membranes the value  of  YL seems t o  be dependent upon 

t h e  class of   o rganic   so lu tes   on ly   . and .   no t   on  the molecular   s ize   within a 

series. For ins tance ;   for  a f la t  PP membrane (Accurel 0.1) the fol lowing 
va lues   fo r  Y: are found : 

P 

a lcohols  - 29 . l O - ’  N / m ;  . . .  

carboxyl ic  acids .- 32 . 10‘3 N/m;  I 

DMF/DMAc - 36 . 10-3 N/m. 

, . .  

On the other  hand, for..PVDF  membranes this’ dependence is d i f f e r e n t .  Both f o r  

a series of  aqueous  mixtures  of  alcohols and f o r  a series of  aqueous mix- 
t u r e s   o f   s a r b o x y l i c  ac ids .  t he  values  of Y! decrease when .the number of  C- 

atoms  increases (see a l s o   f i g u r e s  2.3 and 2.4): , 
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Table 2.3: Penetrating  drop  measurements  of  aqueous  mixtures  of  organic 
component s. 

Membrane 

Organic PV 159 F 0030 R 5/1 Acc. 0.1 

component 

w t . %  Y; w t . %  Y; w t . %  Y; w t . %  Y; 

methanol 37 37.8 35 38.5 69 29.0 74 28.0 
e thano l  23.5 36.5 21 38.0 35 31.5 41 29.5 
propanol-l 11.5 33.5 10.5 35.0 13 32.0 15.5 29.5 
butanol-1 4.5 31.0 3.5 32.0 4.5 31.0 5.5 29.0 
butanol-2 9 29.0 7.5 31 .o 8.5 29.5 9 29.0 

formic  acid 59 47.5 53 48.9 100 -- 100 -- 
a c e t  i e  ac i d  31 43.4 27 44.7 81 32.2 83 31.8 
propionic   ac id  17  39.0 15.5 39.8 37 33.3 43 32.5 
b u t y r i c  acid 5  38 5 38 9 32.5 9 32.5 

DMAc 
DMF . 

DMSO 

41 48 39 50 91 36 94 35.5 
43 48 39 50 95 36 98 35.5 
61 50 57 51 100 -- 100 -- 

acetone 33  35.0 31 35.8 47 31.2 54  29.8 
1 -4 dioxane 37 44.3 35  45.0 61 38.2 64  37.7 

Liquid  entry  pressure  measurements were c a r r i e d   o u t  to f i n d   o u t  whether 

the values   of  the PDM-measurements and the use of these   va lues   fo r  the cal- 
cu la t ion   o f  Yp by means of equat ion 2.7 are c o r r e c t .  The LEP-measurements 

were c a r r i e d   o u t  on f la t  PP membranes and  on c a p i l l a r y  PVDF membranes with 

aqueous  mixtures  of  ethanol.  The r e s u l t s   o f   t h e  measurements are g i v e n   i n  
f . igure 2.5. I n  this  f i g u r e  the LEP-value is p l o t t e d  as a func t ion  o f  the 

s u r f a c e   t e n s i o n   o f  the aqueous   e thanol   mix ture .  The va lues  of Yp which 

are ca l cu la t ed  by means of  equation 2.7 are r e p r e s e n t e d   i n   f i g u r e  2.5 by 
dashed l i n e s .  ' 

L,  PC 

L,PC 

From this f i g u r e  it can be  seen that: 

- the v a l u e   o f  Y;, measured by the PDM is i n  good  accordance with the LEP- 

- the va lues   o f  Yp which are ca l cu la t ed  by equat ion 2.7, differ from the 

values  measured. by means o f  the  LEP. A reason   for  this dev ia t ion  might be  

that d(YL.cosO)/dYL is no t   exac t ly  -1. Furthermore, the membrane s t r u c t u r e  
might be a factor   of   importance;  

measurements; 

L,  PC 
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- the s lope   o f  the LEP-curve is not   cons tan t .   This  means that the use  of  . 

equat ion 2..7 is limited as was a l ready   d i scussed   before .  The dev ia t ion '  

might be caused by the fact that e thanol  is not  a sur fac tan t   and  i ts  mix- 
t u r e s  with water are f a r  from idea-l. 

FIGURE 2.5: Liquid  entry  pressure as a func t ion  of the su r face   t ens ion  
of e thanol /water   mixtures .  

I n   s p i t e  of the s l i g h t   d i f f e r e n c e  between the measured  and the c a l -  

cu la ted   curves  it can be concluded that  the desc r ip t ibn   o f  the w e t t a b i l i t y  
cr i ter ia  f o r  a membrane d i s t i l l a t i o n   s y s t e m  by means of the penetrat ing  drop 

method and the c a l c u l a t i o n  of the values  of Y: is rather good. 
¶ P C  

2.6 : Discussion 

From the r e s u l t s  that are presented here it becomes *clear  tha t  the 

c a l c u l a t i o n  of a maximum a l lowable   concent ra t ion  of organic  material on the 

' basis of  simple  contact  angle  measurements  of a d r o p l e t  on a homogeneous 
material is  n o t   p o s s i b l e .  The measured va lues  of Y;' o b t a i n e d   i n   t h a t  way 

cannot be used t o   d e s c r i b e  the penet ra t ion  of a l i q u i d   i n t o  a porous mate- 

rial. The values  of Y:¶ measured by means of  t h e  PDM, are lower  than Y;' and 
higher   than Yc and its exact   value  can  only be obtained by measurement. 

I n  t h i s  paragraph a qua l i t a t ive   exp lana t ion   fo r  the difference  between 

the  v a l u e s   o f  YL on  one  hand  and Y;' and Yc on the  o t h e r  w i l l  be  given. The 

v a l u e   o f  Y: w i l l  depend upon the polymer material, the porous   s t ruc ture   o f  

P 
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the  membrane  and the:  c o m p o s i t i o n   o f  t he  l iqu id   mix ture .  The value  of  YsO 

(and .Y  depends   upon the polymer material and i n  some cases a l s o   o n  the  

composition  of the l iqu id   mix ture .  For ins tance ,   Berne t t  e t  a l .  ( 6 )  found 

L 
C 

d i f f e r e n t   v a l u e s   f o r  Y of  polyethylene  and  Teflon when measured with d i f -  
C 

are known e x c e p t   f o r  the o n e s   g i v e n   i n  table 2.2, it is expected that Ye 

might be s l i g h t l y   d i f f e r e n t   f o r   d i f f e r e n t   l i q u i d   m i x t u r e s   i n   c o n t a c t  with 

these materials o 

However, t h e   a b o v e   e x p l a n a t i o n  for  '.the p o s s i b l e   d i f f e r e n c e   i n  Y does 

n o t   e x p l a i n  why the value  of  Y: is (much) lower  than Y;'. This experimental  

fact can be  explained by the ext remely   h igh .sur face   poros i ty   o f  the membrane 

material. Davies e t  al .  (1 1 ) stated tha t  on  rough .o r  ha i ry   sur faces   a lways  

h igher   contac t   angles  are obtained  than  on ' a  smooth su r face   o f  the same 

C 

material. This can be  understood by the fo l lowing   re la t ion ,   der ived  by 

Cassie and  Baxter  (12): 

which g ives  a r e l a t i o n  between  the  contact  angle  measured  on a rough  sur- 

f a c e  ( 6  f ) and the contact  angle  measured  on ,a smooth s u r f a c e  ( 6 )  e In  equa- 

t i o n   2 . 8  f and  f are the f r a c t i o n s  o f  the  compos i t e   su r f ace  which are 

l i q u i d / s o l i d  and l i q u i d / a i r   r e s p e c t i v e l y .  This equat ion   can   on ly  be  used i n  
1 2 

case  f < f l *  I n  the o the r   ca se  ( f2  > f l )  cos 0 '  would be  smaller than  zero,  

which would imply that 6 T is always l a rge r   t han  90° e This should mean t h a t  

such a surface  never   could be wetted. But it can be eas i ly   unders tood  that ,  
i f  e becomes zero or approaches  zero, the su r face  of the materiaï (even 

i n s i d e  the pores)  becomes  completely wetted. 

For highly  porous membranes, l i k e  the ones tha t  are used in   ou r   i nves -  

t i g a t i o n s ,  the v a l u e   o f  f 2  w i l l  have  a subs t an t i a l   va lue   and  may even b e  ,, 

larger than O 65 i n  which case   equat ion  2.8  no longer is val id .   (Note : the 

fact tcat the ove ra l l   po ros i ty   o f  a membrane is 80%  does  not mean that f 2  is 

equa l   t o  O. 8 ; probably this value' is much lower) .   In   cases  where equat ion 

2.8 is v a l i d ,  0 '  is a func t ion   of  the porosi ty .  , 

In  case of membrane d i s t i l l a t i o n  the membrane w i l l  be  wetted only i f  O V  

< g o o .  F o r   d i f f e r e n t   v a l u e s   o f  f2 ,  the contac t   angle  on a smooth supface 8 

is l isted i n  table 2.4. 
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f 2  8 ( " 3  

O 90 
0.2 75 
0.4  48 
0.45 35 
O .48 23 
O .5 O 

Table 2.4 : . ,, . .  
Contact  angle  on a smooth s u r f a c e  ( 6 )  f o r  
which a .'porous s u b s t r a t e  w i t h  po re   f r ac t ion  f 2  
w i l l  be wetted ( 8 '  = g o o ) .  

The v a l u e s   i n  t h i s  table ara c a l c u l a t e d  by means o f '  equat ion 2.8 with 

the boundary  condition that cos 8 '  = O. From ' t h i s  t a b l e  i t  can 'be   seen  that 

f o r  f 2  i n  t h e  r a n g e   o f  0.45 till  0.5 a small v a r i a t i o n   i n   p o r o s i t y  (o r  

better: i n   l i q u i d / a i r   s u r f a c e   f r a c t i o n )  leads t o   a n  enormous d i f f e r e n c e   i n  

required  contact   angle   and w i l l  a l s o  lead t o ' d i f f e r e n c e s   i n  YL. 
It must be mentioned  again  that   not a l l  the r e s u l t s   c a n  be explained by 

t h i s  q u a l i t a t i v e   d e s c r i p t i o n .  For ins tance ,  the f a c t  tha t  Y: fo r   a l coho l s  

and  carboxylic  acids  on PVDF membranes is lowered as the '  number of  C-atoms 

increases ,  whereas the   va lues   on   t he  PP membranes remain  constant,   cannot be 

explained by the above  diS.Cussion.  Therefore, more invest igat ions  especia . l ly  

P 

on the inf luence  of the membrane s t r u c t u r e  on wet t ing phenomena-, will be  

carr ied out.  
. .  

. .  

2.7: Conclusions 

The ma.in conclusion that can be  drawn  from our   i nves t iga t ions  is tha t  

t h e  maximum al lowable  concentrat ion of organic  material in   water   cannot   be 

c a l c u l a t e d ,   b u t   h a s , t o  be determined  experimëntally.  

The 'penetrat ing  drop method' is a good  alnd' experimental ly   s imple 

method for   de te rmining  the maximum a l lowable   concent ra t ion   of   o rganic  mat,e- 

r ia1 i n  water and its cor responding   sur face   t ens ion   (ca l led  YL). 
The semi-empirical way, t o   de t e rmine  the su r face   t ens ion . ' a t   p rocess  

c o n d i t i o n s ,  Y:,pc, making  use  of  the penetrat ing  drop method and  equation 
2.7 g i v e s   f a i r l y  good r e s u l t s ,  which can be used t o   s a f e l y  estimate.the 
maximum a l lowable   concent ra t ion  a t  process   condi t ions.  

P 
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2. b : Symbols 

The symbols t h a t  are u s e d   i n  this chapter  are conform the terminology 
of membrane d i s t i l l a t i o n  (1 3 ) .  Additional  symbols or symbols  which are 
d e f i n e d  a different way are marked with the *-symbol. 

LG?L?XEQG? 
a a c t i v i t y   o f   s u r f a c t a n t  
B pore  geometry  coeff ic ient  

C (es. 5 )  constant  

fl 
f 2  

(eq. 8 )  l i q u i d - s o l i d   s u r f a c e   f r a c t i o n  

(es. 8)  l i q u i d - a i r   s u r f a c e   f r a c t i o n  

AP p r e s s u r e   d i f f e r e n c e  

vapour   p ressure   d i f fe rence  

R gas   constant  (E 8.310) 

r maximum pore   rad ius  max 
AT . t empera ture   d i f fe rence  

N/m2 

N/m2 f 

J/mol O C 

w 
o c  

' f  

G?xe_!Lsxmbol_s_ 
r s u r f a c e   e x c e s s   a c t i v i t y   o f   s u r f a c t a n t  mol/m2 % 

Y su r face   t ens   i on  N/m 

cr i t ical  su r face   t ens ion   o f   we t t ing  N/m n 

YCO su r face   t ens ion  of a l iqu id   (mix tu re )  

which has a con tac t   ang le  of 90° when brought 

i n   c o n t a c t  with a homogeneous smooth s o l i d  ~ 

mater ia1 N/m 

su r face   t ens ion   o f  a l i qu id   (mix tu re )  that 

is on the verge of p e n e t r a t i o n   i n t o  the 
y: 

pores  of a (micro)porous membrane 

y:, pc Y: under   process   condi t ions 

o contac t   angle  

0' (eq. 8 )  con tac t   ang le  on a rough  surface 

sub,s_c_rlet_s, 
i index 
L l i q u i d  

S sol id 

S L  so l id - l iqu id  

N/m 

N/m 
O 

O 

f 

n 

* 
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Chapter 3 :  

INFLUENCE OF THE  STRUCTURE OF A MICROPOROUS  MEMBRANE ON ITS WETTABILITY 

A.C.M. Franken, J.A.M. Nolten, D. Bargeman, M.H.V. Mulder & C.A. Smolders 

Summary 

Wetting  of  microporous membranes is influenced by three f a c t o r s :  t h e  

membrane material, the na ture   o f  the pene t r a t ing   l i qu id  and the membrane 

s t r u c t u r e .   I n   t h i s   c h a p t e r  it is shown that  all kinds  of  membrane s t ruc-  
tu re s   can  be classified i n t o  two basic t y p e s   o f   s t r u c t u r e s ,  the 'sharp- 

edged' and the 'rounded'   pore  structure,   and t h a t  these s t r u c t u r e s  are 

determined by the membrane prepara t ion  method. 

Furthermore, i t  is shown t h a t  membranes wi th  a 'sharp-edged'  pore 

s t r u c t u r e  show more l iqu id- repe l lency   than   those  with,  a 'rounded'  pore 
s t r u c t u r e .  

3.1 : Introduct ion 

Wetting phenomena p l ay   an   impor t an t   ro l e   i n   s eve ra l  f i e l d s  of membrane 

t e c h n o l o g y .   I n   m i c r o f i l t r a t i o n   a n d   u l t r a f i l t r a t i o n  it is important that   the  

membrane is wetted by the l i q u i d  which is t o  be f i l t e r e d .  If the l i q u i d  

s o l u t i o n   d o e s   n o t   p e n e t r a t e   i n t o  the  membrane pores   spontaneously  an  exter-  

n a l   p r e s s u r e  must be  exer ted   on to  the  l i q u i d   i n   o r d e r   t o  make it penet ra te .  

In  cases  where t h i s  is imposs ib le   o r   unprac t ica l   an  a r t i f i ce  has t o  b e  

a p p l i e d   i n   o r d e r   t o  wet the membrane. For ins tance ,  membranes made of  hy- 

drophobic materials l i k e  PTFE o r  PP are not  wetted spontaneously  by  an 
aqueous  solution  and  depending  on the p o r e   s i z e ,  sometimes  increased pres- 

s u r e s  up till s e v e r a l  bars are necessa ry   t o   en fo rce   pene t r a t ion .   In  t h i s  

case a wetting-soiution  (e.g.   ethanol)  . .can be used i n  order, t o  wet the 

membrane a t  ambient  pressure.  

On t h e   o t h e r   h a n d ,   i n  a process  l i k e  membrane d i s t i l l a t i o n  it is es- 
s e n t i a l  that the hydrophobic membrane should  not be wetted by the  l i q u i d   t o  
be treated. Mostly  aqueous  solutions with a high  su r face   t ens ion  are used 

i n  which the t o t a l  amount of   organic  compounds does  not  exceed a c e r t a i n  
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limit. In the p rev ious   chap te r   we t t ing   c r i t e r i a   fo r  the a p p l i c a b i l i t y   o f  

membrane d is t i l l a t ion   have   been   formula ted  ( l  ) e  

Charac ter iza t ion   of  the H e t t a b i l i t y   o f  materials is mainly  done  by 
contact  angle  measurements.  These measurements  provide  information  about 

the interact ion  between a polymer  and a l iquid.   Disadvantages  of  this tech- 

nique are that the measurements  have  to be carried o u t  on  smooth homogene- 

ous  surfaces  and that the measurements o f t e n  Show l a r g e   d e v i a t i o n s .   I n  

l i t e ra ture   mos t ly   an   exper imenta l   inaccuracy   of   about  l 0  is given. However, 

the differences  between the measurements  of d i f f e r e n t   a u t h o r s  are i n  most 

cases much l a r g e r .  For  example, fo r  a d rop le t   o f  water on PTFE su r faces ,  

contact   angles   varying  f rom 108O t o  1 1 5 O  have  been  reported (2 -5) .  Also the 

con tac t   ang le   hys t e re s i s   fo rms  a ser ious   exper imenta l   and   in te rpre ta t ive  

p r  ob lem. 

Another  disadvantage  of  contact  angle  measurements is that the method 

cannot be used  on  porous materials direct ly .   Therefore ,   an  experimental  
method, c a l l e d  the 'penetrating  drop  method' ,  has been  developed ( l  ). I n  

t h i s  method a d r o p l e t  is brought   in to   contac t  with the porous membrane and 
the condi t ions   for   spontaneous   pene t ra t ion   o f  t h i s  d r o p l e t  are found by 

changing the so lu te   concent ra t ion .  By trials with  narrowing series of   solu-  

t ion  composi t ions,  the composition  of a l iqu id   mix ture  is determined at 

which the d r o p l e t  is on the verge of p e n e t r a t i o n   i n t o  the membrane. 

As a l r eady  has been  pointed  out  in the previous   chapter ,  the s t r u c t u r e  

of the porous matérial p l ays   an   impor t an t   ro l e   i n   we t t ing  phenomena. I n  

this chapter ,  the inf luence   o f  the membrane s t r u c t u r e  w i l l  be  inves t iga t ed  

e x p l i c i t l y .  

Contac t   angles   p rovide   in format ion   about   the   in te rac t ion   of  a s o l i d  
m a t e r i a l   i n   c o n t a c t  with a l i q u i d .  If the contac t   angle ,  8 ,  is l a rge r   t han  

90° o then the l iqu id   t ends  t o  form a b a l l  (see f i g u r e  3 .l a ) .  I n  case of  a 

water d r o p l e t ,  this material is called  hydrophobic.  When a good- i n t e r a c t i o n  
between  l iquid  and  sol id  material e x i s t s ,  8 w i l l  be  lower  than goo. Such a 
material is ca l led   hydrophi l ic   in   case   o f  a water d r o p l e t  (see f i g u r e  
3.1 c )  D 
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e > 900 I e=9v e < 90" 
9. 

,*.a , 

FIGURE 3.1: Contact   angles  of a l i q u i d   d r o p l e t  on a so l id  material. 

When a porduz material is used, t he  s i t u a t i o n   c a n  be represented  by a 
cap i l l a ry .   Pene t r a t ion  o'f'a l i q u i d   i n t o  a c a p i l l a r y  is mathematically de- 

scribed by the Laplace  equation. This equat ion   (3  . l  ) g i v e s  a r e l a t i o n  be- 

tween t h e  p re s su re   d i f f e rence  AP a c r o s s  a meniscus i n  a c a p i l l a r y   p o r e  of a 

c e r t a i n  material u s i n g  a c e r t a i n   l i q u i d .  

- ~ . B . Y  .COSEI 
AP = 

L 
r (3.1 1 

I n  t h i s  equat ion AP is expressed  in   such a way that  i t  r e p r e s e n t s  the pres- 

s u r e  that is needed t o  make a l i q u i d   p e n e t r a t e   i n t o  a c a p i l l a r y .  B repre-  
s e n t s  a pore   geometry   fac tor ;   in  case of  a c y l i n d r i c a l  capi l lary B = 1 .  

Furthermore, YL is the  s u r f a c e   t e n s i o n   o f  t he  l i q u i d ,  r the inne r   r ad ius   o f  
the cap i l l a ry   and  8 the contact  angle  between the s o l i d  material and the 

l i q u i d .  
From equat ion 3.1 it can be seen that a con tac t   ang le   l a rge r   t han  90° 

(i. e. cos ine  8 is negat ive)  leads t o  a p o s i t i v e   v a l u e  of AP and t h e r e f o r e  a 

c e r t a i n   e x t e r n a l   p r e s s u r e  w i l l  be needed t o  make t h e  l i q u i d   p e n e t r a t e   i n t o  

t h e  c a p i l l a r y .   I n   a n   e q u i l i b r i u m   s i t u a t i o n ,  as  is shown i n   f i g u r e   ' 3 . 2 ,  

8 B 90" e<w 
capillary  capillary 

depression rise 

FIGURE 3 .2 :   Contac t   angles   and   cap i l la ry  phenomena. 
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capi l la ry   depress ion   occurs .  On the o the r  hand., i f  8 is lower  than g o o ,  

cos ine  9 is p o s i t i v e ,   r e s u l t i n g   i n  a negat ive  value  of  AP. I n  this case the  

l i q u i d  w i l l  spontaneous ly   pene t ra te   in to  the c a p i l l a r y .   I n  the equ i l ib r ium 
s i t u a t i o n  this r e s u l t s   i n   c a p i l l a r y  rise. 

In the most s i m p l i f i e d  model the p o r e s   i n  a membrane can be  considered 

as a number o f   c y l i n d r i c a l   c a p i l l a r i e s .  However, this s i t u a t i o n   d o e s   n o t  

hold when real membranes are considered. The only  commercial membrarxes, for  
which t h i s  requirement is approached, are Nuclepore-membranes  and  even  for 

these membranes it was shown  by Hernandez e t  a l .  that the pores  cannot be  

considered as c y l i n d r i c a l   c a p i l l a r i e s  (6 )  o 

The fact that a membrane cannot b e  considered as a number o f   cy l ind r i -  

c a l   c a p i l l a r i e s   d o e s   n o t  mean that the considerat ions  given  above  about  
wet t ing  do  not   apply.   In   pr inciple ,  the devia t ions   f rom  idea l i ty   can  be 

covered by adjustment  of the pore  geometry  factor B. This c a n   a l s o  be found 

i n   l i t e r a t u r e ,  among o t h e r s   i n   a n  ASTM-method i n  which the maximum pore 

s i z e   o f  a membrane is determined by  means of  the maximum bubble   pressure 

method. I n  t h i s  method, B is f i x e d  a t  a value  of O .715 (7)  e 
As the f a c t o r  B can  vary  between O e 5 and 1 . O ( B ) ,  t h i s  v a r i a t i o n   c a n  

never be r e s p o n s i b l e   f o r  a change i n   s i g n   o f  AP in   equa t ion   3 .1 .  This means 

that the contac t   angle  is the only  parameter  which  determines whether an  

e x t e r n a l   p r e s s u r e  is needed f o r  the pene t r a t ion  of a l i q u i d   i n t o  a mem- 

brane.  According  to  equation 3.1 and f igure   3 .2 ,  a spontaneous  penetrat ion 

of a l i q u i d   i n t o  a membrane occurs i f  the contac t   angle  8 is smal le r   than  

9 0 " -  From previous  experience,  however, it is known that the con tac t   ang le  

can   o f t en  become  (much) lower  than 90" before a spontaneous  penetrat ion of 

a l i q u i d   i n t o  a membrane occurs  (1,9 D 1 O 1 1 ) o 

The po res   i n  a membrane o f t e n  show a n   i r r e g u l a r   s t r u c t u r e  which cannot 
be  represented as a bund le   o f   cy l ind r i ca l   cap i l l a r i e s .   I n   f i gu re  3 -3  sev-  
eral  d i f f e r e n t   p o r e   s t r u c t u r e s  are given. When the cons t r i c t ions   o f  these 
pores- are considered, a l l  the d i f f e ren t   po re   s t ruc tu res   can   i n  fact b e  

condensed t o  two basic types   o f   cons t r ic t ions ,   be ing  a 9 r ~ u n d e d 9   p o r e   t y p e  
( type  1) and a 'sharp-edged*  pore  type  (type 11). 

Type I pore   s t ruc tures   have  already been  described by K i m  and   Harr io t t  
( 9 )  o I n  their inves t iga t ions   they   used  Gore-Tex TA 004 PTFE membranes with 
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1 2 '  3 4 5 6 

IC 
FIGURE 3 .3 :   Severa l   pore   s t ruc tures  (s ide views).  

a maximum pore   s ize   o f  2.0 ym. They considered the pores   i n   t hese  membranes 

t o  be similar t o  the h o l e   i n  a doughnut. In  our   inves t iga t ion   such   pores  

are refered t o  as 'rounded'  pores. Schematically a d e s c r i p t i o n  is given in 

f igure  3 .4 .  

FIGURE 3.4:  Side  view  of the l iqu id /a i r   in te r face   in   a   ' rounded '   pore ;  
phase ( 1  ) is a l i q u i d  and phase ( 2 )  is a i r .  

For t h i s  (circular)   geometry the fol lowing  equat ion  for  t he  pressure  d i f -  

f e r ence   ac ross  t he  l i q u i d / a i r   i n t e r f a c e   c a n  be der ived ( 9 )  : 

2 . yL . cOs(8-a) 
P1 - P2 = - r. (1  + (R/ r ) . ( l -cosa) )  ( 3 . 2 )  

I . .  
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The maximum p r e s s u r e   d i f f e r e n c e   f o r   p e n e t r a t i o n ,  (P1-P2)max as a func t ion  

of the pos i t i on   o f  the l i q u i d / a i r   i n t e r f a c e  is obtained when the d e r i v a t i v e  
of ( P  -P ) with r e s p e c t   t o  01 equals   zero.  From equation  3.2 we t hen   f i nd :  l 2  

From equations  3.2  and  3.3 i t  fol lows that a pressure is needed t o   f o r c e  
the  l i q u i d   i n t 0  the membrane even when 0 is smaller   than 9 O o o  For in s t anceo  

if r = R and 0 = 75' y it can be . ca l cu la t ed  from  equation  3.3 that 01 = 

-76.1 O S u b s t i t u t i n g  ,these values   into  equat ion  3 .2   gives  a maximum pres- 

s u r e   o f   a b o u t  0O50"(2.YL/r). TWO t h i n g s  become clear   , f rom t h i s  example.  In 
the first P lacep  i t  is shown t h a t  even when the i n t r i n s i c   c o n t a c t   a n g l e  

becomes smaller than 90" a p res su re  is needed t o  make the l i q u i d   p e n e t r a t e  

i n t 0  the membrane. .Secondly  one  finds that the maximum pressure is no t  

reached at the po in t  where 01 = O o  and the . cons t r i c t ion  has i ts  lowest value 
of 2r, 

The second  type   o f   cons t r ic t ion  is formed by a so-called  Pshalap-edgedP 

s t r u c t u r e ,  A schematic rep resen ta t ion   o f  t h i s  kind of s t r u c t u r e  is g iven   i n  

f igure  3 .5 .  

FIGURE 3.5: Side  view  of the l i q u i d / a i r   i n t e r f a c e   i n  a 9sharp-edgedv 
pore;  phase ( 1 )  is a l i q u i d  and phase ( 2 )  is a i r ,  

. .  

Before the penet ra t ion   o f  a l i q u i d   i n t o  a Psharp-edged9 pore  can be  

discussed two assumptions  have t o  b e  made. The first assumption is that the 
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s t r u c t u r e  tha t  is considered is an ideal s t r u c t u r e ;   i n   o t h e r  words the 

sharp  edge  of   the  pore is i n f i n i t e l y   s h a r p .  The second  assumption is t h a t  
the in t r in s i c   con tac t   ang le   be tween   so l id  and l iquid  does  not   change  unless  
there is no o t h e r  way t o   p a s s  a s t r u c t u r a l  barrier. In   f ac t   bo th  assump- 

t i o n s  are a l s o   i m p l i c i t l y  made when a 'rounded'  pore is considered. I n  case  

of  a 'sharp-edged'  pore,  however, it is necessa ry   t o  s ta te  these assump- 

t i ons   exp l i c i t l y ,   because  the e f f e c t s  are more pronounced here. 

In  case of a 'sharp-edged'  pore the fol lowing  equat ion  descr ibes  the 

p res su re   d i f f e rence   ac ross  the l i q u i d / a i r   i n t e r f a c e :  

2 . yL . cos(8-a) 
P, - P2 = - r . ( ( R h )  .cosa) (3.4) 

This equat ion looks almost similar t o  the equat ion t h a t  is  used t o  describe 

the penet ra t ion   o f  a l i q u i d   i n t o  a 'rounded'  pore. The d i f f e r e n c e   i n  t h e  

denominater is caused by the f a c t  tha t  the curva ture   o f  the pore is convex 

i n  the former  case  (equation  3.3  and  concave  in the l a t t e r  (equation  3.4 1. 
U n t i l  'the c o n s t r i c t i o n  . i s  r e a c h e d  ( a  < amax),   the   contact   angle  8 has  a 

constant   value.  

When a = a t h e  value  of  the contac t   angle  has t o  change  in   order  

t o   p a s s  the 'sharp-edged' barrier. The changing  contact  angle is r e f e r r e d  

t o  as 8 ' .  I n  t h i s  case Che p res su re   d i f f e rence   ac ross  the l i q u i d l a i r  

i n t e r f a c e  is given  by the fol lowing  equat ion:  

max ' 

I f  8 is e q u a l   t o   o r  smaller t h a n  ff the value  of  ( P , - P 2 )  reaches 

i t s  lowes t   (mos t   nega t ive)   va lue  at the poin t  where 8 '  = a An example 

of  t h i s  s i t u a t i o n  is schemat ica l ly   g iven   in  the l e f t  hand p i c t u r e   o f   f i g u r e  
3 .6 ,   in  which the penet ra t ion   o f  a l i q u i d  with a contac t   angle  8 = 50° i n t o  

a ' sha rp -edged '   po re  with an a value  of  70" is given.   In  t h e  s i t u a t i o n  

where 8 is l a rge r   t han  a ( P  -P ) becomes  minimal a t  the poin t  where a = 

a . For an example : see s i t u a t i o n  ''arr of the r i g h t  hand p i c t u r e   o f   f i g u r e  

3.6 (amax = 70" and 8 = 80" ) .  

max ' 
rnax 

max 

max' 1 2 

max 

The maximum value  of  AP t o  overcome t h e  ' sharp-edged '   barr ier ,  

is reached when 8 '  becomes e q u a l   t o  (2.amax f 8 ) .  T h i s  value is 

equa l   t o  8 again when 8 is d e f i n e d   i n   r e l a t i o n   t o   t h e   w a l l   o f  t he  lower 

p a r t  of  the c a p i l l a r y .  It must be  remembered t h a t  the value  of  a a t  the 

-p2)max s 
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o the r  side of  the 'barrier is d e f i n e d   i n   s u c h  a way that its va lue  is nega- 

t i ve .   Fo r   example ,  i f  r / R  = O. 34  and 8 is 50" then the value of cc is 

70" o r  -70". The va lue   o f  (P ,  -P2Imin = -2.YL/r and ( P  -P ) = 

0.5*(2.YL/r) D 

max 

7 2 max 

o 

o o 
ctmax=700 e= 800 1 

FIGURE 3 - 6 :  In t e r f aces   o f  a p e n e t r a t i n g   l i q u i d  with a con tac t   ang le  
8 = 50°,  r e spec t ive ly   80° ,   i n to  a 'sharp-edged'  pore with 
a = 70". max 

The most 

cerned is the 

i n t e r e s t i n g   v a r i a b l e  as faro as membrane operat ions are con- 

p re s su re  that is needed t o  make the l i q u i d   p e n e t r a t e   i n t o  the 

membrane. In   f i gu re  3.7 the r e l a t i v e  maximum pres su re   d i f f e rence  (Prel)iax, 

def ined as (Pl-P2)max/(2.Y / r ) ,  is given as a func t ion  of ( r / R )  f o r   v a r i o u s  

contac t   angles .  
L 

Figure 3.7 s h o w s   c l e a r l y  that  the p e n e t r a t i o n   p r e s s u r e  Prel becomes 

higher  when the contac t   angle  8 is larger. It also shows that the maximum 

pene t r a t ion   p re s su re   i nc reases  when r / R  decreases. This has, f o r   i n s t a n c e ,  
as a consequence that a h i g h e r   r e l a t i v e   p r e s s u r e  is needed t o  make a l i q u i d  

with a contact   angle   of  60" p e n e t r a t e   i n t o  a 'sharp-edged'  pore with r / R  = 

O. 4 t h a n   t o  make a l i q u i d  with a contact   angle   of  1 20 O p e n e t r a t e   i n t o  a 
c y l i n d r i c a l  capillary ( r / R  = 1 ) . 
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O 0.2 0.4 0.6 0.8 1 
r/R - 

FIGURE 3.7:   Relat ive maximum penet ra t ion   p ressure  as a funct ion of 
( r / R )  for  'sharp-edged'  pores. The numbers a t  the curves 
are the  i n t r i n s i c   c o n t a c t   a n g l e s .  

The value  of  0 f o r  which a penet ra t ion   p ressure  is needed,  can be ob- 
ta ined  from f i g u r e  3.7 or ca lcu la t ed   exac t ly  from equat ion 3.5. From t h i s  

equat ion it fol lows tha t  ( P  -P ) is p o s i t i v e  when cos(€l'-olmax) < O .  Knowing 

tha t  t h e  maximum value  of  ( P  -P is reached when 8 '  = 2.amax+€l, i t  can b e  

c a l c u l a t e d  that the value of 2.01 +8-01 = 01 +0  must  be l a r g e r   t h a n  90° 

i n   o rde r   t o   have  a pos i t i ve   pene t r a t ion  pressure. On t h e  other   hand,  i f  

01 +8  < 90° ,  s p o n t a n e o u s   p e n e t r a t i o n   i n t o  the membrane occurs.  For in -  

s t a n c e ,  i f  r / R  = O. 4 ,   t h e n  amax = 66.4O.  From the  above  considerat ion it 

follows ' that   spontaneous  penetrat ion  only  occurs  when 0 < 23.6O. 

1 2  

1 2  

max  max  max 

max 

A l l  the pore   s t ruc tu res  that are known i n  membrane l i t e r a t u r e   c a n  b e  

schematical ly   represented by one  of the s t r u c t u r e s  shown i n   f i g u r e   3 . 3 .  Be- 

sides t h e  f a c t   t h a t  a l l  these s t ruc tu res   can  be reduced t o  two bas ic   types  
o f   cons t r i c t ion ,  it is a l s o   p o s s i b l e   t o .   p r e d i c t  which type   o f   cons t r i c t ion  

is l i k e l y   t o   o c c u r  on t h e  basis of knowledge of the membrane formation 
mechanism. 
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A detailed desc r ip t ion   o f  membrane formation mechanisms can be found 

i n   l i t e r a t u r e  (12,13). I n  this chapter   only a brief descr ip t ion   of   those  
a spec t s   o f  membrane formation, which are necessary  for  a better understand- 
ing  of  the formation of the d i f f e r e n t   p o r e   t y p e s ,  w i l l  be given. There are 

va r ious  methods to   obtain  microporous membranes: s i n t e r i n g ,   s t r e t c h i n g ,  

track-etching  and  phase  inversion. 

Sintering is a membrane formation  process that is genera l ly   used  

f o r  the f ab r i ca t ion   o f  membranes from materials that cannot b e  d i s s o l v e d   i n  

a s u i t a b l e   s o l v e n t .  Whether the s t a r t i n g - m a t e r i a l  is a g l a s s ,  metal, poly- 

mer or  ceramic material is no t  so important,  the r e s u l t i n g   p o r e   s t r u c t u r e  

depends  upon the process  conditions  and the shape of the s t a r t i ng -ma te r i a l .  

A s  f a r  as the s in t e r ing   p rocess  is concerned, a d i s t i n c t i o n  is made between 

two cases. 

FIGURE 3.8: S in t e r ing   o f   sphe r i ca l  powders. 

I n  the f i r s t  case, a powder is pressed   in to  the desired shape  and 

a d d i t i o n a l l y   s u b j e c t e d   t o  a s in t e r ing   t r ea tmen t .  This process  is gene ra l ly  

used  for ceramic, glass and metal membranes. For in s t ance ,  i f  spherical 

p a r t i c l e s  of a ceramic material are used, the h o l e s  that are o b t a i n e d   a f t e r  

s i n t e r i n g  w i l l  be of a 'rounded'  type (see f i g u r e  3.8). It must be  remem- 
bered that the pores do not   have  to  be c i r c u l a r  ( l i k e  i n  a doughnut)  in 

order   to   belong  to   the  ' rounded '   type;  the  on ly   c r i t e r ium is that no sharp 
edges are present .  If the s t a r t i ng -ma te r i a l  is i r r e g u l a r l y  shaped, sharp 

edges  cannot be  excluded. In most cases, however, the s in t e r ing   p rocess  
w i l l  have a 9smoothening   e f fec t '   on  these sharp edges ,   genera l ly   resu l t ing  

i n  'rounded'  pores. 
In  the second  type  of   s inter ing a pore-former or a second phase is 

added t o  the powder. T h i s  process  is gene ra l ly   u sed   fo r  the fab r i ca t ion   o f  
polymer membranes, bu t   can   a l so  be  used   for  metal or g l a s s  membranes. I n  
case of a polymer (e.g. po ly ( t e t r a f1uoro   e thy lene ) )  a pore-former is added 
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t o  the powder before  it is p res sed   i n to  the desired shape  and  subjected  to  

a s in t e r ing   t r ea tmen t .  Depending  on the s i t u a t i o n  whether the pore-former 

o r  the polymer is forming  sphere-like  droplets  during the  process ,  a s t r u c -  

t u r e  with 'rounded'  pores or  a s t r u c t u r e  with 'sharp-edged'  pores is form- 

ed. In   f i gu re  3 .g an  example is g i v e n   i n  which the  pore-former is forming 

FIGURE 3.9: 
S in t e r ing   o f  a polymer material 
.in which the polymer is formed 
around t h e  pore-former. 

d r o p l e t s  and the polymer is pressed  around t h i s  d rople t .   In  t h i s  case a 
'sharp-edged'   structure is obtained.  It must be remembered, however, that  

the formation  of  'rounded t pores  can  occur as well. For ins tance ,  i f  t h e  

pore-former is removed before  or  du r ing   s in t e r ing ,  the s in t e r ing   p rocess  
can   exe r t  i ts smoothening  effect   on  the  sharp  edges.  I 

S t re tch ing   of   semi-crys ta l l ine  polymer films, ,, which are obtained 
by ex t rus ion ,  is another   p repara t ion  method  which can be u?ed f o r  the fab- 

r i c a t i o n   o f  membranes from  polymers. The method is employed for  polymers 

which  cannot be ,d i s so lved   i n  a su i t ab le   so lven t   ( e .g .   po ly ( t e t r a f lu /wo  

e thylene)  ( 1  2 , 1 4 )  ) , but   can   a l so  be used  for  other  polymers that  have a 

h i g h   d e g r e e   o f   c r y s t a l l i n i t y  (12) .  An example " of the l a t t e r  kind are 

Celgard membranes ,made from  polypropylene (1  5 , l  6 ) .  Stre tch ing   of  the .ex- 

truded polymer films resu l t s   in   format ion   of   an   in te rconnec t ing   f ib rous  

network  of s l i t l i k e  voids  between the c r y s t a l l i n e   a r e a s .  As the polymer ' 

fi lm will t r y   t o   r e d u c e  the ef fec t   o f   deformat ion ,  i t  can be easi ly  under- 

stood that  the polymer ' f ibers '  forming the interconnecting  network  have a 
circular   cross-sect ion.   Therefore ,  a l l  the membranes that  are obtained by . 

t h i s  method have  'rounded'  pore shapes (schematical ly   represented by ' t y p e  

1-2 of f i g u r e  3.3 (see a l s o   f i g u r e s  3.10 ( a , b )  and 3 - 1 1   ( a , b , c ) ) =  

The t h i r d  method to   ob ta in   porous  membranes is .by track etching.  

The method is used  to  obtain  Nuclepore membranes and membranes obtained by 
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t h i s  method are o f t e n   r e f e r r e d   t o  as 'nuc lea t ion   t rack  membranes'. A s  e tch-  

ing has more o r  less the same smoothening e f f e c t  on  sharp  edges as the 
s in t e r ing   p rocess ,  the su r faces   o f  the membranes do no t  show any  sharp 

edges. A number of' photographs  of  Nuclepore membranes support  this preposi-  

t i o n  (1 2,13,17). Hernandez e t  al.  ( 6 )  showed that the pores  cannot b e  con- 

sidered as c y l i n d r i c a l   c a p i l l a r i e s .  Although their schematical   representa-  

t i o n   o f  a pore (with sharp  edges a t  the membrane s u r f a c e s )  is a good de- 

s c r i p t i o n  as f a r  as the t r a n s p o r t  mechanism through the membrane is con- 

cerned, the sharp  edges are conf l i c t ing   w i th  the surface  photographs men- 

tioned  above.  Therefore the best r ep resen ta t ion   o f  the pore  shape  of track- 

etched membranes is given by type 1-3 i n   f i g u r e  3.3. In   conclusion it can 

be stated that membranes obtained by (track) e t ch ing  w i l l  have  pores  with a 
'rounded'  shape. 

The last method tha t  is considered is membrane formation by the 

phase inversion process.  There are s e v e r a l  ways of making porous mem- 
branes by means of phase inversion  of  which  ' immersion  precipitation'  (18, 

19,20) , i n  which l iquid-liquid  demixing  of a polymer/solvent/non-solvent 

system takes place,  and the 'thermal invers ion   process  (21 ) D i n  which the 
process  of demixing  and s o l i d i f i c a t i o n  takes place  through  lowering the 

temperature,  are the most important.  

In  analogy t o  our  discussion  above it depends  on the fact whether t h e .  

pore-former  or the polymer is forming sphere-like d rop le t s   du r ing  the phase 

invers ion   process .  If a' l iquid- l iquid  demixing  takes   place,  it w i l l  always 

be  the polymer  phase  which is s o l i d i f y i n g .  As the s o l i d i f y i n g  polymer  tends 

t o  minimize its energy a ' rounded '   s t ructure  w i l l  always be  obtained. 
On the o the r  hand i f  the membranes are obtained by thermal inve r s ion  

it depends  on the s o l i d i f y i n g  phase whether .a s t r u c t u r e  with 'rounded' 

pores   or  a s t r u c t u r e  with 9sharp-edgedv  pores is ob ta ined .   I f   t ne   so lu t ion  

is cooled  slowly,  then a s p h e r i c a l  cel l  s t r u c t u r e  with type I1 pores is 

obtained (223. For  example, the t y p i c a l  Accurel-s t ructure  is obtained by a 

s o l i d i f i c a t i o n   o f  the pore-former  and the polymer i s  bu i l t   a round  this 

phase (23). After removal  of the pore-former a membrane with 'sharp-edged' 
pores  is obtained (see f igure   3 . lOc) .  

Concluding this  paragraph it can be  stated that i n  most cases a s t r u c -  
t u r e  with ' rounded '   constr ic t ions is obtained  and that o n l y   i n   s p e c i a l  
eases a 'sharp-edged' s t r u c t u r e  is formed. 
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3.3 : Experimental 

To determine a t  which concentrat ion  of   organic  material i n  water a 
membrane is wetted an  experimental  method, c a l l e d  the 'penetrat ing  drop 

method', has been  developed (1 ) . I n  t h i s  method a d r o p l e t  is brought   in  

contac t  with the porous membrane. By tr ials wi th  narrowing series of  so lu-  

t ion  compositions the composition  of a l iqu id   mix ture  on the verge  of  pene- 

trat  i o n   i n t o  the membrane is determined. This  method has  been described i n  

de ta i l  i n  the previous  chapter .  

The membranes used i n  t h i s  i n v e s t i g a t i o n  were a l l  f la t  microporous 

membranes. A l l  membranes have a symmetr ica l   s t ruc ture ,   except   for  "FS 3.0" 

which is a composite membrane cons i s t ing   o f  a poly( te t ra f1uoro   e thylene)  

(PTFE) toplayer  (10 pm) on a polyethylene ( P E )  non-woven. In  table 3.1 an 

overview  of the c h a r a c t e r i s t i c s   o f  the membranes used is given. A l l  experi-  

ments were performed with new unt rea ted  membranes which were only  used 

once. 

Table 3.1 : Proper t ies  of membranes used. 

Celgard  Accurel  Fluoropore  Mitex 

Property 
2400 2500 0.1 FG 0.2 FH 0.5 FS 3.0 LC 10.0 

Material PP  PP PP PTFE PTFE PTFE PTFE 
Membr. thickness  ( pm) 20 20 160 40 40 10 1 O0 
Porosi ty  ($1 38 51 75 
AV. p o r e   s i z e  (pm) 0.02 0.04 0.1 .0.2 O .5 3.0 10.0 
Max. p o r e   s i z e  (pm) 0.2 0.2 O .45 

Both types of Celgard membranes were obtained from the Celanese  Corpora- 

t i o n ,  the Accurel membranes were obtained  from Enka A.G. and the  Fluoropore 

and  Mitex membranes are products  o f  the Millipore  Corporation. 

3.4 : Results 

In this s e c t i o n  the r e s u l t s  of t he  penetrat ing  drop method will be 

presented.  In  order t o  b e  able t o  compare the r e s u l t s   o f  these measurements 

with the  r e s u l t s  of (contact  angle)  measurements on  homogeneous,  smooth 
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Table 3.2: Some proper t ies   o f   hydrophobic   mater ia l s .  

Property PP PTFE 

Y;' (10- N/M) 55  40.5 (3 )  
Ye (10-3 N/m) 29 (24) 18 (25) 

s u r f a c e s ,   l i t e r a t u r e  data of the latter are p r e s e n t e d   i n  table 3.2. 
I n  this table Y:' is the su r face   t ens ion   o f  a l iquid  mixture  which has 

a contact   angle   of  90" when b rough t   i n   con tac t  with a homogeneous smooth 

material and Y is t h e  c r i t i c a l   s u r f a c e   t e n s i o n   o f ' w e t t i n g ,  which is de- 

f ined  as the su r face   t ens ion  a t  which 8 = O o  when a l iqu id   mix ture  is 
brought   in to   contac t  with a homogeneous smooth material. 

C 

The r e s u l t s   o f  the experiments with the penetrat ing  drop method are 

g i v e n   i n  table 3.3 and 3.4. Table  3.3 shows the data with the PP membranes 

and table 3.4 g ives  the results o f  the experiments with PTFE membranes. For 

every membrane the weight  percentage  of the  organic  component i n   wa te rp  at 

which this l i q u i d  is on the verge   o f   pene t ra t ion ,  is gfven. The su r face  

Table 3.3: Penetrating  drop  measurements  of  aqueous  mixtures  of  organic 
components  using  polypropylene membranes. 

Membrane 

Organic  Celgard 2400 Celgard 2500 Accurel 0.1 

component 
w t . %  YpL w t . %  Y; wt.$ YpL 

methanol 
e thano l  
propanol-l 
butanol-l 

65 
35 
13 

4.5 

29.8 
31.4 
32.0 
32.5 

67 
35 
15 

4.5 

29.3 
31.4 
30.5 
32.5 

74 
41 
16  

505 

28 .O 
29.5 
29.5 
29 .O 

formic  ac id  
acetic acid 
prop  ionic  ac i d  

DMAc 
DMF 
DMSO 

acetone 
1 4-dioxane 

1 O0 
73 
29 

91 
91 

1 O0 

45 
53 

- 
33 -8 
34.6 

36 .O 
36.5 - 

31 -7 
39.7 

1 O0 
75 
31 

93 
91 

1 O0 

47 
53 

33.4 
34.2 

35.7 
36.5 

31.2 
39 .r 

1 O0 
83 
43 

94 
98 

1 O0 

54 
64 

31 .8 
32 -5  

35 05 
35 a5 - 

29.8 
37.7 
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tensions,   corresponding with the measured  concentrations,  are c a l c u l a t e d  

u s i n g   l i t e r a t u r e  data. 

From these measurements some in t e re s t ing   conc lus ions   can  be drawn. 
F i r s t   o f  a l l ,  it can be seen   very '   c lear ly  that the sur face   t ens ion  upon 

, is  much lower  than Y''. I n  some of the above  experiments L 
Yp is even as lcw a s  the c r i t i c a l  sur face   t ens lon ,  L yc 

The second  conclusion is tha t ,  although the concent ra t ion   of   o rganic  

component is d i f f e r e n t ,   t h e   s u r f a c e   t e n s i o n  upon penet ra t ion ,  
t i c a l l y   c o n s t a n t   f o r  a c l a s s   o f   o rgan ic   so lu t e s .  This same conclusion has 

already  been  obtained  in  previous  measurements (1  ). 
The t h i r d  c o n c l u s i o n  is that Y: for  Accurel membranes ('sharp-edged' 

u 

p o r e s  ) is lower   t han  Y! f o r  Celgard membranes ( ' rounded  pores). The d i f  - 

ference  between these membranes,  which are r e p r e s e n t a t i v e s   o f  the two b a s i c  

types   o f   s t ruc tu re ,  will be d i scussed   i n  the next  paragraph. 

For the penetrat ing  drop  experiments  wi th  PTFE membranes (see t a b l e  

3.4) the same conclusions as obta ined   for  PP membranes can be drawn. In  

these e x p e r i m e n t s  Y: is  a l s o  much l o w e r   t h a n  Y:', b u t   i n  t h i s  case t h e  

s u r f a c e   t e n s i o n   u p o n   p e n e t r a t i o n  is not  as  low as Y . The measurements i n  

. .Table  3.4: Penetrating  drop  measurements  of  aqueous  mixtures  of  organic 
components  Using pOly( t e t r a f l u o r o   e t h y l e n e )  membranes. 

Membrane 

Organic FG 0.2 FH 0.5 FS 3.0 , LC 10.0 

component w t  .% Y; w t . %  Y; w t . %  Y; w t . %  Y; 

l 

methanol 99  22.3 99 22.3 99 22.3 100 - 
e thanol  83  24.1 81 24.3 77 24.8 87 23.6 
propanol-l 51 25.0 45 25.2 31 25.8 71 24.5 
butanol-l 7 26.0 ' 7 26.0 5.5 29.0 7 26.0 

formic acid 1 O0 - 1 O0 - 1 O0 - 1 O0 - 
' a c e t i c  acid 97 28.5 97 28.5 95 28.9 99 28.0 

propionic   acid 85 28.7 83 28.8 81 29.0 95 27.5 

DMAc 
DMF 
DMSO 

1 O0 
1 O0 
1 O0 

- . 100 
1 O0 
1 O0 

- 
- - 
- - 

1 O0 
1 O0 
1 O0 

- 1 O0 
1 O0 
1 O0 

- 
- - - .  - - 

acetone 91 24.8 89 25.1 87 25.4 95 24.1 
1 ,4-d ioxane 1 O0 - 1 O0 - 1 O0 - 1 O0 - 
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which Y: is  c l o s e s t  t o  Ye are the measurements with aqueous  methanol mix- 
t u r e s .  

The c o n c l u s i o n  t h a t  Y;, is c o n s t a n t   f o r  a c l a s s  of s o l u t e s ,  which was 
obta ined   for  PP membranes, is not observed  for  PTFE membranes. From the 

measurements i n  table 3.4  using  mixtures   of   a lcohols   in  water, a s l i g h t   i n -  

c r ease  Tri Y:. with the number of C-atoms is observed. 

D 

The differences  between the two types   o f   s t ruc tu re  (LC 10.0 has 

'sharp-edged'  pores, whereas the others  have  'rounded'  pores) is not  so  
clear as i n  the case  of  PP membranes, b u t   n e v e r t h e l e s s   i n  this case it is 

a l s o  found that the 'sharp-edged'  pores are more l i qu id - repe l l en t   t han  the 
Prounded r pores o 

The ex i s t ence  of a 'sharp-edged' o r  ' rounded?  pore  s t ructure   can be 

seen on electron  microscope  photographs.   In  f igure  3.10  photographs  of the 

i n v e s t i g a t e d '  PP membranes are given  and  in   f igure 3 .l 1 those  of  PTFE mem- 
branes * 

These photographs  indicate  tha t  the pore   s t ruc tu re  of the Celgard mem- 

b ranes   ( f igure  3.1 Oa and 3.1 Ob) belongs t o  type I ( ' roundedP  pore  shape) 

a. Celgard 2400 
b. Celgard 2500 
c. Accurel 0.1 

FIGURE 3.10: Electron  microscope 
branes.  

photographs  of  polypropylene mem- 
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and  Accurel O. 1 ( f i g u r e  3.1 Oc) be longs   to   type  I1 ( ' sharp-edged'  pore 

shape) .  The f a c t  that the Celgard membranes be long   to   type  I can   a l so  b e  

predicted  on the basis of  the membrane formation mechanism. These membranes 
are obtained by s t r e t c h i n g  of semi-crys ta l l ine  films, and according t o  t he  

theory t h i s  membrane prepara t ion  method always leads t o  a 'rounded'  pore 

s t ructure .   Accurel  membranes (f igure '  3.1 Oc) are obtained by a thermal in-  

vers ion   process   in  which the the pore-former ( i .c .  a f a t t y   o i l )   s o l i d i f i e s ,  

r e s u l t i n g   i n  a 'sharp-edged'   pore  structure.  

FIGURE 3.11:  Electron  microscope  photographs  of  poly(tetraf1uoro 
e thylene)  membranes (a;  FG 0.2; b .  FH 0 . 5 ; ' ~ .  FS 3 .0;  
d. LC 10.0). , 

The PTFE membranes, shown i n  f igur'e 3.11 a till  3.1.1 c belong t o   t y p e  I 

, and are obtained by s in t e r ing   and   add i t iona l   s t r e t ch ing .  The PTFE membrane 

shown i n  f îgure 3.1 1 d (tradename : M i  t e x )  is made by s i n t e r   h g  and  addi t ion-  
a l  leaching  of  the pore-former. As can be  seen from the elec,tron  microscope 

photograph, the resul t ing  s t ructure   contains   ' sharp-edged '   pores .   Al though 

the pore   s t ruc tu re  is not  as regular  as for  Accurel membranes, t h i s  Mitex 

membrane is a l s o  a r ep resen ta t ive   o f  a type I1 s t r u c t u r e .  



3 -5 : Discussion 

An explana t ion   for  the fact that a liquid  does  not  spontaneously  pene- 
trate i n t o  a membrane i f  the i n t r i n s i c   c o n t a c t   a n g l e  becomes lower  than 90" 

was a l ready   g iven  by Cassie and  Baxter (10) .  They stated that the apparent  

c o n t a c t   a n g l e  8 measured  on a porous  surface,  is a func t ion   of  the in-  

t r i n s i c   c o n t a c t   a n g l e  8 measured  on a smooth homogeneous su r face ,  and 

the surface  porosi ty .   According t o  their de r iva t ion ,  membranes with a high 

aPP 
i n t  

s u r f a c e   p o r o s i t y  w i l l  n o t  b e  spontaneously wetted even i f  8 = O o .  The 

de r iva t ion   o f  the equat ion  of  Cassie and  Baxter has been  given i n  chapter  2 

(equat ion 2.8) D 

i n t  

K i m  and   Harr io t t   agree  with Cassie and  Baxter  on the po in t  that a n   i n -  
t r i n s i c   con tac t   ang le   l ower   t han  90° might be needed  before  spontaneous 

pene t r a t ioh  of a l i q u i d   i n t o  the membrane occursp   bu t   they   der ived  that the 

i n t r i n s i c   c o n t a c t   a n g l e  has a lower limit below  which  spontaneous  penetra- 

t ion   does   -occur  [ 9 )  o 

Accord ing   t o  the i r  d e r i v a t i o n   p e n e t r a t i o n   o c c u r s  when (P,-P2) goes 
through a maximum or when a reaches -90" and the a d j o i n i n g   i n t e r f a c e s  

merge, For i n s t a n c e ,  i f  r = R and a = -goo, then  the  lower limit f o r  €lint 
is a b o u t   6 3 . 5 1 ~ .  T h i s  means that i f  eint is lower  than 63.5O, spontaneous 

pene t r a t ion  always would occur   i n  case of  ?rounded  pores.  Although their 

theory is pa r t i a l ly   con f i rmed  by their expe r imen ta l   r e su l t s ,  K i m  and 

Hayriot t  are n o t   c o r r e c t  as far as their t h e o r e t i c a l   d e r i v a t i o n  is con- 

cerned. The conclus ion   in  the above  example that a maximum pene t r a t ion  

p res su re  is not  reached anymore i f  6 is lower  than  63.5" is c o r r e c t ,   b u t  i n  t 
a pene t r a t ion   p re s su re  is still  needed.  Using  equation  3.2 i t  can be  

der ived that i f  (8-a) > 90°,  cosine (8-a) < 1 which again -leads t o  a 

p o s i t i v e   v a l u e  of P,-P2. Using th i s  d e r i v a t i o n  it can be  seen that even i f  

is  a l m o s t  O O and c1 is approaching -90 O ,  a pene t r a t ion   p re s su re  would i n t  
s t i l l  be neces.sary. 

However,' i t  must be r ea l f zed  that t h i s  reasoning  only  appl ies  i f  the 

l i q u i d '   f r o n t   p a s s i n g  a ' rounded '   pore   does  not   get   in   contact   wi th the next  
pore o r  a ne ighbour ing   l iqu id   f ront ,  In a membrane t h i s  ideal s i t u a t i o n  is 

not  l i k e l y  to   occur   and  therefore  it is expected that a l i q u i d   p e n e t r a t e s  
spontaneously  into a membrane at contact  angles  which are higher than O o  o 

U n f o r t u n a t e l y ,  i t  c a n n o t  b e  predicted a t  which value of Oint the l i q u i d  
w i l l  spontaneous ly   pene t ra te   in to  a membrane with 'rounded9  pores. 

... . 
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The d e s c r i p t i o n   o f   t h e   p e n e t r a t i o n   o f  a l iquid  for   ' sharp-edged '   pores  

c a n   a l s o  be done  according  to  the theory  of Cassie and  Baxter.  In Ch,e pre-  

v ious   chapter ,  it has been shown however that t h i s  d e s c r i p t i o n  is not  very 
p r e c i s e ,   e s p e c i a l l y   i f  t h e  p o r e   f r a c t i o n  f ' has  a value  between 0.45 and 

0.5 (1 ) .  
2 

The t h e o r e t i c a l   d e r i v a t i o n ,   g i v e n   i n  t h i s  chapter ,  is more precise   and 

o n l y   u s e s  the v a l u e s   o f  r / R  and 8 The i n t r i n s i c   c o n t a c t   a n g l e   c a n   i n  i n t  
p r i n c i p l e  be measured by contac t   angle  measurement on homogeneous  smooth 

material and the va,lue of  r/R can be estimated using  e lectron  microscope 

photographs. For instance,   for   Accurel  membranes (see f i g u r e  3.1 Oc) the 

valye  of  r/R w i l l  be about 0.20 (t 0.05).  From f i g u r e  3.7 we can  read tha t  
a p e n e t r a t i o n   p r e s s u r e  is then  necessary i f  8 is about 15O and larger. 

Although it is d i f f i c u l t  t o  give  an  accurate   value  of  r/R for   the  Mitex 

membrane (see f igure  3 .11d)  it s t i l l  can be estimated tha t  r/R w i l l  be  i n  

the  r ange   o f  0.4 (+ 0.1 ). This would  imply that  eint of a l i q u i d ,  which is 

on the verge  of   penetrat ion,  is about 2 5 O .  

Two remarkable observat ions 'become c l e a r  from the theo re t i ca l   cons id -  
e r a t i o n s  on 'sharp-edged'   pores.   First ,  it is shown t h a t  a pos i t i ve   p re s -  

sure   a lways has t o  be appl ied  i f  the sum of the i n t r i n s i c   c o n t a c t   a n g l e   o f  

a pene t r a t ing   l i qu id  and a is larger than  90°  and,  secondly, t he  maximum 

penet ra t ion   p ressure  is always  reached a t  the ' sharp-edged '   constr ic t ion.  
The second  observation is v e r y   i m p o r t a n t   i n   r e l a t i o n   t o   d e v i a t i o n s ,  from 

idea l i ty .  I n   c o n t r a s t   t o  a membrane with, ' rounded'   pores  in which i n t e r f e r -  

ence   wi th 'o ther   pores  o r  neighbouring  l iquid  f ronts   might   occur ,  this does 

not   happen  in '  a membrane with 'sharp-edged'   pores.   Therefore,   deviations 

from the ideal s i t u a t i o n  as described f o r  one  pore are not  expected i f  

membranes with 'sharp-edged'  pores are considered. 

i n t  

max 

The above   desc r ip t ion   u ses   i n t r in s i c   con tac t   ang le s .   In   ou r   i nves t iga -  

t ions   porous   mater ia l s  were used, which  do not   a l low a d i r e c t  measurement 
of  the i n t r i n s i c   c o n t a c t   a n g l e s .  It is poss ib l e   t o   de f ine   an   ' e f f ec t ive  

contac t   angle '  ( 9 )  or an  'apparent  contact  angle, '  ( I  O )  f o r  a porous mate- 

r i a l ,  but   in   our   opinion these d e s c r i p t i o n s  are not   accura te  enough. 

Moreover, s i n c e  we are mos t ly   i n t e re s t ed   i n   pene t r a t ion   p re s su res   o r  
maximum a l lowable   so lu te   concent ra t ions  a t  which a  membrane is wetted, the 

penetrat ing  drop method is much more p r a c t i c a l .  On the basis of these meas- 

urements  a rough   e s t ima t ion   o f  the in t r in s i c   con tac t   ang le s ,   u s ing  Y and 

Y:, can s t i l l  be  made. The d e s c r i p t i o n   i n  the previous  chapter  on  low ener-  
C 
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gy s u r f a c e s   r e s u l t e d   i n   e q u a t i o n  2.5. Using t h i s  equat ion for  this s p e c i f i c  

c a s e   y i e l d s :  

YP.cos9 = - L YP 4- 2 . Y  L C 

This equat ion   g ives   us  the p o s s i b i l i t y   t o   c a l c u l a t e  the i n t r i n s i c   c o n t a c t  

a n g l e   o f  the p e n e t r a t i n g   l i q u i d .  For in s t ance ,  Y for   a lcohol /water  mix- 

t u r e s   o n  PP is  a b o u t  29 . 10-3 N/m (24)  and Y: for   Celgard  2400  membranes 

is about  32 . 10'3, l e a d i n g   t o   a n   i n t r i n s i c   c o n t a c t   a n g l e   o f  the pene t r a t -  

ing  solut ion  of   about   35".  

C 

A s  Celgard membranes have  type I c o n s t r i c t i o n s  , it is shown that the 

ideal s i tua t ion   ( spontaneous   pene t ra t ion   o f  a l i q u i d   i n t o  a 'rounded'  pore 

only  occurs i f  9 is about 0 " )  is not   occur ing   for  these membranes. Even i f  

a n   u n c e r t a i n t y   i n  the c a l c t r l a t e d   v a l u e   o f  B is considered, its value 
w i l l  not  become as low as 0". Also t h e   s i t u a t i o n  as c a l c u l a t e d  by K i m  and 

H a r r i o t t  is n o t   r e a l i s t i c  as their t h e o r e t i c a l   d e r i v a t i o n  ( 9  = 63.5" f o r  r 

= R )  wou ld   imp ly   (u s ing   equa t ion   3 .6 )  a v a l u e   o f  Y! of  about 40 . 10'3 
N/m. 

i n t  

In case  of   type I1 cons t r ic t ions ,   equa t ion  3.6 c a n   a l s o  b e  used   to  

c a l c u l a t e  the v a l u e   o f  Y:. On the basis of   an  e lectron  microscope  photo-  
graph  from which the value  of  r / R  can be  obtained  and the use of f i g u r e  

3 . 7 ,   a n   e s t i m a t i o n  of Bint f o r  the pene t r a t ing   l i qu id   can  b e  made. When Ye 

is  known, the v a l u e   o f  Y: c a n   t h e n  be  calculated  f rom  equat ion  3 .6 .  For 

ins tance ,   for   Accure l  membranes 9 f o r  a p e n e t r a t i n g   l i q u i d  w i l l  be  about 

15"   and  Y fop   a l coho l /wa te r   mix tu res   on  PP is about 29 . 10-3 N/m. This 
leads t o  a v a l u e   o f  Y: o f  29.5 . 10'3 N/m, which is only s l i g h t l y  higher  

' t h a n  Y . Even i f  the contac t   angle   o f  the p e n e t r a t i n g   l i q u i d  would be  '20 O , 
t h e n  the va lue   o f  Y: would no t  be  higher   than 30 . 10-3 N/m. These estima- ' 

t i o n s  are confirmed by our  experiments with Accurel membranes. 

i n t  

C 

c 

Comparison  of the non-alcoholic  mixtures  from table 3.3 r e q u i r e s  know- 

ledge  of the' c r i t i c a l   s u r f a c e   t e n s i o n   o f  these mixtures .   In  the  previous 

chap ter i t  w a s  shown  already t h a t  Ye depends  on the n a t u r e   o f  the l i q u i d .  
A s  these values  are no t   ava i l ab le ,   s imp le   ca l cu la t ions  as given  above  can- 

no t  be  made. Nevertheless,  it can be  observed  from table 3.3 that Accurel 
membranes are more l i q u i d - r e p e l l e n t   t h a n  Celgard membranes: Y: for Accurel 

membranes is about 2 N/m lower  than the comparable  value for Celgard 

membranes and t h i s  tendency  holds f o r  a l l  s o l u t e   t y p e s .  
. .  
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The r e s u l t s  from table 3.4 are more d i f f i c u l t   t o   i n t e r p r e t .   I n  the 

first p lace ,  the number of   organic   substances that does  not  wet the mem- 

brane a t  a l l  is l a r g e r ,  so less information is ava i l ab le .   In  the second 

p lace ,  the exp.eriments with the a lcohol ic   mix tures  do no t   g ive  a cons tan t  
v a l u e   o f  YE f o r  a c e r t a i n  membrane. An e x p l a n a t i o n   f o r  t h i s  phenomenon 

cannot be given on the basis of   the  formulated  theory.  

The phenomenon t h a t  YL s l i g h t l y   i n c r e a s e s  when the average   pore   s ize  
increases ,   can be  observed for  the three Fluoropore membranes. From the 

photographs, it can be observed that the r a t i o  r/R is increas ing  as well. 

As follows  from  equation  3.2 a change  of t h i s  va r i ab le   on ly  has a n   e f f e c t  

on the he igh t   o f  the p res su re   d i f f e rence ,   bu t  i t  does   no t   have   any .e f f ec t  

on the i n t r i n s i c   c o n t a c t   a n g l e .  On the other   hand,  it can be understood 

tha t   an   i nc rease   o f  r/R a l s o   e n l a r g e s  the p o s s i b i l i t y  that a l i q u i d   f r o n t  

gets i n t o   c o n t a c t  with a ne ighbour ing   l iqu id   f ront  or  t he  next  pore.  As is  

stated earlier, it is no t   poss ib l e   t o   quan t i fy  t h i s  e f f e c t .  

P 

The observat ion that the Mitex LC 10.0 membrane is more l iqu id- repe l -  

l e n t   t h a n  the Fluoropore membranes, is another  proof f o r  t he  fact  that  type 

I1 c o n s t r i c t i o n s  are more l iqu id- repe l len t .  The r e s u l t s  on these PTFE mem- 

b ranes   can   cer ta in ly   no t  be explained by the theory  of Cassie and Baxter,  

because the su r face   po ros i ty   o f  t he  Fluorpore membranes is higher   than 

those   o f  the Mitex membrane (1 , l 1  ). 
To expla in  the r e s u l t s   o f , t a b l e  3.4 i n  terms of   contac t   angles  is a l s o  

v e r y   d i f f i c u l t .   I n  the first p lace ,  the r e su l t s   u s ing   t he   a l coho l /wa te r  

m i x t u r e s - d o   n o t   g i v e  a cons tan t   va lue   o f  YL f o r  a c e r t a i n  membrane and i n  
the second  place the value of Y g i v e n   i n  table 3.2, is t h e  value  obtained 

f o r  a homologous series of a l iphat ic  hydrocarbons  in   contact  with PTFE. 

Therefore,  no direct   comparison  between the va lues   i n   t he   t ab l e s   3 .2  and 
3.4 can be made. 

' P  

C '  

An es t imat ion   of  a c r i t i c a l   s u r f a c e   t e n s i o n   c a n  be made on the basis 

of  knowledge of  Y: and Clint o f  a pene t r a t ing   l i qu id   mix tu re   fo r  the LC 10.0 

membrane (the la t te r  being  about 25O).  For t h e  carboxyl ic   ac ids  Y: is about 

27.7 . 10-3 N/m, thus   g iv ing  a value  of  Yc of  about 26.4 . 10-3 N/m. Using 
t h i s  va lue   fo r  a ca lcu la t ion   of   Bin t   o f  a pene t ra t ing   l iqu id   mix ture  

f o r  the Fluoropore membranes produces  values  varying  from 31 t o  35". I These 

va lues  are i n  the same order  o f '  magnitude as the values  found f o r  Celgard 

membranes. 
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The pene t r a t ion   o f  a l i q u i d   i n t o  a membrane with p sharp-edged'  con- 
s t r i c t i o n s   ( t y p e  I1 pores)  is described very well by the model  developed. 

I f  the same theory is app l i ed   t o   v roundedF   cons t r i c t ions   ( t ype  I pores ) ,  no 

agreement  between  theory  and  experiment is found. The reason   fo r  this ef- 

f e c t  is that an   i n t e r f e rence  with ne ighbour ing   l iqu id   f ronts   and   o ther  

pores takes place; i n   o t h e r  words the one-pore  descr ipt ion  cannot  be ap- 

p l i e d  t o  membranes i n  that case, 

Both penetrat ing  drop  experiments   and  calculat ions show that Osharp- 

edged'  pores are more l i qu id - repe l l en t   t han   ' r oundedv   po reso   e spec ia l ly   i f  

the 'sharp-edged'   structure is regu la r   and   t he   r a t io   o f  r / R  is low. There- 

f o r e p  membranes with 'rounded'   pores are p re fe red  when a good wet t ing is 

needed ( f o r   i n s t a n c e   i n  a f i l t r a t i o n   p r o c e s s )  whereas the vsharp-edgedv 

s t r u c t u r e  'is favourable   in  membrane d i s t i l l a t i o n  where a l i q u i d - r e p e l l e n t  

membrane is needed, 

It is poss ib l e  t o  predict   whether  type I o r  t y p e  I1 pores are obtained 

on the basis of the membrane formation mechanism. 

3 e 7 : Symbols 

The symbols tha t  are used i n  t h i s  chapter  are conform the terminology 
of  membrane d i s t i l l a t i o n  (13) e Addit ional  symbols o r  symbols which are de- 

f i n e d  a d i f f e r e n t  way are marked with the %-symbol. 

B pore  geometry  coefficient 

P p re s su re  

R r ad ius   (de f ined   i n   f i gu re   3 .4   r e sp .   f i gu re   3 .5 )  

r pore   rad ius  

ct correc t ion   angle   for   pore  shape (see f i g u r e   3 - 4  
resp. f i g u r e  3.5 f o r  i t s  d e f i n i t i o n )  

Y su r f ace   t ens ion  
c r i t i c a l   s u r f a c e   t e n s i o n   o f   w e t t i n g  

- * "  
N/m2 

m 
m 

x 

ic 

O x 

N/m 

N/m t 



A 

o 
O' 

o 
aPP 

O i n t  

su r f ace   t ens ion   o f  a l i qu id   (mix tu re )  which has  

a contact  angle  of  90° when brought   in   contact  
with a homogeneous  smooth s o l i d  material N/m % 

s u r f a c e   t e n s i o n   o f  a l i q u i d   ( m i x t u r e )   t h a t  

is on t h e   v e r g e   o f   p e n e t r a t i o n   i n t o  the  

pores   of  a (micr0)porous membrane 

d i f f e r e n c e  

contac t   angle  

(eq. 8 )  contact   angle .   on a rough  surface 

apparent  contact  angle  (measured on a porous 

s u r  f ace ) 

in t r ins ic   contac t   angle   (measured  on a 

homogeneous s u r f a c e )  

N/m * 

O x 
O * 

O * 

O * 

s_u!!s_c_riL?t_s_ 
L l i q u i d  

max  maximum 

min  minimum 
rel r e l a t i v e  
1 l iquid  phase 

2 air  phase 
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Chapter 4: 

ETHANOL/WATEP  SEPARATION BY MEMBRANE  DISTILLATION. 1. MODEL 

A.C.M. Franken, M.H.V. Mulder & C.A. Smolders 

A model f o r  the separa t ion  of e thanol  and water by membrane dist i l la-  

t i o n  has been  developed.  In t h i s  model VLE (Vapour-Liquid  Equilibrium)  data 

are 'combined with the e f f e c t  of temperature   polar izat ion  and  concentrat ion 

polar iza t ion .  

4.1 : Introduction 

Membrane d i s t i l l a t i o n  is a d i s t i l l a t i o n   p r o c e s s ,   i n  which two aqueous 

l i q u i d s  with d i f fe ren t   t empera tures  are separa ted  by a hydrophobic  micro- 

porous membrane. I n  t h i s  process  the pores   of  the non-wettable membrane 

conta in  the vapour  phase. 
The vapour   p ressure   d i f fe rence  APV across  the membrane, r e s u l t i n g  

from the tempera ture   d i f fe rence  AT, causes  vapour  molecules t o  be t r a n s -  

ported  from the warm side (feed)   through 'the p o r e s   t o  the cold side (per- 

meate) of the membrane. 

The advantages  of membrane d i s t i l l a t i o n  are that  the d i s t i l l a t i o n  

process  takes p lace  a t  moderate  temperatures  and tha t  a r e l a t i v e l y  small 
temperature  difference  between the two l iqu ids   s epa ra t ed  by the membrane 

r e s u l t s   i n   r e l a t i v e l y   h i g h   f l u x e s  (1-3). Because entrainment   of   dissolved 

p a r t i c l e s  is avoided, the permeate is of  a better qua l i t y   t han  the product 
of c p n v e n t i o n a l   " d i s t i l l a t i o n ,   e s p e c i a l l y  wi th  the separa t ion   of   d i sso lved  

so l ìd / l iqu id   mix tures ,   such  as salt/water ( 3 ) .  

4.2: Theory 

To descr ibe  t h e  membrane d i s t i l l a t i o n   p r o c e s s   f o r  the separa t ion   of  a 
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mixture  of  an  organic  l iquid  and water (i.e. ethanol   and water) vapour- 

l i qu id   equ i l ib r ium (VLE) equat ions   have   to  be used.  In  analogy  to  conven- 

t i o n a l   d i s t i l l a t i o n ,  membrane d i s t i l l a t i o n   c a n  be described as t h e   r e s u l t  
o f :  

- evaporat ion at the feed side of  the  membrane; 

- t r anspor t   o f  the vapour  through the pores of the microporous membrane; 

- condensation  of the vapour a t  the  permeate side of  the membrane. 

I n  case of membrane d i s t i l l a t i o n ,  t he  following  assumptions  are made: . 

- VLE e x i s t s  at both  s ides   of  the membrane; 

- no coupling  of the f l u x  of ethanol  vapour  and water vapour  occurs; 

- the membrane itself has no se l ec t iv i ty ,   t owards   any  component ( t h i s  means 

that  a n   e f f e c t   o f  Knudsen flow ( i f  p re sen t )  is not   inc luded   in  the calcu-  

lat  ions ( 4 )  ; 

- no t ranspor t   th rough the dense  polymer membrane matrix  occurs.  

For the separat ion  of   e thanol /water   mixtures  it can be der ived that 
the  componen t   f l ux ,  J t h r o u g h  the membrane is pqopor t iona l   to  the d i f -  

. ference  in   .vapour   pressure  which  exis ts   across  the membrane, AP Using VLE 

equa t ions   i n  a s t e a d y - s t a t e   s i t u a t i o n ,  the permeate  composition is given by 

t h e   d i f f e r e n c e   i n   p a r t i a l  vapour  pressures  of the components: 

j' 

j" 

I n   a p p e n d i x  1 ( s e c t i o n  4.8) it is shown i n  which way the   va lues  of AP . and 

APw have  been  calculated,  

For the ca l cu la t ion   o f  the permeate  composition by  means of VLE equa- 
t i o n s  it is ' e s s e n t i a l  that the  temperatures   of  the feed and  the  permeate 
at the liquid-membrane  interface  should b e  known. Figure 4 -  l shows that 

t he  e x p e r i m e n t a l l y   d e t e r m i n e d   v a l u e s   o f  t h e  bulk   t empera tures ,  Tfb and 
T d i f f e r   f r o m  the  temperatures at the  membrane i n t e r f a c e ,  and T 

This effect is known as tempera ture   po lar iza t ion  ( 6 ' 7 ) .  
P b  ' Tfrn Pm" 

Although it is no t   poss ib l e   t o  measure the  temperatures  at t h e  mem- 

b r a n e   s u r f a c e s ,  it is poss ib l e  to c a l c u l a t e  the Salues  of Tfm and T If 
Pm' 
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feed  membrane  permeate 

FIGURE 4.1:   Temperature   prof i le   across  a membrane (effect   of  tempera- 
t u r e   p o l a r i z a t i o n ) .  

the hydrodynamic condi t ions  a t  both sides of  the membrane are f i x e d ,  the 

heat t r a n s f e r   c o e f f i c i e n t s ,  h and h can be ca lcu la ted .  If a l s o  t h e  va l -  

u e s   ' o f  the  bu lk   t empera tu res ,  Tfb and T a r e  known, the temperatures a t  

the membrane sur faces   can  be ca l cu la t ed   u s ing  the >following set  of  heat 

t ranspor t   equa t ions :  

f P '  

Pb ' 

Ql' = hf .  ( T  -T ) - Q''. = hf .AT - 
f f b ,  f m  vap f Q;ap (4 .2 )  

AT = AT + AT + AT 
b f m P 

, .  (4 .5)  

In  a s t e a d y - s t a t e   s i t u a t i o n  the heat f lux  through  each thermal bounda- 

r y   l a y e r  has  the same v a l u e ,   i n   o t h e r   w o r d s  Q; = Q" = Q;. If t h e  above 

e q u a t i o n s  a r e  combined, t h e  f o l l o w i n g   e x p r e s s i o n s   f o r  ATf and ATm a r e  

found : 

m 

Q&p.. Q;ap Q: 
.k h) / ( l +  - + -1 hf hf 

hm h 
P P hm hp 

ATf = (ATb + - + 

Q Q!'  AT^ =   AT^ - B + $1 ( 1  + - + --> hm hm 

hf P hf hp 

Q Q: Qrl h h  - ") / (1  hf hf hm f m  
AT (ATb - m - - 

P 

The va lues   o f   t he   d i f f e ren t   va r i ab le s   i n   equa t ion  4.6 t ill  4.8 can be 
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measured or  ca l cu fa t ed .  The values ,  which can be 'measured d i r e c t l y ,   a r e  the 

bulk  temperatures,  Tfb and T 
Pb 

The v a l u e   o f   t h e  heat t r a n s f e r   c o e f f i c i e n t   o f  the membrane, h is 

determined  by two heat t ransfer   processes ,   being  conduct ion  through the 

polymeric  matrix  and the stagnant  vapour/air   mixture,   and  convection by the 

permeating  vapour.   In  our case the convection tera is n e g l i g i b l e  small com- 

pa red   t o  the conduction term. From c a l c u l a t i o n s  i t  can be shown that the 

heat t ransfer   through  convect ion is always less than 4% of the t o t a l  heat 

t ransfer   th rough the membrane. Therefore,  t h i s  effect was n o t   t a k e n   i n t o  

account. For the ca l cu la t ion   o f  the conduction term i t  is assumed t h a t  the 

vapour /a i r   mix ture   in  the pores  of the membrane is stagnant .  This assump- 

t i o n  is reasonable,   because the f lux   th rough the membrane is r e l a t i v e l y  

low. It can be  c a l c u l a t e d  that, i f  the f lux  through the membrane is about 
3 . l O - '  kg/m2s, the radial ve loc i ty   o f  the vapour is about 4 . l O-' m/s. 
Using the above  assumptions, the average heat t r a n s f e r   c o e f f i c i e n t  of the 

membrane, h,, for c a p i l l a r y  membranes. is given  by the following for- 

mula : 

m y  

<h > = k /6 (4.9 1 m m m  

In  this e q u a t i o n  k r e p r e s e n t s  the heat conduct iv i ty   o f  the membrane-per- 

meant system and d the th i ckness   o f  the membrane. 
m 

m 

The values  of the heat t r a n s f e r   c o e f f i c i e n t s ,  hf and h can be  calcu-  

lated from the hydrodynamic  conditions. An exper imenta l ly   checked   re la t ion  
f o r  the heat t ransfer   during  laminar   f low  of   Newtonian  l iquids  is given by 

Sieder  and Tate (8) : 

P' 

(4.10) 

with the boundary  condition that L NU>^^^ = 3.66. 

The best-known e m p i r i c a l   c o r r e l a t i o n   f o r  heat t ransfer   dur ing   tu rbu-  
l e n t   f l o w   i n   c i r c u l a r  p i p e s  is [8)  : 

(4.1 1 )  
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which i s  v a l i d   i n  the reg ion  2000 < Re < 105  and P r  > O .7. 

The v a l u e s   o f  the heat flow as a r e s u l t   o f   v a p o r i z a t i o n ,  
Q:aP' and O f  

condensation, Q", are p r o p o r t i o n a l   t o   t h e   f l u x  J through the membrane : 
C 

The hea t  o f   v a p o r i z a t i o n ,  and the heat of  condensation, AH-., 

were ob ta ined   f rom  l i t e r a tu re .  The value  of  the f l u x  J h a s   t o  be measured 

o r  ca lcu la ted .   Calcu la t ion   of  the f lux   can  be done  using  equat ions  for  the 

d i f fus ion   o f  a vapour  through a s tagnant   gas .  From o t h e r   i n v e s t i g a t i o n s  i t  

appeared   tha t   ca lcu la t ion   of  the f l u x   i n  t h i s  way is v e r y   d i f f i c u l t   e v e n  

fo r   r e l a t ive ly   s imp le   sys t ems  which contain  only water (7 ) .  

AHvap b 

Therefore the f l u x  was ca lcu la ted  by means of  a semi-empirical rela- 

t i o n   i n  which a l l  membrane parameters were reduced t o  one membrane con- 

s t a n t ,  which is s p e c i f i c   f o r  a c e r t a i n  membrane. The membrane cons tan t  Cm 

is calculated  using  the  experiments   of   chapter  5 i n  which the f l u x  J was 

d e t e r m i n e d   e x p e r i m e n t a i l y   a n d  the p a r t i a l  vapour  pressures,  P f m  and P 

were c a l C u l a t . e d .  The cons tan t ,  Cm, obtained  from the quot ien t   o f  the f l u x  

and the d i f f e r e n c e   i n   p a r t i a l   v a p o u r   p r e s s u r e s  is used   in  t h i s  chap te r   i n  

the following semi-empir ical  r e l a t i o n :  

Pm' 

( 4 . 1 4 )  

A c c o r d i n g   t o   S c h o f i e l d  e t  a l .  (7)  the cons tan t  Cm is s l igh t ly   t empera tu re  

dependent,  decreasing  by  about 3% with a 10°C inc rease   i n  mean temperature.  

In   ou r   i nves t iga t ions  t h i s  e f f e c t  was not  found  and Cm was kept   constant .  

The effect o f   concen t r a t ion   po la r i za t ion  has been  described by many 
au thors ,  most of them working i n  the f i e ld  o f   u l t r a f i l t r a t i o n   ( 9 - 1 0 ) .   I n  

the f ie ld  of  pervaporation  and membrane d i s t i l l a t i o n  the e f f e c t   o f  concen- 
t r a t i o n   p o l a r i z a t i o n  either was not   supposed  to  be important   or  was ne- 

g lec ted .  Only a few authors ,  among them Rautenbach  (1 l ) and Nakao [ 1 2 ) ,  

took t h i s  e f f e c t   i n t o   a c c o u n t .  

The desc r ip t ion   o f  the e f f ec t   o f   concen t r a t ion   po la r i za t ion  for  mem- 
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b r a n e   d i s t i l l a t i o n   d o e s   n o t  differ from the desc r ip t ion   fo r   any   o the r  mem- 
b rane   p rocess .   In   d i rec t -contac t  membrane d i s t i l l a t i o n  i t  is i n   p r i n c i p l e  

poss ib l e  that concent ra t ion   po lar iza t ion   occurs  a t  the feed side as well as 
at the permeate side of the membrane. Concent ra t ion   po lar iza t ion  a t  the 

permeate side of   the  membrane can  occur when the composition  of the l i q u i d  

a t  the permeate side is d i f f e r e n t  from the composition of ’the permeating 

vapour. This s i t ua t ion   occu r s   i n   non- s t eady  stat€ opera t ion   and/or  in  proc- 

ess o p e r a t i o n   i n  which the composition  changes as a func t ion   of  the p lace  

i n  the module. 

In   ou r   ca l cu la t ions   on ly   s t eady- s t a t e   s i t ua t ions   and   f i xed   bu lk  compo- 

s i t i o n s  are considered.   In  this case the assumption stated i n   e q u a t i o n  4.1 

is v a l i d .  From this equat ion it can b e  seen tha t  the  permeate  composition 

is determined by the component  fluxes:  Therefore,  concentration  polariza- 
t i on   on ly   . occu r s  a t  the feed side of  the.membrane. This s i t u a t i o n  is shown 

i n   f i g u r e  4 - 2 *  

FIGURE 4 a 2 :  Concen t ra t ion   po la r i za t ion   i n   d i r ec t - con tac t  membrane 
d i s t i l l a t i o n   i n   s t e a d y - s t a t e   o p e r a t i o n .  

Note that i n  this f i g u r e  the concent ra t ion   prof i le   (expressed   in   molar  

f r a c t i o n s )   o f  the preferen t ia l ly   permeat ing  component ( e thano l )  is given, 

The equat ion   genera l ly   used   to  describe concen t r a t ion   po la r i za t ion  
(1  O 1 , spec i f  fed for‘  our  case,  is: 

i n   w h i c h  Jv is the  volume f l u x   t h r o u g h  the membrane and km is the mass 

t r a n s f e r   c o e f f i c i e n t  at the feed side of the membrane. 
Equation 15 is v a l i d   f o r  volume related dimensions  for  f lux  and  con- 
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J p f m * w f m w  - Ppm'wpmw -=  I n  ! l  
'pm' k M f  Pfb'wfbw - Ppm'wpmw 

(4.16) 

Because t h e  d e n s i t y  is a func t ion   of  the weight f r ac t ion   o f   wa te r ,  the num- 

ber of  unknown parameters   in  the above  equation  can be  reduced. As the 

we igh t   f r ac t ion   o f   e thano l   i n  the experimental  system  does  not"exceed 20% 

by weight,  the d e n s i t y   i n  t h i s  region  can be described  very well by  a l i n -  

ear func t ion:  

p i j  = A + B.wijw (4.17) 

For every  temperature the values   of  A and B have t o  be  determined  separate- 

l y .  These values  were determined  for  temperatures  ranging from 30 till 8OoC 

a t  i n t e r v a l s   o f  10°C. Intermediate   values  were determined by in te rpola-  

t i o n .  

Combination  of  equation  4.16 and  4.17 g ives  the  fol lowing  equat ion  for  , 

the concen t r a t ion   po la r i za t ion :  

Thus using a l i n e a r   f u n c t i o n   f o r  t he  d e n s i t y  the number of   parameters   in  

the equa t ion   fo r   concen t r a t ion   po la r i za t ion  has been limited t o   f i v e .  Two 

of  these parameters ( the f l u x ,  J,  and the weight   f ract ion  of  water i n  t h e  

b u l k  a t  t h e  feed s i d e ,  w f b w )  c a n  b e  m e a s u r e d   d i r e c t l y .  Also t h e  weight 

f r a c t i o n   o f  water a t  the membrane i n t e r f a c e  a t  t h e  permeate s ide,  wpmw, can 

be measured d i r e c t l y  as t h i s  value is e q u a l   t o  the bulk  concentratlon, 
The w e i g h t   f r a c t i o n   * o f  water a t  t he  membrane i n t e r f a c e  a t  the feed W pbw' 

side, wfmw, has t o  be ca lcu la ted  by means of  equation  4.18. 
The mass t r a n s f e r   c o e f f i c i e n t ,  k M f ,  can be ca lcu la ted  i f  the hydro- 

dynamic condi t ions  a t  t h e  feed s i d e  of the membrane are known. The mass 

t r a n s f e r   c o e f f i c i e n t   i n  the laminar  flow  region  can be ca lcu la ted  by the 
Leveque equat ion (8 ) : 

(4.19) 
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with the c o n d i t i o n   t h a t   t h e  Graetz number (Gz = D. L / (  Dh2. <u>) ) is smaller 
than 0.05. 

For very  long  channels , when Gz > O. 1 , the Sherwood  number Sh becomes 
constant .  In t h i s   c a s e  

s implif ied t o  : 

<kM> = 3.66 ( D / D h )  

The mass t r a n s f e r  

the equa t ion   fo r  the mass t r a n s f e r   c o e f f i c i e n t  is 

(4.20) 

i n  the turbulen t   f low  reg ion  is best described  by 
the fol lowing  equat ion  (8)  : 

<k > = 0.027 Reoo8 Sc0e33 ( D / D h )  M (4.21 

with the cond i t ion  that the Reynolds  number, Re, is higher   than 2000 and 

that the Schmidt number, Sc, is Lower than  O .7. 
If the average  value  of the  mass t r a n s f e r   c o e f f i c i e n t  a t  the feed 

s ide ,  < k M > f ,  is  known, the e f fec t  o f   c o n c e n t r a t i o n   p o l a r i z a t i o n   c a n  be 

c a l c u l a t e d  by means of   equat ion 4.18. 

Although  temperature '   polar izat ion  and  concentrat ion  polar izat ion are 
described s e p a r a t e l y   i n  the above  descr ipt ion,  there is a combined ef feet. 

This e f f e c t  is limited t o  the v a r i a t i o n   o f  the  p r o p e r t i e s   o f  the feed a t  
the membrane su r face .   In   t he  heat and mass t r a n s f e r   r e l a t i o n s  that were 

used Only the v i s c o s i t y  1-i and the dens i ty  p f m  are inf luenced by this corn- 
bined effect. 

f m  

The combined effect of   t empera ture   po lar iza t ion   and   concent ra t ion  
p o l a r i z a t i o n  is c a l c u l a t e d   i t e r a t i v e l y .  

4.3: Calculation parameters 

Both feed and permeate cons i s t   o f  a mixture  of  ethanol  and water a t  
d i f fe ren t   t empera tures .  The p r o p e r t i e s  of the l i q u i d s   n e e d e d   t o   c a l c u l a t e  
the dimensionless numbers (Gz, Nu, R e ,  P r ,  Sc and Sh) are dens i ty  ( p ) ,  

d i f f u s i o n   c o e f f i c i e n t  ( D ) ,  heat conduct ivi ty  (k), heat capacity (C,) and 
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. l i q u i d   v i s c o s i t y  (p). A l l  l i q u i d   p r o p e r t i e s  are descr ibed as a func t ion   of  

the  composition  and the temperature  and are c a l c u l a t e d   i t e r a t i v e l y .  

Although the c a l c u l a t i o n s  with the model can be c a r r i e d   o u t   f o r  ' any 

kind of module, we restricted o u r   c a l c u l a t i o n s   t o   e x i s t i n g  membrane modules 

with which the experiments ,   descr ibed  in   chapter   5;  were ca r r i ed   ou t .  

In   our   inves t iga t ions  two types   o f   cap i l l a ry  modules were used. The 

module c h a r a c t e r i s t i c s  are l is ted i n  table 4.1 . 

Table 4.1: Character is t ics   of   modules   used,  with c a p i l l a r y  membranes 

Parameter module I module I1 

Module length (L) (mm) 
Module diameter (mm) 
Membrane diameter o u t s i d e  mm . I  

Membrane th ickhess  (6,) (mm)  
Membrane conduct iv i ty  km (W/mK) 
Membrane Constant-C,  (g/(m2.s.mmHg)) 
Number of membranes i n  module 
Feed flow 
Permeate flow ' 

Hydraulic diameter i n s i d e  (Dhf) (mm)  I 

i n s i d e  [mm] 

ou ts ide  (Dh (mm)  
P :  

497 
'14.0 

8.50 
5.50 

O. 048 
O. 00589 
1 ' )  

i n s i d e  
outs ide  

5.50 
j 5 ..50 

I l .50 

348 
1 1  .o 

. 2.4.0 
1.70 
O .35 
O .  048 
0.0212 
4 

i n s i d e  
outs ide  

1.70 
4.75 

I n  a l l  the c a l c u l a t i o n s  the bulk feed concentrat ion was kept   constant  
a t  a l e v e l   o f  5 w t %  e thanol ;  the o t h e r  parameters were va r i ed .  

During the inves t iga t ions   o f  t he  hydrodynamic condi t ions ,  the bulk 

temperatures.  I of  both feed and permeate were kept   constant  a t ,  a l e v e l   o f  
70°C and 3 O O . C  r espec t ive ly .  

When, the e f f e c t   o f  the temperature   difference was inves t iga ted  the  

Reynolds  numbers Óf feed  and  permeate were kept   constant .  The temperature 

e f f e c t .  was ca lcu la t ed   fo r  two sets of  Reynolds  numbers.  .In t h e  f i r s t  set 

. .  

Re and Re both  have a value  of   4000;   in .  t he  second s e t  Ref = 4000 and Re 

= l 000.  The second set  corresponds with the experimental   condi t ions  to  be 

described i n  the next   chapter .  

f P P 
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4.4: Results  and discussion of calculations 

The c a l c u l a t e d   f l u x   a n d   s e l e c t i v i t y  as a func t ion   of  the hydrodynamic 
condi t ions are g iven   i n   f i gu res   4 .3  till 4.6 and i n  tables 4.2 and  4.3. 

These tables and tables 4.4  and 4.5 are given  in   appendix 2. 

The s e l e c t i v i t y  is defined as: 

(4.22) 

Note that the s e l e c t i v i t y  is defined as an   i n t r in s i c   p rope r ty ,   u s ing  the 

concentrat ions a t  the membrane surface.  

In f igures   4 .3  till 4.6 it can be  seen that the ca lcu la ted   curves  show 

a d i s c o n t i n u i t y  at Re = 2000, cor responding   to  a change  from  laminar  flow 

to   t u rhu len t   f l ow.  For both  regimes  different   equat ions  for  heat and mass 

t r a n s f e r  were used.  Nevertheless the t r a n s i t i o n  is no t  as sharp as shown i n  

these f i g u r e s .   I n   l i t e r a t u r e  on heat and mass t r a n s f e r  it can be found that 

a t r a n s i t i o n   r e g i o n   e x i s t s   i n  which the flow  cannot be  descr ibed as f u l l y  

laminar   nor   fu l ly   tu rbulen t .  The width of t h i s  t r ans i t i on   r eg ion   depends  on 

s e v e r a l   f a c t o r s ,  among o t h e r s  the surface  roughness  of the tubes.   In  gener- 

a l  the t r ans i t i on   r eg ion   ex tends   f rom a Re number of 2000 till 4000. It is 

v e r y   d i f f i c u l t   t o  describe this t r ans i t i on   r eg ion   ma themat i ca l ly   and   i n  

most cases heat and mass t r a n f e r  relat ions are g iven   fo r  the laminar  and 

the turbulen t   reg ion   on ly .   In   f igures   4 .3  till 4.6 the dashed l i n e  is used 

t o  r ep resen t  the s e l e c t i v i t i e s   a c c o r d i n g   t o  the vapour- l iquid  equi l ibr ium. '  ' 

These l i n e s  show the  s i t u a t i o n   i n  which no temperature o r  concentrat ion 

p o l a r i z a t i o n   o c c u r s ;   i n   f a c t  these are the l i n e s  were the Re numbers a t  I 

both feed and  permeate side become i n f i n i t e .  

"he c a l c u l a t e d   s e l e c t i v i t y  as a funct ion  of  the hydrodynamic  condi- 
t i o n s   f o r  moduie I is given  in   f igures   4 .3a  and 4.3b  and i n  table 4.2. 

Both f i g u r e s  show that the se lec t iv i ty   does   no t   change  much once the . 

flow at  both sides of the membrane is tu rbu len t .  If curves a and b are com- 

pared, it can be seen that an   i nc rease  of the Re number i n  the t u r b u l e n t  
reg ion   on ly  has a minor e f f e c t  on the decrease of  temperature  and  concen- . 

t r a t ion   po la r i za t ion .   The re fo re  the s e l e c t i v i t y  is o n l y   s l i g h t l y  changed.. 
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FIGURE 4 .3 :   Se lec t iv i ty  as a func t ion   of  the Reynolds number a t  t he  
feed (a) and the permeate ( b )  side i n  module I. 

On the  o the r   hand ,   i f  the c a l c u l a t i o n  is c a r r i e d   o u t  with the same Re  num- 

ber of 2000 but with equat ions  for   laminar   f low  instead  of   turbulent   f low,  

a r e i a t i v e l y   l a r g e  decrease i n   s e l e c t i v i t y  is found. A f u r t h e r  decrease of 

the Re number a t  feed and/or  permeate side of  the membrane r e s u l t s   i n  t h e  

(expec ted)   decrease   in   se lec t iv i ty .  

v The c a l c u l a t e d   s e l e c t i v i t y  as a func t ion   of  the hydrodynamic  condi- 
t i o n s   f o r  module I1 is given  in   f igures   4 .4a  and 4.4b and i n  table 4.3. 

t i 

0.0 
O 2000 4000 

Ref - ..- , 

FIGURE 4.4: S e l e c t i v i t y  as a 
the feed (a)  and 

.- 
t l -  n a. 4000 

b. MOO 
c. 2000 #f 

d. SM* 
e. 200 * 

0.0 ' l I I I I 

Re,- 
O 2000 4000 

funct ion  of  t he  Reynolds number a t  
the permeate ( b )  side i n  modiile 11. 
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The only  difference  between the r e s u l t s   i n   f i g u r e s  4.3  and  4.4 is the 
use  of a d i f f e r e n t  module. Figures  4.4a  and  4.4b  clearly show that the 

s e l e c t i v i t i e s  are lower  and that the e f f e c t   o f  hydrodynamic condi t ions   on  
the s e l e c t i v i t i e s  are much more pronounced. The explana t ion   for  this phe- 

nomenon is that the wall th i ckness   o f  the membranes i n  module 11 ( 6  = O. 35 

mm) is less t h a n   i n  module I (6  = 1.50 mm). This means that the i n s u l a t i n g  

capac i ty   o f  the membranes i n  module 11 is about  four times lower ,   r e su l t i ng  

i n  a h e a t   t r a n s f e r   c o e f f i c i e n t  which is about   four   t imes  higher .  From equa- 

t i o n s  4 .6  till 4.8 i t  can be  seen that i f  h becomes l a r g e r  the e f f e c t   o f  

tempera ture   po lar iza t ion  becomes  more pronounced. 
m 

Another e f f e c t  which c o n t r i b u t e s  t o  tempera ture   po lar iza t ion  is the 

f l u x   t h r o u g h ' t h e  membrane. If the f l u x  is higher  then the hea t .of   vapor iza-  

t i o n  Qv*  and  condensation Q:, becomes higher.  Because this heat is  with- 

drawn  from the feed, r e spec t ive ly  added t o  the  permeate, a h ighe r   f l ux  

g ives  a more pronounced e f f ec t   o f   t empera tu re   po la r i za t ion .   S ince  the  f l u x  

i n  module .I1 is 'nigher   than  in  module I by a fac tor   o f   about  3.5 s the ef- 

fect of the lower   insu la t ing   capac i ty  is augmented by that of  the higher  
f lux   va lue .  

vap ' 

As can be s e e n   i n  these f i g u r e s  as well, the s e l e c t i v i t y  is no t  chang- 

ed very much once the flow  becomes  turbulent.  Comparable t o  f igures   4 .3a  

and  4.3b, a r e l a t i v e l y   l a r g e  decrease i n   s e l e c t i v i t y  is found i f  the calcu-  

l a t i o n s  are c a r r i e d   o u t  w i t h  t he  same Re number of  2000,  but with equat ions 
for   laminar   f low  instead-   of   turbulent   f low.  

The phenomenon that the s e l e c t i v i t y  is more s t rongly  inf luenced by the 

Re number a t  the permeate side than the Re number a t  the feed side is very 

pronounced i n  the case  of  module IT. For instance,   comparing  point 30 and. 

po in t  46 from table 4.3, i t  is demonstated that the s e l e c t i v i t y  is higher 

when t h e  Re number a t  the  permeate   s ide is h igher .   This   appl ies   for  ether 
sets o f   ca l cu la t ions  as well. The reason   fo r  this phenomenon can be found 

i n  the  fact that the temperature  dependence  of the p a r t i a l  vapour  pressure 

is ve ry   l a rge  and tha t  the ac t iv i ty   coe f f i c i en t   changes   ve ry  .much a t  lower 
temperatures (see appendix 1 ) . 

The c a l c u l a t e d   f l u x  as a func t ion  of the hydrodynamic  conditions are 
given  in '-f igures.4.5a  and  4.5b.and  in tables 4.2 and  4.3. 

The same phenomena that were found  for the s e l e c t i v i t y  as a func t ion  
of  the Re number are a l s o  found f o r  the f lux .  If the flow becomes tu rbu len t  
the f lux  does  not   change  very much and i f  the c a l c u l a t i o n s  are carried o u t  
with the same Re number but  w i t h  equat ions  for   laminar   f low  instead  of   tur-  
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FIGURE '4.5 : Flux as a func t ion  
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( a ) and the permeate ( b )  side. 

bulent  f low, a r e l a t i v e l y  "large decrease i n  :'flux is found. 

From f igu res   4 .3  and  4.4 i t '  appeared that  the s e l e c t i v i t y  is more 

s t rongly   in f luenced  by the Re number a t  the permeate s ide than t h e  Re num- 

' ber a t  the feed side. For the f l u x ,  however, the o p p o s i t e   r e l a t i o n  is 

found. I t .  appears  that the f l u x  is s t rongly  inf luenced by the Re number a t  

the feed side. I f   f i g u r e  4.5b is observed, it can be seen tha t  it hard ly  

makes any d i f f e r e n c e  whether the Re number a t  the permeate s i d e  is h i g h  o r  

low.  Even the d i s c o n t i n u i t y  a t  Re = 2000 is ha rd ly   p re sen t ,   e spec ia l ly   i n  

t h e  case of module I. On the o ther   hand ,   in   f igure   4 .5a  the d i s c o n t i n u i t y  

a t  Re = 2000 is d i s t i n c t l y   p r e s e n t .  This phenomenon can b e  explained by 

means of  equat'ion ' 4.1 4 and the Anto ine   re la t ion '   (equat ion  4 . A . 6 ) .  From 

equat ion 4.14 i t - c a n  be seen tha t  the f l u x  is d i r e c t l y   p r o p o r t i o n a l   t o  t he  

vapour   pressure  difference  between feed and  permeate  and  from the Antoine 

r e l a t i o n  it can be seen that  the vapour  pressure is increas ing  with tem- 

pe ra tu re   t h rough   an   exponen t i a l   r e l a t ion .  This  means tha t  a small tempera- 

ture   change a t  a h igh   tempera ture   l eve l   g ives  a l a r g e r   c h a n g e   i n   p a r t i a l  

vapour  pFessure  than the same temperature  change a t  a low  temperature.  For 
ins tance ,  a t  30°C the vapour   pressure  of  water changes 1 . 9  mmHg/OC whereas " 

a t  7OoC the vapour  pressure  changes  10.2 mmHg/OC. 

l 

.L 

, , ., 

... .I , 
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The e f f e c t   o f  

z a t   i o n  a t  the feed 

I n   f i g u r e  4.6a the 

feed as a func t ion  

t h e  hydrodynamic  condi t ions  on  the  concentrat ion  polar i -  

side of the membrane is g i v e n   i n   f i g u r e s  4.6a  and  4.6b. 

weight  percentage  ethanol at- the membrane s u r f a c e   i n  the  

of the Reynolds number a t  the f e e d   s i d e   f o r  module I is 
given. In f i g u r e  4.6b the same v a r i a b l e s  are p l o t t e d   f o r  module 11. 

O ' 2000 4000 
Ref - O 2000 4000 

Ref - 
FIGURE 4.6:  Weight  percentage  ethanol a t  the membrane s u r f a c e   i n  t h e  

feed as a func t ion   of  the Reynolds number a t  the feed 
side f o r  module I (a) and   fo r  module I1 ( b ) .  

As can be  seen  from  equation  4.15, the  weight   f rac t ion   of   e thanol  a t  
the  membrane s u r f a c e  a t  the.feed side, w is inf luenced by the f l u x ,  the 

s e l e c t i v i t y  and the mass t r a n s f e r   c o e f f i c i e n t  k 
fme 

Mf' 

A s  expected the hydrodynamic  conditions at the feed side have a l a r g e  

inf luence,  on the concent ra t ion   po lar iza t ion .   In   bo th   f igures  it can b e  

observed that the  concentratfon decreases when the Reynolds number decreas- 

es and aga in  a d i s c o n t i n u i t y  is observed at Re = 2000. This . is due t o  a 
decrease of the mass t r a n s f e r   c o e f f i c i e n t  with decreasing R e  numbers. For 

module I the mass t r a n s f e r   c o e f f i c i e n t  decreases from 59 x 10-6 m / s  a t  Re = 

4000 t o  6.1 . 10-6 m / s  f o r  Re = 200 and f o r  module I1 the mass t r a n s f e r  

coef f ic ien t   decreases   f rom 190 . 10-6 m / s  a t  Re = 4000 t o  15 . 1 O - 6  m / s  f o r  

Re = 200. If on the o the r  hand it Ï s  considered that t h e   f l u x   t h r o u g h  the . 

membranes i n  module I1 is about three times higher t h a n   i n  module I, rough- 
l y  the same effect of concent ra t ion   po lar iza t ion  might b e  expected  for   both 
modules. For higher Re numbers ( e s p e c i a l l y   i n  the tu rbu len t   r eg ion )  t h i s  ' 

e f f e c t  is found  indeed. 
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Although  concentrat ion  polar izat ion is limited t o  the feed side, the 

hydrodynamic  conditions a t  the permeate s ide have  an  influence on t h i s  

effect as well. As can be seen from the f igu res   concen t r a t ion   po la r i za t ion  

( f o r  a f ixed  Re number a t  the feed s ide)  is decreasing if  the Re number a t  

the permeate side is decreasing.  This phenomenon can be explained as f o l -  

lows. When the Re number a t  the permeate side is decreasing,  t he  e f f e c t  of 

tempera ture   po lar iza t ion  is increasing  and as a consequence the s e l e c t i v i t y  

and the f l u x  are lowered.  Using  equation  4.15, it can be demonstrated that 

b o t h   e f f e c t s   c o n t r i b u t e   t o  the decrease of the e f f ec t   o f   concen t r a t ion  
polar iza t ion .  

The c a l c u l a t e d   f l u x   a n d   s e l e c t i v i t y  as a funct ion  of  the temperature 

d i f f e r e n c e  a t  two d i f f e r e n t  sets of hydrodynamic condi t ions are g iven   i n  

f i g u r e s  4.7  and  4.8  and i n  tables 4.4 and 4.5. 

0.oL I I I l t 

O 20 40 
AT, ["Q 

0.01 I I I I l 

O 20 40 
A Tb ["Cl- 

FIGURE 4 .7 :   Se lec t iv i ty  as a funct ion  of  the temperature   difference ' :  
a. ' f ixed  feed  temperature (80°C) ; 
b. fixed  permeate  temperature ( 3 0 ° C ) .  

For the inves t iga t ion   o f  the inf luence  of  the tempera ture   d i f fe rence  

two d i f f e r e n t  sets of  hydrodynamic condi t ions  were considered.  In the f i r s t  
set the Reynolds number of  feed and permeate were chosen i n   t h e   t u r b u l e n t  
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region at a value  of  9000. This value w a s  chosen,  because it is about the 

minimum l e v e l  at which the flow  can be, assumed t o  be f u l l y   t u r b u l e n t .  The 

second. set of  hydrodynamic  coqditions  consists  of Re = 4000 at the feed 

side and Re = 1000 at the, permeate side. These are the Re numbers a t  which 

the experiments ,   d iscussed  in  the next   chapter ,  were ca r r i ed   ou t .  

In   f i gu re   4 .7a  the c a l c u l a t e d   . s e l e c t i v i t y  is given as a func t ion   of  

the bulk  temperature   difference.   In  t h i s  f i g u r e  the bulk  temperature  of the 
I .  

feed is f i x e d  a t  80°C and the p,ermeate  temperature has been  varied.   In 

f i g u r e  &.?b the  bulk  temperature   of  the permeate is f ixed  at 30°C and the 

feed temperature has been  varied. (N.B. Not a l l  the . ca l cu la t ions  which are 
listed i n  table 4.4  and  4.5 are g i v e n   i n   f i g u r e  4.7a and  4.7b). The dashed 

1 i n e s . i n  the f i g u r e s   r e p r e s e n t  the vapour- l iqu id   equi l ibr ia .  The f u l l   l i n e s  

are c a l c u l a t e d  w i t h  the first s e t   o f  hydrodynamic  conditions (Ref = 4000; 
Re = 4000)   and the b r o k e n   l i n e s  are c a l c u l a t e d  making use  of the second 
set  (Re = 4000 ; Re = 1000) .  T h e  roman  numbers   indicate  the module  on 

which the c a l c u l a t i o n  .appl ies .  

P 
f P 

From bo th   f i gu res  i t  is c l e a r  that the s e l e c t i v i t y   i n c r e a s e s   s t r o n g l y  

when the tempera ture   d i f fe rence   increases .  , This s t rong   i nc rease  might be  

expected,  because the vapour .   p ressure   d i f fe rence   increases   exponent ia l ly  

with the temperature. 

Another  obseryation is that  the- s e l e c t i v i t i e s   ' c a l c u l a t e d  with the 

first set of  hydrodynamic  conditions l i e  c l o s e   t o  the s e l e c t i v i t i e s   a c c o r d -  
i n g   t o  the vapour-lïquid  equilibr-fum. This means tha t   once  the  flow becomes 

tu rbu len t  the se l ec t iv i ty   ha rd ly   changes  any more. Therefore ,   in   appl ica-  

t i ons   o f  membrane d i s t i l l a t i o n "  the flow  conditions  should be fu l ly   t u rbu -  

l e n t  ; t h i s  means tha t  a Reynolds number of  about 4000 at both. sides of 

the membrane is s u f f i c i e n t  to achieve a good sepa ra t ion .  When making these 

statements ,  the i n s u l a t i n g   p r o p e r t i e s   o f  the membrane should be considered. 

In   our   ca lcu la t ions   the   th inner  membrane has a th ickness   o f  O -35 mm. I f  

membranes with a lower  thickness o r ,  i n   g e n e r a l ,  membranes with a lower 

i n s u l a t i n g   c a p a c i t y  are used, a fur t 'ner   increase  of  the Re number i n  the  

tu rbu len t   r eg ion  might be necessa ry   t o   p roduce   op t ima l   s epa ra t ion   r e su l t s .  
The r e s u l t s   o b t a i n e d  with the second set of  hydrodynamic  conditions 

c l e a r l y  show why a laminar  f low' a t  one   s ide   o f   the  membrane g ives  rather 

poor   separa t ion   resu l t s .  For in s t ance ,  at a .bu lk   t empera tu re   d i f f e rence   o f  
50°C the s e l e c t i v i t y   f o r  module I1 at  t h i s  f low  condi t ion  is 4.13 while the 

maximum s e l e c t i v r t y  is  7.33. When the Re number- a t  the permeate side is 

inc reased   t o  4000 the s e l e c t i v i b y  becomes 6.22, which is a" considerable  
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improvement. 

'Comparing,figure  4.7a  and  4.7b, it can be seen  that  the s e l e c k i v i t i e s  

i n  the l a t t e r  f i g u r e  are s l i g h t l y  better. For ins tance  a t  a temperature 
d i f f e rence   o f  30°C the VLE-select ivi ty   in   f igure 4.7a ( T f b  =, 80°C  and T = 

50°C) is 3.64, whereas t h e  s e l e t c t i v i t y   i n   f i g u r e  4.7b ( T  = 60°C and T = 

30°C) is 4.57.  Again the r e a s o n   f o r  t h i s  d i f f e r e n c e  has t o  b e  found i n  the 

Pb 

f b ,  Pb 

p a r t i a l  vapour   pressure  difference  and the temperature  dependency of t h e  

a c t i v i t y   c o e f f i c i e n t .  
. ._. ,.*I , 

In   f igure  4 .8a the ca l cu la t ed   f l ux  as a funct ion  of  i t h e  bulk  tempera- 
t u r e   d i f f e r e n c e  i s  g iven ;   i n  t h i s  Sigure the bulk tempF:ra,tur.e of  the feed 

is f ixed  a t  80°C  and ,th.e permeate  temperature is va r i ed .   In   f i gu re  4.8b t h e  

bulk  temperature  of the permeate is f i x e d  a t  30°C and : t he  feed  temperature 

is varied.   The. . representat ion  of  the hydrodynamic condi t ions  .is c a r r i e d   o u t  

i n  the same way as for   f igure  4 .7a  and 4.7b. 
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FIGURE 4.8:  Flux as a func t ion   of  the temperature   difference:  

a. f ixed  feed temperature,  (80°C) ; 
b. fixed  permeate  temperature ( 3 0 ° C )  

The most remarkable  observation that can be made from t h e s e   f i g u r e s  is 

that  the  d i f f e r e n t  sets of hydrodynamic condi t ions do not  have a l a r g e  
impact on the f l u x ,  the Re number a t  the feed  side being 4000 i n  a l l  cases .  
As it has already been shown i n   f i g u r e  4.5 that  t h e   f l u x  is main'ly deter- 
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mined by the highest   temperature ,  it is n o t   s u r p r i s i n g  tha t  t h e   f l u x e s   f o r  

.both sets of  hydrodynamic  conditions  do  not  change  very much. If on the 

o the r  hand the Re number at the feed side would be lowered, the impact  on 
the f l u x  would be much more severe.  

4.5: Conclusions 

Provided the f low  in  the module at  the feed  and  permeate side is t u r -  

bu len t  , the s e l e c t i v i t y  and the f lux  hardly  change  any  more  for  changing 

hydrodynamic  eonditions. For the appl ica t ion   of  membrane d i s t i l l a t i o n  a 

Reynolds number of  about 4000 is necessa ry   bu t   su f f i c i en t   t o   ach ieve  a good 

sepa ra t ion .  The insu la t ing   p rope r t i e s   o f  the membrane and  other  module 

cha rac t e r i s t i c s   shou ld  be taken  into  account   before  this  s ta tement   can b e  

general ized.  
Both f l u x   a n d   s e l e c t i v i t y   i n c r e a s e  i f  the tempera ture   d i f fe rence   in -  

creases .  From our   ca l cu la t ions  it can be concluded that a minimum tempera- 
t u r e   d i f f e r e n c e   o f  a t  least 30 t o  4OoC is necessary   for   an   -e f f ic ien t   sepa-  
r a t i o n .  

4 . 6 : Symbols 

The symbols that are used   i n  this chapter  are conform the terminology 

of membrane d i s t i l l a t i o n  ( l  3 ) .  Additional  symbols  or  symbols  which are 
d e f i n e d   i n  a d i f f e r e n t  way are marked with the *-symbol. 

Latin-sEt2oG 
A,B,C  cons t an t s  (es. 4.A.6) 

Aij Margules  constant  (eq.  4.8.7, 4.A.8) 

A, B cons t an t s  (eq. 4.17,  4.18) 
C concentrat ion 

'm membrane cons t an t  
heat capac i t y  

D d i f f u s i o n   c o e f f i c i e n t  

Dh, hydrau l i c  diameter 
Gz e a e t z  number (= D.L/(Dh2.<u>)) 

x 

* 
* 

kg/m3 
g/(m2.s.mmHg) * 
J/kg . K 

m'/ s 
m 

AHc l a t e n t  heat of condensation J/kg 
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AH 

h 

J 

V?P 

JV 

kM 

k 

L 

Nu 
P 

. Qtt 

, P r  

Re 

Sc 

Sh 
T 

TPC 

U 

W 

X 

l a t e n t  heat of   vaporfzat ion 

heat t r a n s f e r   c o e f f i c i e n t  

mass f l ux  

volume f l ux  
thermal conduct iv i ty  

mass t r a n s f e r   c o e f f i c i e n t  

length  of the module 

Nusselt  number (=  h.Dh/k) 

p ressure  

heat f l u x  

Prandt l  number (= (p.Cp)/k) 

Reynolds number ( =  (p.<u>.Dh)/p) 

Schmidt number (= p/( p.D) ) 

Sherwood  number, ( =  (kM.Dh)/D) 

temperature 

Temperature   Polar izat ion  Coeff ic ient  

t a n g e n t i a l   v e l o c i t y  
weight   f ract ion 

molar f r ac t ion 

' Greek symbols . ------- ----- 
a s e l e c t i v i t y  

Y a c t i v i t y   c o e f f i c i e n t  

n d i f f e r e n c e  
6 membrane th ickness  

v l i q u i d   v i s c o s i t y  

P .dens i t y  

s_ub_s_c_riPt_s_ 
b bulk 
C condensation 

e e thano 1 

f f eed 

i ,  j index 

m membrane 

P permeate 
VaP vapor iza t ion  
W water 

J/kg 

W/mZK 

kg/m2s 

m 3  /m's 
W h .  K 

m 3  /m's * 

K 

m/s 

- 
N/m 

m .  

Pa. s 

kg /m 

x 
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Super sc r ip t s  

O pure component 
a3 i n f i n i t e   d i l u t i o n  

------------ 
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4.. 8 :' AppendXx 1 

For the Beparation  of  ethanol(e)/water(w)  mixtures tile following  equa- 

, t i o n s  are derived  from the VLE theory: 

(4.A.l) 
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"me 'fme pme fme fme fme pme  pme  pme - P = x Y P O  + x .Y .P0 (4.  A, 2 )  

hpmw = Pfmw - P = X Y Po - x .Y .Po pmw f m w '  f m w '   f m w  pmw  pmw  pmw (4-A.3) 

x = l - x  ' 

f me f mw (4 .A.4)  

( 4  .A.5) 

The p a r t i a l   p r e s s u r e s  P can be ca lcu la ted  from the temperatures  of O 
i m  j 

the feed and the permeate by means of  the Antoine  re la t ion:  

log (Pimj) O = A - B 
(Tim + C )  

( 4  . A . 6 )  

where Pymj is t h e  vapour  pressure  of the pure component j i n  mmHg and T 

is the tempera ture   in  'C. 
i m  

The va lues  A,  B and C are cons tan ts  which were derived  from VLE data 

( 5 ) .  The values  that  are used  for t he  c a l c u l a t i o n  of t h e  par t ia l  vapour 

pressure  by  means of   equat ion 4.A.6 a r e  l i s t ed  i n  table  4 . A . 1 .  

Table 4.A.1: Antoine-constants  for  ethanol  and water 
i,. 

A B C 

e thanol  8.11220  1592.864  226.184 ? . . .  
wat er 8 .O71 31 1730.630  233.426 . , 

The values   of  'the a c t i v i t y   c o e f f i c i e n t s  Yimj were abstnacted from 
the same VLE data (5) .  

In   our   ca lcu la t ions  the Margules  equation was used f o r ;  the  determina- 

t i o n  o f  the va lues   o f  Y i m j :  
, .  
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The Margules  equation was chosen,  because i t gave the b e s t  f it f o r  the cal- 
culat ion  of   experimental  data on  mixtures  of  ethanol  and water 15). The 

d i s a d v a n t a g e   o f  the Margules  equation is, however, that the cons tan t s  Aew 

and A are temperature-dependent.  It appeares that  the cons tan t s  A and 

Awe are a f u n c t i o n   o f  Ym and Ym r e spec t ive ly .  By p l o t t i n g  Ym and Ye as a 
we %W 

W e e 
f u n c t i o n  o f  the t e m p e r a t u r e ,  the v a l u e s   o f  A and  Awe can be  obtained 

g raph ica l ly .  A l l  the data, that were u s e d   t o   c o n s t r u c t   f i g u r e s  4.A. l and 

4 .A.2 were obtained  from the Dechema series (5). 

e w  

6 . 0 0 6  

0.00 ob 50 100 

Temperature ["Cl - 
FIGURE 4.A.l : Ym and Ym as a func t ion  of the temperature. e W 

FIGURE 4. A. 2a : FIGURE 4. A. 2b : 
A as a func t ion   o f  Y;. as a func t ion  of  
we e' 

If the temperature  of the  feed and the permeate are known, the values  
O of  Y i m j  and P i m j  can  b e  c a l c u l a t e d .   S u b s t i t u t i n g  these va lues   i n   equa t ion  

t i o n  4.A.1 till 4.A.5, reduces the number of v a r i a b l e s   t o  6.  If one of the 

composition  parameters is known, the other   parameters   can be  ca l cu la t ed .  
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4.9 : Appendix 2 

Table 4.2: 
Ca lcu la t ed   f l ux   and   s e l ec t iv i ty  as a func t ion   of  hydrodynamic cond i t ions   fo r  

s e l e c t i v i t y  

W f l u x  model VLE 

1 4000 4000 70.0  68.80 30.91 30.0 .g47 4.75 22.0  1.220 5.67  6.09 
2 2000 70.0 68.82 31.56 30.0 .g31 4.75 21.6 1.210 5.53 6.09 
3 2000" 70.0 68.86 33.52 30.0 .883 4.78 20.4 1 . l79 5.09 6.09 
4 500* 70.0 68.89 35.35 30.0 .839 4.81 19.3 1.148 4.74 6.09 
5 200" 70.0 68.93 36.99 30.0 .799 4.83 18.3 1.119 4.42 6.09 

6 2000 4000 70.0 67.99 30.87 30.0 .g28 4.61 21 .l 1 .l 65 5.53 6.09 
7 2000 70.0 68.01 31.50 30.0 .g13 4.62 20.7 1.156 5.40 6.09 
8 2000* 70.0 68.08 33.41 30.0 .867 4.66 19.6 1.128 4.98 6.09 
9 500* 70.0 68.14 35.19 30.0 .824 4.70 18.6. 1.101 4.64 6.09 

10 200* 70.0 68.20 36.78 30.0 .T85 4.73 17.7 1.074 4.34 6.09 

1 1  2000* 4000 70.0 65.85 30.79 30.0 .876 4.24 18.6 1.028 5.15 6.09 
12 * 2000 70.0 65.88 31.37 30.0 .863 4.26 .18.3 1.021 5.04 6.09 
13 * 2000" 70.0 66.00 33.12 30.0 .822 4.34 17.5 1.001 4.66 6.09 
14 * 500*.70.0 66.12 34.76 30.0 .T84 4.40 16.8 0.981 4.37 6.09 
15 * 200* 70.0 66.22 36.24 30.0 .749 4.46 16.1 0.961 4.11 6.09 

16  500* 4000 70.0 63.98 30.73 30.0 .831 4.08 17.1 0.922 4.85 6.09 
17 * 2000 70.0 64.03 31.26 30.0 ' .819 4.11 16.9 0.9'17 4.75 6.09 
18 * 2000* 70.0 64.18 32.88 30.0 .783 4.19 16.3 0.902 4.45 6.09 
19 * 500*  70.0 64.34 34.41 30.0 .748 4.27 15.6 0.886 4.16 6.09 
20 * 200' 70.0 64.48 35.79 30.0 .717 4.33 15.1 0.871 3.93 6.09 

21 200% 4000 70.0 62.42 30.68 30.0 .794 4.00 16.1 0.842 4.62 6.09 
22 * 2000 70.0 62.48 31.17 30.0 .783 4.03 16.0 0.838 4.53 6.09 
23 * 2000* 70.0 62.66 32.69 30.0 .749 4.11 15.4 0.826 4.25 6.09 
24 * 500* 70.0 62.85 34.12 30.0 .718 4.19 14.8 0.813 3.98 '6.09 
25 * 200x 70.0' 63.01 . 35.43 30.0 .690 4.26 14 .4  0.800 3.78 6.09 

*: c a l c u l a t i o n s  carried out  with equat ions fo r  laminar  flow 

+: Temperature   Polar izat ion  Coeff ic ient ;  TPC = (Tfm-Tpm)/(Tfb-Tpb) 
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Table 4.3 : 
Calcu la t ed   f l ux   and   s e l ec t iv i ty  as a function  of  hydrodynamic  conditions  for 
module I1 (wfbe = O. 0 5 )  

s e l e c t i v i t y  
-a 

26 4000 4000 70.0  68.65  32.85 30.0  .895 4.76 20.7 4.251 5.23 6.09 
27 2000 70.0 68.70 34.77  30.0  .848 4.79 19.5 4.1.38 4.82 6.09 
28 200O* 70.0 68.81 39.17 30.0 .74l  4.85  16.9 3.853 4.00 6.09 
29 500* 70.0  68.92 43.09 30.0 .646 4.90 14.7 3.561 3.34 6.09 
30 ZOO* 70.0 69.01 46.18 30.0 .571 4.93 13.0  3.303 2.89 6-09 

31 2000 4000 70.0 67.74 32.75 30.0 .875 4.63 19.8 4.037 5.09 6.09 
32 2000 70.0 67.81 34.59 30.0 .831 4.67  18.7 3.938 4.70 6.09 
33 2000% 70.0 68.00 38.88 30.0 . v a  4.76 16.4 3.686 3.92 6.09 
34 500* 70.0 68.18 42.72 30.0 .636 4.84  14.4 3.423 3.30 6.09 
35 200* 70.0 68.33 45-77 30.0 .564 4.89 ' 12.8 3.187 2.86 6.09 

36 2000" 4000 70.0 64.22 32.36 30.0 .796 4.21 16.7 3.296 4.57 6.09 
37 * 2000 70.0 64.38 33.97 30.0 .760 4.29 16.0 3.236 4.25 6.09 
38 * 2000* 70.0 64.78 37.79 30.0 .m5 4.46 14.5 3.079 3.63 6.09 
39 * 500* 70.0 65.19 41,31 30.0 .597 4.6.1 13.1 2.907 3.12 6.09 
40 * 200*' 70.0 65.53 44.16 30.0 .534 ?.72 12.0 2.746 2.75 6.09 

41 500* 4000 70.0 61.81 32.12 30.0 .742 4.11 15.4 2.862 4.25 6.09 
42 * 2000 70.0 62.02 33.58  30.0 .711 4.20 14.8 2.820 3.97 6.09 
43 * 20005  70.0 62.54 37.08  30.0 .636 4.38 13.6 2.706 3.44 6.09 
44 * 500* 70.0 63.06 40.,35 .30.0 .568 4.54 12.5 2.579 3.00 6.09 
45 * 200%  70.0 63.52 43,05  "30.0 .512 4.66 11.6 2.457 2.68 6.09 

46 200% 4000 70.0 59.88 31 -94  30.0 .698 4.08 14.5 2.548  .3.99 6.09 
47 2000 70.0 60.12 33.28  '..30.0 ,671 4.17 14.0 2.516 .. 3.75 6.09 
48 * 2000* 70.0 60.71 36.53 30.0 .605 4.35 13.0 ..2.429 3.29 6.09 
49 * 500* 70.0 61.31 39.60 30.0 .543 4.51 12.0 .2.330 2.90 6.09 
50 * 200* 70.0 61.84 42.16 30.0 .492 4.63 11 i2  2.233 2.61 6.09 

*: c a l c u l a t i o h s   c a r r i e d   o u t  with equat ions  for   laminar   f low 

+: Temperature   Polar izat ion  Coeff ic ient ;  TPC = (Tfm-Tpm)/(Tfb-Tpb) 
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Table 4.4: 
Calculated  f lux,  and s e l e c t i v i t y  as a, funct ion  of  hydrodynamic condi t ions  and 
t empera tu re   d i f f e rence   fo r  module I ( w  = 0.05) f b e  

s e l e c t i v i t y  

T f l u x  model VLE 

51 4000 4000 80.0  79.45  70.53  70.0  .893  5.00 7.1 0.655  1.45 1.51 
52  80.0 79.02 60.90 60.0 .g06 4.99 10.2 I 1.137 2.16 2.34 
53  80.0 78.68 51.13 50.0 .g18 4.90 14.5  1.490 3.30 3.64 
54  80.0 78.40 41.27 40.0 .g28 4.75 19.7 1.751 4.93 5.44 
55  80.0 78.17 31.33 30.0 .g37 4.58 24.6  1.940 6.81 7.33 

56 4000 4000 70 .O 69.59, 60.39 60.0 .g20 5.00  7.3  0.469 1 .50 1.56 

58  70.0  69.02 40.81 40.0  .g40 4.88  16.1  1.045  3.73 4.04 ' 

57  70.0  69.27  50.65  50.0 .g31 4.97  10.9  0.804  2.35  2.50 

59 70.0  68.80 30.91 30.0 .g47 4.75 22.0 1.220 5.67  6.09 

60 4000 4000 60.0 59.70  50.28  50.0 .g41 5.00 7.7  0.324  1.58  1.62 
61 60.0 59.46  40.47  40.0  .g49 4.96 11.9  0.549 2.60 2.73 
62 60.0 59.26  30.58  30.0 .g56 4.88 18.1 0.708 4.31 4.57 

63 4000 4000 50.0  49.78 40.21 40.0 .g57 5.00  8.1  0.216  1.67 1.71 
64 50.0 49.60 30.34  30.0  .g63 4.96 13.3  0.362  2.93  3.05 

65 4000 4000 40.0  39.84 30.15 30.0  .g68  5.00  8.6  0.139-  1.79  1.83 

66 4000 1000" 80.0 79.54  72.26 70.0 .T28 5.00 6.7  0.550  1.35  1.51 
67 ' * 80.0  79.15  64.01 60.0 .757 5.00 9.1 0.998  1.90 2.34 
68 * 80.0 78.81 55.20 50.0 .T87 4.94  12.6  1.356  2.77  3.64 
69 * 80.0  78.53  45.96  40.0 .814 4.82  17.2  1.637 4.10 5.44 
70 * 80.0  78.28  36.33  30.0  ,839  4.67 22.2 1.853  5.85  7.33 

71 4000 1000* 70.0  69.64  61.76 60.0 .T88 5.00  6.9 0.411 1 .42  1.5.6 
72 * 70.0  69.34  53.03 50.0 .816  4.98  9.9  0.732 2.10 2-50 
73 * 70.0  69.09  43.87 40.0 ,841 4.91 14.3  0.978  3.23 4 - 0 4  
74 * 70.0  68.87  34.35  30.0  .863 4.79 19.9  1.165  4.93 6.09 

75 4000 lOOO* 60.0 59.73  51.33  50.0 .8401 5.00  7.3  0.295  1.50  1.62 
76 * 60.0 59.50  42.25 40;O .862  4.97  11.0  0.514  2.37  2.73 . 
77 * 60.0 59.30 32.82  30.0  .883 4.90 16.6  0.677  3.85 4.57 

78 4000 1000" 50.0 49.79  40.99 40.0 .880 5.00 7.8 0.202 1.60  1.71 
79 * 50.0  49.62  31.65  30.0  ,898 4.97 12.4  0.346  2.72  3.05 

80 4000 l O O O *  40.0 39.84,  30.74 30.0  .g10 5.00  8.3  0.132 l .73  1.83 
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Table 4.5: 
C a l c u l a t e d   f l u x   a n d   s e l e c t i v i t y  as a function  of  hydrodynamic  conditions  and 
tempera ture   &if   fe rence   for  module 11 (w  = O. 0 5 )  f b e  

s e l e c t i v i t y  

W f l u x  model VLE 

81 4000 4000 80.0 79.43 71 3 2  70.0 .T92 5.00  6.8  2.130 1.39  1.52 
82 ' .. .80.0 78.96 .62.65 60.0 .816  5.00  9.5 3.788 2.00 2.34 
83 80.0  78.57 53.41 50.0 .839 4.92  13.3 5.061 2.97 3.64 

85 80.0 77.96  34.12 30.0 .877 4.61  23.1 6.741 6.22 7.33 
8  4 :' i I . '  80-0 78.24 43.89 40'.0.. .859 4.78 18.1 6.025  4.42  5.44 

86 4000 4000 70.0 69.56 61.17 60.0 .839 5.00 7.1 1.563  1.45  1.56 
87 70.0 69.20 51.99 50.0 .861 4.98 10.3 2.736 2.20 2.50 
88 .' 70.0 68.91 42.54  40.0 .879 , 4.89 15.0 3.605 3.43 4.04 
89 70.0 68.65  32.85 30.0 .895 4.76 20.7 4.251 5.23  6.09 . ". 

90 4000 q000 60.0 59.66  50.88 50.0.  .879 5.00 7.4  1.102  1.53 l .62 

92 L, 60.0 ,59.16 31.86  30.0 .g10 4.88  17.1 2.473  4.02  4.57 
91 60.0. 59.39 41.48 40.0 .895,  4.96  11.4  1.897 2.46 2.,73 

93  4000 4000 50.0 49.75. 40.66  40.0 .g09 5.00 7.9 0.746 1.63 1.71 
94 . . 5 0 - 0  4'9.54 31.10 30.0 .g22 4.96 12.7  1.266 2.79 3.05 

95 4000 

96 4000 
97 
98 
99 

100 I ' 

101 4000 
102 
1 O3 
104 

105 4000 
106 
1 o7 

108 4000 
109 

110 4000 

4000 40.0 39.81 30.50 30.0 

l O O O *  80.0 79.63 74.64 70.0 
* - 8 O . O  79.27 68.66 60.0 

80.0 78.93 61.84 50.0 
* 80..0 78.60 54.18 40.0 
* 80.0 78.29 45.57 30.0 

l O O O *  70.0 69.69 63.90 60.0 
* 70.0 69.39 57.05 50.0 

' * 70.0 69.12 49.45 40.0 
* 70.0 68.86 41.00 30.0 

1000" 60.0 59.74 53.15 50.0 
* 60.0 59.50. 45.61 40.0 

60.0 59.28 37.32 30.0 

1000* 50.0 49.79 42.51 40.0 
* 50.0 49.60 34.38 30.0 

l O O O *  40.0  39.83  31.99 30.0 

..g31 5.00 8.4 0.484 

.q99 5.00 6.1 l .41'6 
-530 5.00 7.6 2.720 
.570 4.99 9.8 3-91'? 
.611 4.93 13.0 4.969 
.654 4.81 17.3 5.875 

.579 5.00 6.4 1.133 

.617' 5.00 8.4 2.137 

.656 4.96 11.4 2.998 

.696 4.87 15.9 3.721 

.Q59 5.00 6.7 0.863 

.T32 4.93 .13.6 2.170 

.695  4.99 .9.4 1.583 

.728 5.00 7.2 0.620 

.761 4.98 10.7 1.108 

.784 .5.00 7.8 0.421 

1.75  1.83 

1.23 1.51 
1.56 2.34 
2.07 3.64 
2.87 5.44 
4.13 7.33 

1.29 1.56 
1 074 2.50 
2.48 4.04 
3.68 6.09 

1.37 1.62 
1.98 2.73 
3.04 4-57 

1.47 1.71 
2.30 3.05 

1.60 1.83 

*: c a l c u l a t i o n s  carried out  with equat ions  for   laminar  flow 
f 

: Tempera ture   Polar iza t ion   Coeff ic ien t ;  TPC = ( T ~ ~ - T ~ ~ ) . / (  T ~ ~ - T ~ ~ )  
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Chapter 5 : 

. .  

ETHANOLIWATER SEPARATION BY MEMBRANE. DISTILLATION. 2. EXPERIMENTAL RESULTS 

A.C.M. Franken, J.A.M. Nolten, M.H.V. Mulder & C . A .  Smolders 

Summary 

In   chapter  4 a model f o r  the separa t ion   of   e thanol  and water by mem- 

b r a n e   d i s t i l l a t i o n  has been  developed.  In t h i s  model VLE (Vapour-Liquid 

Equilibrium) data are combined with the e f f ec t   o f   t empera tu re   po la r i za t ion  

and   concent ra t ion   po lar iza t ion .  

I n  t h i s  chapter  membrane d is t i l l a t ion   exper iments   wi th   e thanol /water  

mixtures  are described  and the expe r imen ta l   s e l ec t iv i t i e s   and   f l uxes   a r e  

compared with the ca l cu la t ed   va lues .  A good agreement.between model and 
experiments was found. 

5.1: Introduction 

A s  expla ined   in   chapter  4 ,  membrane d i s t i l l a t i o n  is a d i s t i l l a t i o n  

p rocess ,   i n  which the vapour   p ressure   d i f fe rence   across  the membrane causes  

vapour  molecules  to  be  transported  through the pores   of  the 'membrane from 

the warm side (feed) t o  the cold s i d e  (permeate)  of the membrane. 

The app l i ca t ions   o f  membrane d i s t i l l a t i o n   a r e  mainly  found i n ,  t h e  

separa t ion  o? inorganic   components   in   aqueous  solut ions  and  especial ly   in  

t hose   s epa ra t ions   i n  which a . h i g h   p u r i t y   o f  t h e  permeate (water) is des i red  

(1 -3) 
As far as separat ion  of   aqueous  mixtures   of   volat i le   organic  compo- 

nents  is concerned, membrane d i s t i l l a t i o n  is, not a r e a l   a l t e r n a t i v e   t o  

c o n v e n t i o n a l   d i s t i l l a t i o n .   T h e r e f o r e ,   a p p l i c a t i o n s  of membrane d i s t i l l a t i o n  
must be found i n   m i x t u r e s   i n  which the feed cannot be h e a t e d   t o  h i g h  tem- 

pera tures   ' ( e .g .   fe rmenta t ion   bro ths  ( 4 ) ) .  Also   ( smal l - sca le )   appl ica t ions  

i n  which use  can be made of  waste heat or  s o l a r  heat can be a t t r a c t i v e .  
I n  t h i s  chapter  experiments with an  e thanol /water   mixture   containing 

about 5 w t %  e thanol  (a typica l   composi t ion   for  a fermentat ion  broth)  are 

descr ibed.  The e f f e c t , o f  hydrodynamic condi t ions  and  temperature   difference 
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on f l u x   a n d   s e l e c t i v i t y  are measured. The expe r imen ta l   r e su l t s  are compared 

. with the model c a l c u l a t i o n s  from the previous  chapter (5) a 

5.2: Theory 

The model that was developed t o  desc r ibe  the t r a n s p o r t  mechanism of 

membrane d i s t i l l a t i o n  has been described i n  detail  in   chap te r  4 (5) .  I n  

this chapter   only a brief q u a l i t a t i v e   d e s c r i p t i o n  w i l l  be  given. 

As membrane d i s t i l l a t i o n  is i n  fact a s p e c i a l  form  of d i s t i l l a t i o n ,  

the basis for   our  model is fdrmed by the  vapour - l iqu id   equ i l ib r i a   ex i s t ing  

at the feedlmembrane in te r face   and  at  the permeate/membrane i n t e r f a c e .  

In   order  t o  desc r ibe  the t r a n s p o r t  mechanism i n  membrane d i s t i l l a t i o n  
it is no t  enough t o  know the temperatures o f  feed and  permeate  only. For 

the ca l cu la t ion   o f  the permeate  composition by means of VLE equat ions it is 

e s s e n t i a l  that '  the temperatures  of the feed and the permeate at  the 

liquid/membrane-interfaces are known. Because of the  occurence of tempera- 
t u r e   p o l a r i z a t i o n  the bulk  temperatures,  Tfb  and T differ from the tem- 

p e r a t u r e s  a t  the  membrane i n t e r f a c e s  T and T and T cannot  be 

measured d i r ec t ly ,   bu t   t hey   can  be  c a l c u l a t e d  i f  the hydrodynamic  condi- 

t i o n s  a t  both sides of the membrane are known. 

Pb ' 
f m  pm' Tfm Pm 

The same hydrodynamic  conditions are also u s e d   t o   c a l c u l a t e  the effect . 

o f  concent ra t ion   po lar iza t ion  a t  the feed side of t h e  membrane. As a r e s u l t  
of the  preferent ia l   permeat ion  of   e thanol   through the membrane, its concen- 

t r a t i o n  a t  the l iquid/membrane  interface is decreased  and  consequently the 

concentrat ion  of  the less permeable  component (water) is increased. 
A s  a resu l t   o f   bo th   t empera ture   and   concent ra t ion   po lar iza t ion ,  the 

f l u x  and the s e l e c t i v i t y   o f  the membrane d i s t i l l a t i o n   o p e r a t i o n  w i l l  be  

lower  than  expected  on the basis of the appl ied   d r iv ing   forces .  

5.3 : Exper ïmental 

The apparatus  on which the membrane d i s t i l l a t i o n   e x p e r i m e n t s  were per- . 

formed has been  drawn  schematically i n   f i g u r e  5.1. 
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FIGURE 5.1 : Membrane d i s t i l l a t i o n   s e t - u p .  

The feed  mixture   in  the feed reservoi r   (conta in ing   about  5 w t $  ,of 

e t h a n o l   i n  water) is heated by a heat ing-jacket  and the  temperature  is kept 

cons tan t  by an  Eurotherm  temperature  controller f i t t e d  with a propor t iona l  

band. The feed is pumped from the v e s s e l  by an Iwak i  MD 30-RZ magnet pump. 

A t  the o u t l e t   o f  the pump the feed stream is s p l i t   i n t o  two streams: one 

stream being the feed f o r  module I and the o t h e r  the f eed f o r  module 11. 

The flow  of the feed through module I and  module I1 is measured  and  con- 

t r o l l e d  by Brooks  flowmeters (F1 respect ively  F3) .  The feed mixture  flows 

through the bore  of the tubular  membranes. The temperatures  of the i n l e t  
and the o u t l e t  streams of  the modules are measured with thermocouples ( T l ,  

T2, T5 and  T6). The o u t l e t  streams of the modules a r e  combined again  and 
t h i s  stream flows  along  an UV-lamp to  prevent   growth  of   a lgae.  From earlier 

measurements it is known t h a t  due t o  growth  of algae a dec l ine   o f   f lux   and  

s e l e c t i v i t y   o c c u r s  ( 6 ) .  In   this   experimental   se t -up no dec l ine   o f   f l ux   and  

s e l e c t i v i t y  was observed  even after three months of  operation. The feed 

stream is returned t o  the feed r e s e r v o i r .  As a resul t   of   permeat ion  through 

the membranes the  amount of  feed is reduced.. Th i s .  reduct ion i s .  suppl-ied 
from the feed supply   vesse l .  To avoid  deplet ion  of   e thanol  from the feed, 
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the feed supply   vesse l  is f i l l ed  with a mixture  having  about the same cam- 

. pos i t i on  as obtained a t  t h e   f l u x  measurement poin ts .  The t o t a l  volume of  

the feed side, including the feed reservoi r ,   tubes  and feed  compartments  of 
the modules, is about 3000 m l .  

The permeate is pumped through Brooks flowmeters  (F2  and F41 i n t o  the 

modules  by Iwaki MD 30-RZ magnet pumps. The l i q u i d  a t  the permeate side 

f lows a t  the ou t s ide  of the tubular  membranes. The temperatures of i n l e t  

and o u t l e t  streams are measured with thermocouples  (T3, T4, T 7  and  T8). The 
permeate streams are 'c i rcu la ted   th rough  cool ing   co i l s ,  which are p l a c e d   i n  
a thermostat-bath. .The temperature a t  the permeate side is control led  by 
t h i s  thermostat-bath. The f lux  through the membranes is measured a t  two 
f l u x  measurement poin ts .  When the f l u x  is not  measured, these po in t s  are 

connected t o  t.he feed supply  vessel ,   In  this way the depleted feed is re- 

tu rned   d i r ec t ly .  The t o t a l  volume a t  the permeate side for   bo th  module I 

and module 11. is about 250 m l .  

In c o n t r a s t   t o  the feed stream, the permeate  streams  of module I and 
module I1 -are separa te .   In  t h i s  way the permeate  concentration  of  both 

modules  can be determined  individually.  During the measurements the concen- 
t r a t i o n  a t  the feed side is kept as cons tan t  as possible   (about  5 w t %  

e thanol  i n  water) and  changes  in the permeate  concentration are measured as 

a funct ion  of  the temperature  difference  and the hydrodynamic condi t ions.  

Table  5 .1 :   Charac te r i s t ics  of modules  used, with c a p i l l a r y  membranes. 

P.arameter . module I module 11 

Type of membrane 
Module length  ( L )  (mm) 
Module diameter (mm) 
Membrane diameter '   outside (mm) ~ 

Membrane thickness  (6,) (mm) 

Membrane constant  C, (g/(m2.s.mmHg)) 
Number of membranes i n  module 
Feed flow 
Permeate f low 
Hydraulic diameter in s ide  ( D h f )  (m) 

i n s  ide (mm) 

' Membrane conduct iv i ty  k, ( W / m K )  

ou t s ide  ( D h p )  (mm) ) 

U 8/2 
497 

14.0 
8.50 
5.50 
1.50 
O .  048 

O .  00589 
1 

i n s ide  
outs ide  

5.50 
5.50 

S 6/1 
348 

11 .o 
2.40 
1.70 
0.35 
O D 048 

0.02127 . 
4 

ins ide  
outs ide  

1.70 
4.75 
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The experiments were car r ied '   ou t   on  two. different   crossf low-modules  

with c a p i l l a r y  membranes in   counter-current .   f low.  . , 

Microporous  hydrophobic  polypropylene membranes (Accurel  obtained  from 
Enka) were used  in the membrane d i s t i l l a t i o n   e x p e r i m e n t s .  The c h a r a c t e r i s -  

t ics of  the modules are l isted i n  table 5.1 .. 
I .  

5:3:3r_Product_analr~~~ 

Analysis  of the b ina ry   so lu t ions   ( cons i s t ing   o f   ' e thano l   o f   ana ly t i ca l  

g r a d e   a n d   u l t r a f i l t r a t e d  water) was conducted with a Carl-Zeiss refraetome- 

ter .  The samples were d i r e c t l y   t a k e n  from the  feed l i n e  and .tihe; .permeate 
1 ine  . 

5,3:~r_Calculat~on_earameters . . , I .  
. I  

The model c a l c u l a t i o n s  were c a r r i e d   o u t  w i  ti? mixtures of.  ethanol  and 

water a t  d i f fe ren t   t empera tures .  The physical   propert ies   needed for  t h e  

c a l c u l a t i o n s  are dens i ty  ( p ) ,  d i f f u s i o n   c o e f f i c i e n t  (Q) . ,  thermal.co,nductiv- 

i t y  ( k ) ,  heat capac i ty  ( C  ) and  dynamic v i s c o s i t y  (p). A l l  these.   proper$ies 

are descr ibed as a Punct ion   .o f  the composition and. the .,temperature and a r e  

c a l c u l a t e d   i t e r a t i v e l y .  

I .  

P 

The VLE data of the ethanol /water   mixtures  were. obtained from the  

Dechema series (7) 

5.4 : Results and discussion 
a .  ' i .  

The experiments were c a r r i e d   o u t  on cross-flow  modules in   counter -cur -  
ren t   f low and no add i t iona l   hea t ing  or cool ing is a p p l i e d  t o  the modules. 

This means that  the temperature of a n   i n l e t  stream d i f f e r s  from t h e  temper- , 

a t u r e   o f  i ts o u t l e t  stream and that  the  temperature  is a func t ion  .of the 

p l a c e   i n  the module. In  the model,  however, the bulk  temperatures o f  feed 

and  permeate are considered  constant,   being  the  average,  bemperatures.  If 

the temperature   difference  between  inlet  and o u t l e t  stream is small i n  

r e l a t i o n   t o  t he  tempera ture   d i f fe rence  between feed and permeate, t h i s  

assumption is qui te   reasonable .  On the o t h e r  hand i n   c a s e s   . i n  which low 
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Reynolds  numbers are considered the use  of  average  temperatures  might  not 

'be  c o r r e c t  and the exper imenta l   resu l t s   might  d i f fe r  considerably  from the 

ca l cu la t ed   va lues .  

In our.model the e f f e c t   o f  Knudsen flow was not   considered.  The maxi- 

mum effect of  Knudsen flow that t h e o r e t i c a l l y   c a n  be expec ted   for   the   sepa-  

r a t i o n  of a mixture  of  ethanol  and water is a of  about 1.60. S ince   e thanol  

is the   p re fe ren t i a l ly   pe rmea t ing  component,  an e f f e c t   o f  Knudsen flow would 

decrease the c a l c u l a t e d   s e l e c t i v i t y .  Knowing that the pores   of  the micro- 

porous membranes used   have   an   hydraul ic   rad ius   o f   about  2 pm, i t  can be 

c a l c u l a t e d   t h a t  a s e p a r a t i n g   e f f e c t   o f  Knudsen  f low is wi th in  the experi-  

menta l   e r ror  (aw < 1.05) (8). 

W 

Another effect which was not   t aken   in to   account  is the surface  rough- 

ness   of  the membranes. The e f f e c t   o f  a rough  surface is that it works as a 

' turbulence  promotor.   Therefore,  the effect o n l y   e x i s t s   f o r  Re > 2000, which 

va lues   on ly   occur   on   the   ins ide   o f  the membranes (feed side) i n  our p r a c t i -  

c a l   s i t u a t i o n .  A s  the mean he ight   o f  the i r r e g u l a r i t i e s  is i n  the order   o f  

magnitude  of 2 Dm fo r   bo th  membrane types  and t h e  Re number is less than  
5000, t h e   e f f e c t   o n  the f r i c t i o n   f a c t o r  is within 5% as compared with 

smooth tubes ( 9 ) .  This effect can be  i n t e r p r e t e d  as an   increase  of the Re 

number with 5%. A s  it is shown i n  the previous chapter that an   i nc rease   o f  

the Re number i n  the tu rbu len t   r eg ion   ha rd ly  has any e f f e c t   o n  the se l ec -  

t i v i t y   ( d o u b l i n g   o f  the Re number r e s u l t s   i n   a n   i n c r e a s e   o f  the s e l e c t i v i t y  
with less than 5$),  the effect of the surface  roughness  is n e g l i g i b l e  

small. 

Comparing the expe r imen ta l   r e su l t s  with the c a l c u l a t e d   o n e s ,   t h e   e r r o r  

i n  the measurement  of the l iquid  composi t ions  should b e  considered. The 

e r r o r   i n  the experimentally  determined  weight  percentage  ethanol  for  both 

feed  and  permeate is about 0.1 t o  0.2 wt$. Especial ly  the e r r o r   , i n  the feed 

concentration  might lead t o  a c o n s i d e r a b l e   v a r i a t i o n   i n   s e l e c t i v i t y .  Be- 

cause the feed   concent ra t ion  is a l s o   u s e d   i n  the model f o r  the ca l cu1a t ion  

of the weight  percentage of e thano l  a t  the permeate side, the la t ter  ,value 
is a l s o   a f f e c t e d  by the e y o r   i n  the exper imenta l   resu l t s .  

A s  a r e s u l t   o f  the d i f f e rence   be tween   i n l e t   and   ou t l e t  kemperatuy&fi& _. 

. .~ 

. . .~ .. 
v i scos i ty   o f  the l iqu id   changes   a l so .  This r e s u l t s   i n  a change  of the' val- 
ues  of  Reynolds,  Prandtl  and Schmidt numbers. These changes   aga in   a f fec t  

the heat and mass t r ans fe r   coe f f i c i en t s .   The re fo re ,  the e f f e c t   o f  tempera- ' 

t u r e  and   concent ra t ion   po lar iza t ion  is a func t ion   of  the place i n  the mod-. 
u l e ,  which~has not been  taken  into  account   in  the model. 
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Another p o i n t ,  which was no t   t aken   i n to   accoun t  is t h e .  e f f e c t   o f  the 

flow a t  the   ou t s ide   o f  t h e  c a p i l l a r y  membranes. The hydraul ic  diametersare 
c a l c u l a t e d  f o r  an ideal s i t u a t i o n ,   i n  which the c a p i l l a r i e s  are considered 

t o  be r i g i d   t u b e s  a t  equal   dis tances   f rom  each  other .   In  the p r a c t i c a l  

s i tuat ion,   however ,  the membranes are f l e x i b l e  and their  pos i t i on ing   i n  the 

module is n o t  as ideal as described  above. Due t o  these experimental  limi- 

t a t i o n s ,   a n  effect  of  'channeling'  . a t  the outs ide  o f  t h e  c a p i l l a r y  mem- 

branes  (permeate s ide)  might  not be excluded. 

5 : ~ : 2 r , N o r m a l f z e d , f l ~ ~ - a ~ ~ - ~ ~ ~ ~ ~ ~ f ~ ~ ~ ~  

The expe r imen ta l   f l uxes   and   s e l ec t iv i t i e s  are g iven   i n  tables 5.2 t o  

5 .5 .  These tables, as well as tables 5.6 t o   5 . 9 ,  are given as an  appendix 
t o  this chapter .  \ 

A l l  s e l e c t i v i t i e s  are def ined as i n t r i n s i c   s e l e c t i v i t i e s .  The calcu-  

l a t i o n   o f  t h i s  value  proceeds  according  to  t he  following  formula: 

WPe wf me 

1 -Wpe 1 -Wfme 
c% = (- l l'(- ') (5.1 1 

In  our  experiments we have tr ied t o  keep the  bulk  temperatures of feed 

and  permeate  and the feed concent ra t ion  as cons tan t  as poss ib le .  For the 

hydrodynamic condi t ions  used,  the t a r g e t   v a l u e s  were Tfb  = 7 O o C ,  T = 3 0 ° C  

and w = 0.05. As c a n  be seen  f rom tables 5.1  and 5.2 the experimental  

values  d i f fe r  sometimes  quite a l o t  from the t a rge t   va lues .  This  makes it 

v e r y   d i f f i c u l t   t o  compare the r e s u l t s  of  the experiments with each   o ther .  

Pb 

f b e  

Therefore,  a l l  the exper imenta l   va lues   o f   f lux   and   se lec t iv i ty   a re  

normalized  to   s tandard  condi t ions.  The normalizat ion  to   s tandard  Condi t ions 

has been  carr ied  out   on the basis of c a l c u l a t i o n s  with the developed  model. 

The c a l c u l a t i o n s  were c a r r i e d   o u t  f o r  the ac tua l   exper imenta l   condi t ions  
and  for  the normalized  conditions.  

Jnorm exp = J  . Jmod'el, norm 
Jmodel,  exp 

CL = c %  . norm exp 

The reason why 

CL model, norm (5 3 , )  
OLrnodel, exp . 

t h i s  procedure was prefered  over ~ changing the exper i- 
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mental  conditions after each experiment ' t o  the  s tandard  condi t ions is two- 

f o l d ,   I n  the first p lace  the feed for  both  modules is supplied  from the 

.same vesse l .  This makes it d i f f i c u l t   t o   - c o n t r o l  the temperature  and the 
feed concent ra t ion   very   p rec ise ly .  

The second  reason is the f a c t  that it takes q u i t e  a long time be fo re  

the concen t r a t ion  at the permeate side becomes constant.  Because the per-  

meating  vapour is d i r e c t l y  condensed   aga ins t   the   l iqu id  a t  the permeate 

side, the 'cornposition  of the permeating  vapour  cannot be  determined  unless  

s teady-s ta te   condi t ions  are reached. The time to   ach ieve   s teady-s ta te   con-  

d i t i ons   can  be c a l c u l a t e d  i f  the permeate side of the membrane is consid- 

ered 'as a ' con t inuous   s t i r r ed - t ank   ves se l ' .  If i t  is assumed that the  

composition arid the f lux   o f  the permeating  vapour  through the membrane are 

cons t an t ,  the concen t r a t ion  as a '  func t ion  of time can be descr ibed by 
e q u a t i o n  5.4. 

An e q u i l i b r ï u m   v a l u e  is assumed t o  b e  reached when C is wi th in  1 $J of the 

v a l u e  C . In  t h i s  case the numerical   value  of the exponent  should  be  about 

5. The'time, n e c e s s a r y   t o  reach steady-state ,   can  then  be  es t imated  f rom, 

t cn 

t = -  5.v 
J . A  (5.5) 

I n  case of module I when a f l u x  is assumed of l g/m2s, it takes about 

40 hours   to   reach  the equi l ibr ium  va lue .  O f  course it must b e  remembered 

that 'equation  5.4  and 5.5 are o n l y   v a l i d   i f  the  concent ra t ion   of   e thanol  
a t  the permeate .side starts from  zero. This was only the case when th,e 

f i r s t  experiment was performed. If the concent ra t ion   of   e thanol  at t h e  

permeate side a l r eady  has a c e r t a i n   v a l u e  (which is the s teady-s ta te   va lue  
of the experiment that has just   been  performed),  the time needed t o  reach 

the new s teady-s ta te   va lue  is much shor t e r .  L 

Equations  5.4  and 5.5 were experimentally  checked by performing  an  ex- 

periment  of  15  days. It appeared that a f t e r  24 hours,  no s i g n i f i c a n t   d i f  - 
f e rences   i n  the permeate  composition  could be determined. 

Nevertheless ,   to  be  s u r e  that the equi l ibr ium  value is a c t u a l l y  reach- 

ed, a t  least the time as ca l cu la t ed  by equat ion 5.5 was taken. This calcu-  . 

l a t i o n  shows that the permeation  experiment has t o  be continued  during a 

f e w  days after each v a r i a t i o n  of a parameter before  measurements were per- 

formed. 
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Thus, t h e   f a c t  t h a t  it is. v e r y   d i f f i c u l t   t o   a c h i e v e   t h e  same feed  con- 

cen t r a t ion   and   t he   f ac t   t ha t  the experiments are time-consuming are t h e  

reasons why the feed concentrat ion  and the temperatures were not  changed  to 
s t anda rd   cond i t ions   fo r   each  new experiment. 

The expe r imen ta l   f l uxes   and   s e l ec t iv i t i e s   fo r  t he  two, modules as a 

funct ion  of  the hydrodynamic  conditions are g iven   i n  tables 5.2  and  5.3. 

The normalized  values are g iven   i n  tables 5.6 and  5.7 respec t ive ly .  The 

no rma l i zed   s e l ec t iv i t i e s   (bo th  the experimental  and t h e   c a l c u l a t e d   o n e s )   a s  

a func t ion  of the Reynolds number a t  the feed s i d e  and  permeate  side are 

g iven   i n   . f i gu res   5 .2  and  5.3  respectively. 

Comparing the e x p e r i m e n t a l   s e l e c t i v i t i e s   o f  tables 5 .2  .and 5.3 with 

the c a l c u l a t e d   s e l e c t i v i t i e s ,  i t  can be s e e n   t h a t  the agreement  between 

model  and experiment is good. Espec ia l ly  when it  is taken   in to   account  that 

the .model is not   cor rec ted   for  . t he  ac tua l   exper imenta l   condi t ions   ( see  

paragraph  5.4.1)  and that the model makes use  of   equat ions  for   laminar   f low 

and  turbulent  flow  which show a d i s c o n t i n u i t y   a t  a Reynolds number of 2000. 

Also the f a c t  that  i t  is v e r y   d i f f i c u l t   t o   d e t e r m i n e  the exac t  Re number a t  

which the flow  changes  from  laminar  to  turbulent makes i t  v e r y   d i f f i c u l t   t o  

choose the r ight   f low  regime.   Therefore  a l l  the model c a l c u l a t i o n s  wi th  Re 

numbers  between 2000 and 3000 are ca r r i ed   ou t   w i th   equa t ions   fo r   bo th   t u r -  

bulent   f low and  laminar  flow. 

The agreement  between the experimental   f lux and the c a l c u l a t e d  f l u x  is 

very   good,   espec ia l ly   i f  the feed temperature is 70°C  and i f  t h e  Re numbers 

a t  both feed and  permeate side are maximal. This is not   surpr is ing  because 

these  measurements are used to   de t e rmine  the cons tan t  Cm, which is neces- 

s a r y   t o   c a l c u l a t e  the model f l u x  ( 5 ) .  

The n o r m a l i z e d   s e l e c t i v i t i e s  as a function  of the Re number a t  the 

feed side are g iven   in   f igure   5 .2  and the n o r m a l i z e d   s e l e c t i v i t i e s  as a 

func t ion  of the Re number a t  the permeate s i d e  are g iven   in   f igure   5 .3 .  
From both   f igures  it can .be seen tha t  the agreement  between model  and 

normalized  experiments is good, e s p e c i a l l y  if  h igh  Re numbers  ar.e consid- 

ered. From both   f igures   and   for   bo th  modules  one  sees, that  the devia t ion  
between  model  and  experiment is largest i f  the lowest Re numbers a t  both 

feed and permeate side are considered. 
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FIGURE 5.2: Normalized s e l e c t i v i t y  as a funct ion  of  the Reynolds num- 

ber a t  the feed side. 

FIGURE 5.3: .  Normalized s e l e c t i v i t y  as a func t ion   of  the Reynolds num- 
b e r  at the permeate side. 

These devia t ions   can  be caused  by the f a c t  that  the accuracy  of the 

experiments a t  these low Re numbers is i n s u f f i c i e n t .  For in s t ance ,  i f  the 

value  of the Re number a t  the feed side is higher   than 1000, then the tem- 

pe ra tu re   d i f f e rence   be tween   i n l e t  and o u t l e t  is lower  than 5 O C .  But i f  the 

l o w e s t  Ref numbers   for .   module I a re  cons ide red  a tempera ture   d i f fe rence  

between i n l e t  and ou t l e t   o f   abou t  1 O O C  is found. The s i t u a t i o n  f o r  module 

I1 is even  worse s i n c e  the tempera ture   d i f fe rence   for   those   condi t ions  is 

about 18OC.  For the permeate side this tempera ture   d i f fe rence  is 3 O C  maxi- 

mally . This means that a comparison  between  model  and  experiment a t  low Re 

numbers ( e spec ia l ly   t hose  a t  the feed side) should b e  considered  very  care- 

f u l l y .  

It .is n o t   p o s s i b l e   t o   c a l c u l a t e  the concentrat ion of e thano l  a t  the  

pe rmea te  s ide,  w d i r e c t l y  from the i n t r i n s i c   s e l e c t i v i t y   v a l u e  and the 

bulk feed concent ra t ion   of   e thanol   (equat ion  5.1).  The fact that seemingly 

the  s e l e c t i v i t y  is increased  due t o  a decrease of w g ives  a f a l s e  view 
i n t o  the s e p a r a t i o n   p o t e n t i a l  of membrane d i s t i l l a t i o n ,  To get a better 

i n s i g h t   i n t o  this s e p a r a t i o n   p o t e n t i a l  a t  d i f f e r e n t  hydrodynamic  condi- 
t i o n s ,  the weight f r ac t ion   o f   e thano l   ob ta ined  a t  the permeate side should 

P e ’  

fme’ 
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FIGURE 5.4: Weight f r ac t ion   o f   e thano l  a t  the permeate s ide ( w p e )  as 
a func t ion   o f  the Reynolds number a t  the feed side. 

FIGURE 5.5:  Weight f r a c t i o n  of e thanol  at  the permeate s ide (w??)  as 
a func t ion   of  the Reynolds number a t  the  permeate slde.  

be considered  independently.   In  f igure  5.4 and  5.5 values   of  w (normaliz- 
ed to   s t anda rd   cond i t ions )  are given as a func t ion   of  the Reynolds  number. 

?e 

Figure 5.4 shows that the d i s c o n t i n u i t y   a t  Re = 2000 fo r   t he   ca l cu -  

l a t ed  c u r v e s   o f  w is v e r y   l a r g e   c o m p a r e d   t o  the d i s c o n t i n u i t y   i n  c1 i n  

f igure   5 .2 .  The reason   for  t h i s  effect  is that  t h e  cu rves   i n   f i gu re   5 .2  are 

ca l cu la t ed   acco rd ing   t o  the i n t r i n s i c   s e l e c t i v i t y ,  which takes . the  e f f e c t  
o f   c o n c e n t r a t i o n   p o l a r i z a t i o n   i n t o   a c c o u n t .  The values   of  w i n  the f i g -  

u r e s  5.4 and  5.5 are a l so   ca l cu la t ed   acco rd ing   t o   equa t ion  5.1 . I n  t h i s  

case; however, i t  must be remembered that  due   ‘ t o  a decrease  of  “ t h e  Re num- 
ber both the i n t r i n s i c   s e l e c t i v i t y  and w decrease, t h u s   i n t e n s i f y i n g  the 

decrease of  w . 

Pe 

. Pe 

f me 

Pe 

The experimental  flux and s e l e c t i v i t y  as a func t ion   of   the- tempera ture  
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d i f f e r e n c e   a r e ' g i v e n  i.n tables 5.4 and  5.5. The normalized  values  are given 

. i n   t a b l e s  5.8 and 5.9 r e spec t ive ly .   In   f i gu res  5.6 and  5.7 the normalized 

we igh t   f r ac t ion  a t  the permeate side is given as a func t ion   of  the bulk 
temperature  difference  between the feed side  and  permeate   s ide.  

0.21 

O.O( 

I 

A L E  

FIGURE 5.6: Weight f r a c t i o n   o f   e t h a n o l  a t  the permeate side (wpe) as 
a func t ion   of  the bulk  temperature   difference  between feed 
and  permeate, when T is f ixed  at 3OOC. 

Pb 

FIGURE 5.7:  Weight f r a c t i o n   o f   e t h a n o l  a t  the permeate side (wpe) as 
a func t ion   of  the bulk  temperature   difference  between feed 
and  permeate, when Tfb is f ixed  a t  7OOC. 

The tables and the f i g u r e s  show that the agreement  .between  model  and 

experiment is less good than   i n  the case where the hydrodynamic  conditions 
were varied.  It appears  that all the expe r imen ta l   r e su l t s  are higher   than 

p red ic t ed  by the model. I n  a rare case (see table 5.4,   nr.  31 and  32) a 

hïgher s e l e c t i v i t y   t h a n   c o u l d  be expected  from the vapour- l iqu id   equi l ib-  
rium was obtained. 

A poss ib le   explana t ion  far the deviation  between model and experiment 
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is found i n  the fact  that .the .measurements are ve ry   s ens i t i ve   t o   expe r imen-  

t a l  e r rors . 'For   ins tance ,   i f   exper . iment   n r .  25 from table  5.4 is considered 

and i f  i t  is  assumed tha t  t he  v a i k   o f  w would be 2.9  instead  of  2.8,  
then  the value of the expe r imen ta l   s e l ec t iv i ty  would be reduced  from  5.74 

t o  5.34.  Another  indication  for the fact that the e x p e r i m e n t a l   r e s u l t s   a r e  

ve ry   s ens i t i ve   t o   measu r ing   e r ro r s  is found when fo r   i n s t ance  the normaliz- 

ed experiments   nr .  66 and 69 are compared wi th  each  other .   In   the f i r s t  

case  a n o r m a l i z e d , s e l e c t i v i t y   o f  5.24 is obtained  and  in  the second case a 

value  of  5.53. 

f be 

From f i g u r e  5.6  and  5.7 it is c l e a r  that the experimental   curves  have 

the same shape as the ca lcu la ted   curves .  This  phenomenon and the f a c t   t h a t  
t h e  weight f r ac t ion   o f   e thano l  a t  t h e  permeate side in   ca se   o f  module I1 is 

lower  than for  module I are i n  good agreement with the concepts  of  tempera- 

t u r e  and  concentrat ion  polar izat ion  and  provide a good indica t ion  tha t  t h e  

model us ing   vapour- l iqu id   equi l ibr ia  is c o r r e c t .  

The agreement  between the  ,calculated  and  experimental  f luxes is good. 

This is n o t   s u r p r i s i n g  as the model f l u x  is ca lcu la ted  on the b a s i s   o f  the 

exper iments   in  which th.e feed temperature is 70°C and the permeate  tempera- 
t u r e  is 30°C.  Although it was found by Schofield e t  a l .  [ 1 0 )  that the con- 

s t a n t  C m  used t o  c a l c u l a t e  the  f l u x  is s l igh t ly   t empera tu re   dependen t ,  
decreasing by about  3% with a 10°C inc rease   i n  mean temperature,   in  our  ex- 

periments no experimental   evidence was found t o   s u p p o r t  this. In fac t ,  i f  

t h i s  temperature  dependency would be a p p l i e d   t o  t he  experiments l i s t ed  in 
table 5.4  and 5.5 , then the agreement  between  calculated  and,  experimental  
f l u x  would be worse i n  75%  of the cases and would improve i n  25%. 

5.5: Conclusions 

The main conclusion that can be drawn is t h a t  a rather good agreement 

between  theory  and  experiment was found  and t h a t   t h e  model can be used t o  

p r e d i c t   f l u x e s  and s e l e c t i v i t i e s   o f  membrane modules on the basis of a few. . 

simple  experiments   in  which t h e  membrane c0ns t an t .C   has   t o  be determined. m 
As f a r  as the. hydrodynamic condi t ions  are concerned, it @an be con- 

cluded that  a higher f l o w   v e l o c i t y   a t   b o t h  feed and permeate side g i v e s  

h i g h e r   s e l e c t i v i t i e s  and  permeation rates. The conclusion, drawn i n  th.e 

previous  chapter  [ 5 )  , that the s e l e c t i v i t y  and t h e  f lux  hardly  change  any 
more once the  flow becomes t u r b u l e n t ,  is only   par t ia l ly   conf i rmed by the  
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experimental   resul ts . .  From the  experiments it can b e  .concluded that the 

f lux  and the s e l e c t i v i t y  are still  increasing  even when a ReynoIds number 

of 4000 a t  the feed side is measured.  Therefore, the flow a t  both sides 
of the membrane should be  fu l ly   t u rbu len t   t o   ach ieve   an   op t ima l   s epa ra t ion .  

This means that ( i n  most ca ses )  a Reynolds number of  a t  least 4000 is nec- 

essary.  

Concerning the effect of tempera ture   d i f fe rence ,  it can be  concluded 

that b o t h   f l u x  and s e l e c t i v i t y   i n c r e a s e  when the tempera ture   d i f fe rence   in -  

creases and that a rather good  agreement  between the expe r imen ta l   r e su l t s  

and the model was found. 

5.6 : Symbols 

The symbols that are used   in  t h i s  chapter  are conform the terminology 

of membrane d i s t i l l a t i o n  ( l  1 ). Additional  symbols or  symbols  which a r e  

def ined   in   another  way are marked with the *-symbol. 

Latrrr-sxmborn 
A membrane area 

C concentrat ion 

‘m membrane cons t an t  
J mass f lux  
L module l eng th  

Re Reynolds number 
T temperature 

t time . 

V volume 

W weight   f rac t ion  

Gre_e_k__sxmbo_Ls 
CL s e l e c t i v i t y  
6 membrane thickness  

. v  l i q u i d   v i s c o s i t y  
P dens i t y  

m2 

kg/m3 

g/(m2. s. mmHg) * 
kg/m2s 
mm * 

n 

K 

S 

m3 

mm 

Pa. s 
kg/m3 
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exP 
f 

m 

norm 

P 
t 
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e thano 1 

experimental  

f eed 

membrane 

normalized 

permeate 
time 

water 

sEeerncrletn 
W i n f i n i t e  
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5.8 : Appendix 

Table 5.2: 
Experimental   f lux and s e l e c t i v i t y  as a func t ion  of the hydrodynamic 
cond i t ions   fo r  module I. 

~~ ~ ~ 

wfbe wfme wpe wPe flux f l u x   S e l e c t i v i t y  

nr. R e f  Rep Tfb Tfm Tpm Tpb V C i  exp model model exp model exp model exp VLE 

[-l [-I [OCI [ O C I  [OCI  LOCI r-I V I  [XI [XI  [g/m2sl r-] [-I [-I 

1 4360, 890"  71.7  70.57  34.74  29.9 -857 4.5  4.33  18.5  17.7  1.258  1.277  5.01  4.75  6.24 
2 4290 590"  71.6  70.47  35.45  30.0  .842 4.4 4.24  17.6 16.8 1.237  1.252  4.83  4.56  6.19 
3 4310 290" 72.1  70.99  37.51  30.7 -809 4.4 4.26  16.7 16.1 1.233  1.227  4.51  4.31 6-11 

4 
4a 
5 
Sa 
6 
6a 

2780 
2780* 
29  50 
2950* 
29 20 
2920* 

920* 
970" 
610" 
650* 
310" 
330" 

71.7 
71.7 
71.7 
71.7 
71.6 
71.6 

70.12 
67 87 
70 21 
67.98 
70 14 
67.98 

64-39 
64.64 
64.99 

34.89 
34-41 
35.71 
35.17 
37-16 
36 54 

32-94 
33 - 85 
35.56 

30.2 
30.2 
30-4 
30.4 
30.7 
30.7 

29.3 
29.8 
30.5 

-849 
806 
835 
.794 
.807 
769 

- 805 
-794 
-766 

1-208 
1.208 
1.201 
1.201 
1. l70 
1.170 

4.84 4.34 6.11 
4.56 4.68 6-11 
4.70 4.12 6.07 
4.44 4.43 6.07 
4.40 3.90 5.97 
4.18 4.16 5.97 

7 
8 
9 

1570* 
1590" 
1550" 

lOOO* 
720* 
350" 

1.070 
1.030 
1.014 

.754 
736 
-719 

4.35 4.15 5.80 
4.14 4.04 5.65 
3.88 3.98 5.52 

3.50  3.41 4-74 
3.46  3.36  4.76 
3.22  2.91  4.60 

10 
11 
12 

280* 
300* 
310" 

1160" 
710" 
350" 

57.30 
57.10 
57.13 

32.09 
32.27 
33.69 

29.6 
29.4 
30.2 

.773 

.766 

.747 

:: calculations  carried  out  with  equations  for  laminar  flow 
: Temperature PolarTzation  Coefficient; TPC = (Tfm-Tpm)/(Tfb-Tpb) 

Table 5.3: 
Experimental flux and s e l e c t i v i t y  as a func t ion  of the hydrodynamic 
condi t ions  for  module 11. 

~~ ~ ~~~~ 

Wfbe w f m e  Wpe "pe s e l e c t i v i t y  
nr. Ref Rep Tfb  Tfm Tpm Tpb TPCi exp model model exp model exp model exp VL.E 

[-.I . [-I IOC] [OCI [OCI coci [-I [XI [XI [ X I  Cg/m2sl Cgfm2sl [-I [-l [-I 

16 2260 1230"  70.1  68.39  41.71 31-6  -693 4.2  4.08 12-6 11.9  3.513 3-394 3.40  3.17  5.59 
16a 2260" 1280" 70.1  65.32  40.43  31.6 .647 4.2  3.90  11.5  11.9 2.971  3.394 3.20  3.33  5.59 

17a 2310" 8401 70.2  65.60  41.89  32.0 .621 4.1  3.86 10.8 11.4 2.913  3.271 3.01  3.20  5.50 

18a 2360"  420" 70.4  66.05  44.23  32.4 .S74 4.0  3.84  9.8 10.1 2.812 2.941 2.73 2.82 5.42 

17 2310 820" 70.2  68.57  43.26  32.0 -663 4.1  4.01  11.7  11.4  3.427  3.271  3.17  3.08  5.50 

18 2360 410* 70-4 68.89 45-74  32-4  -609 4.0 3-95 10.5 10.1 3-274 2.941  2.84  2.74  5.42 

19 1160" 1300" 68.5 63.00 38.78 30.7 -641 4.0 3.67 10.7 10.0 2.648 2.592 3.15 2-92 5.51 
20 1290" 880" 69.0 63-75 40.63 31.5 -616 3.7 3.47 9.6 9.4 2.646 2.557 2.94 2.89 5.35 
21 1210" 440" 69.1 64.11 43.08 32.2 -570 3.6 3,48 8.7 8.9 2.529 2.342 2.65 2.71 5.19 

22 ZOO* 1410" 59.6 53.62 35.37 30.3 -623 3.6 3.43 8.2 7.6 1.478 1.288 2.53 2.31 4.21 
23 240" 890" 60.5 54.73 36.63 30.6 -606 3.8 3.62 8.6 7.6 1.547 1.402 2.50 2.19 4.31 
24 240" 420" 60.6 55.18 38-65 31.4 -566 4.0 3.85 8.5 6 - 9  1.483 1.314 2.30 1.85 4.20 

:: calculations  carried  out  with  equations  for  laminar  flow 
: Temperature Polarization  Coeff ic ient;  TPC = (Tfm-Tpm)/(Tf,-Tpb) 



Table 5.4: 
Exper imenta l   f lux   and   se lec t iv i ty  as a function  of t he  temperature 
d i f f e r e n c e   f o r  module I. 

Wfbe wfme wpe wpe f l u x   f l u x   s e l e c t i v i t y  

nr. Ref Rep Tfb  Tfm Tpm Tpb TPC' exp model model exp model exp model exp VLE 

[-l [-l LOCI  LOCI [OCI LOCI [-l [XI [ X I  [XI [g/m2s] [g/m2s1 [- I  [-I  [-I 

25 5090 1150* 81.3 79.87 39.23 32.8 -838 2.8 2.71 12.4 
26 4600 1140* 72.0 70.93 35.49 30.9 -862 2.8 2.74 11.5 
27 4070 1140" 61.4 60.66 32.57 29.6 -883 3.0 2.96 10.4 
28 3270 1100* 50.7 50.23 31.20 29.5 -897 4.4 4.37 11.4 

29 4650 1110* 72.1 71.02 35.14 30.5 ,862 3.0 2.93 12.4 
30. 4560 1510* 72.1 71.20 44-95 41.2 -850 3.7 3.66 10.8 
31 4470 1970" '72.3 71.61 53.70 50.9 -837 3.9 3.90 8.1 
32 4530 2040 72.4 71.94 61.12 60.3 -894 6.8 6.80 10.7 
32a 4530 2040" 72.4 71.97 62.10 60.3 .816 6.8 6.80 10.3 

:: ca lcu la t ions   ca r r i ed   ou t   w i th   equa t ions   fo r   l amina r   f l ow 
: Temperature   Polar izat ion  Coeff ic ient ;  TPC = (Tfm-Tpm)/(Tfb-Tpb) 

13.8  1.855 
12.1 1-230 
11.8 -718 
L1.4 -366 

13.7 1.246 
12.1 1.070 
10.3 -846 
12.5 -593 
12.5 -550 

2.064 
1.228 
696 
350 

1.252 
1 099 
-907 
618 
-613 

5.07  5.74  6.50 
4.59 4.89 5.69 
3.82 4.39 4-51 
2.82 2.82 3.18 

4.71 5.27 5-83 
3.19 3.62 3.90 
2.18 2.83 2.55 
1.65 1.96 1.75 
1.57 1.96 1.75 

Table 5.5: 
Experimental   f lux and s e l e c t i v i t y  as, a function  of t'ne temperature 
d i f f e r e n c e   f o r  module 11. 

33 4120 1520* 79.9 78.37 48-89 35.1 -658 2.8 2.79 8.7 11.0 5.375 5-88? 
34 3720 1440* 70.8 69.61 42.65 32.4 -702 2.8 2-79 8.5 9.8 3.644 3.638 
35 3140 1410* 60.4 59.53 37.60 30.8 -741 3.0 2.98 8.0 9.0 2.136 1.915 
36 2570 1310* 50.0 49.43 34.05 30.0 -769 4.4 4.38 9.5 9.5 1.101 -899 
36a 2570* 1330* 50.0 48.23 33.74 30.0 .725 4.4 4.32 9.0 9.5 ,999 -899 

s e l e c t i v i t y  

model exp VLE 

[-l  [-l [-l 

3.32 4.30 5.86 
3.24 3.79 5.21 
2.85 3.22 4.13 
2.29 2.29 3.00 
2.19 2-32 3.00 

37 3670 1390" 70.9 69.68 42.58 32.2 -700 3.0 2.98 9.2 11.1 3.676 3.680 3.28 4.07 5.31 
38 3620 1820* 71.3 70.31 50.58 42.3 -680 3.7 3.70 8.4 10.3 3.105 2.956 2-38 2.99 3-61 
39 3620 2230 71.4 70.56 54.64 51.5 ,800 3.9 3.90 7.5 8.5 2.695 2.238 2.00 2.29 2-39 
39a  3620 2230* 71.4  70.68  57.52  51.5  .661 3.9  3.90 6.7  8.5 2.342  2.238 1.77  2.29  2.39 

40a 3480 2450* 71.7  71.26  64.14  60.5  .635 6.8  6.80 9.2  10.5 1.458  1.297 1.38 1-61 1-68 
40 3480  2450 71.7  71.17  62.38  60.5 -785 6.8  6.80  9.9  10.5  1.747  1.297  1.50  1.61  1.68 

*- ca lcu la t ions   ca r r i ed   ou t   w i th   equa t ions   fo r   l amina r   f l ow 'I Temperature  Polarization  Coefficient;  TPC = (Tfm-Tpm)/  (Tfb-Tpb) 
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Table 5 - 6  : 
Normalized f l u x  and s e l e c t i v i t y  as a funct ion of the hydr0dWami.c condi- 
t i o n s   f o r  module I. 

wfme wPe wPe f l u x   f l u x   s e l e c t i v i t y  
nr. Ref Rep Tfb Tfm Tpm Tpb TpC' model  model  exp  model  exp  model exp VLE 

[-I [-I IOC]  cocl LOCI [-.I [ X I  [XI [XI  [g/m2sl [g/m2sl [-I [-I [-I 

41  4210 860" 70.0  68.92 34.57 30.0 -859 4.80 19.8 19.0 1.164  1.182 4.90 4.65 6.09 

43  4140 270" 70.0  68.95 36.43. 30.0 .813 4.83 18.7 18.0 1.131 1.126 4.53 4.33  6.09 
42  4140 560" 70.0  68.92  35.19 30.0 -843  4.81  19.4 18.5 1.153  1.167  4.77 4 - 4 9  6.09 

44 2660 850" 70.0  68.47  34.49 30.0 -850  4.74  19.4 17.6 
44a 2660" 850" 70.0  66.37  34.11  30.0 .807 4.41 17.3 17.6 

45a 2830" 560" 70.0 66.47  34.67  30.0 .795 4.43 17.1 17.0 

46a 2790" 2.80" 70.0 66.53 35.75 30.0 .769 4.47 16.6 16.5 

45 . 2830 560" 7 0 - 0  . 68.56 35.10 30.0 - 8 3 7   4 - 7 6 ,  19.1  17.1 

46  2790 280" 70-0 68.58 36.27 30.0 -808  4-77  18.4 16.6 

47 1560" 920" 70.0 65.78 33.91 30.0 -797 4.35 16.9 16.2 
48 1560" 630" 70.0 6 5 - 8 1  34-39 30.0 -786 4-37  16.7 16.3 
49 1510" 300" 70.0 65.86 35.49 30.0 -759 4.41 16.2 16.6 

50 300" 1000" 70.0 63.41 33.44 30.0 -749 4.18 15.5 15.1 
5 1  320* 620" 70.0 63.60 33-99 30.0 -740 4.21 15.4 15.0 
52 330" 310" 70-0  63.76 34-96 30-0  -720 , 

4.26 15.0 1 3 - 8  

1- 135 
1.007 
1.130 
1.003 
1.109 

e988 

.g75 
*g69 
.g54 

1.127 
1.130 
1.123 
1- 125 
1.104 
1 - 106 

1.158 
1.115 
1.091 

4.83 
4.53 
4.73 
4.45 
4- 50 
4 - 2 5  

4.48 
4.39 
4.20 

4.31 6.09 
4.65 6.09 
4.12 6.09 
4.43 6.09 
3-97 6.09 
4.23 6.09 

4.26 6.09 
4-28  6-09  
4.32 6.09 

852 
e 853 
D 847 

1 o 093 
1.085 
1.084 

4.19 
4-12  
3097 

4-08  6 - 0 9  
4.00 6.09 
3.58 6.09 

** ca lcu la t ions   ca r r i ed .ou t   w i th   equa t ions   fo r   l amina r   f l ow 
'I Temperature   Polar izat ion  Coeff ic ient ;  Tpc = (Tfm-Tpm)/(T -T 

f b  pb 

t ions f or module IT. 

Wfme wPe wPe f l u x  f l u x  s e l e c t i v i t y  
model  model exp model exp model  exp VLE 

[XI [ X I   [ X I  rg/m2s1 [g/m2sl [-l r-l [-l 
P C '  

[-l 
nr. Ref 

r-- l 

3380 
3440 
3420 

Tf  b 
[OC l 

70.0 
70.0 
70-0  

70  -0 
70.0 
70.0 
70.0 
70.0 
70.0 

TPb 
[Oe1 

30.0 
30.0 
30.0 

[-l 

1060" 
690" 
340" 

1070" 
1070* 
700" 
700" 
350* 
350" 

53 
5 4  
55 

40 76 
42.02 
44  27 

4.86 15;9 16.3 3-703 3.666 3.70 3.80 6.09 
4.87 15.2 15.7 3.614 3.640 3.49 3.64 6.09 
4-90 13.9 14.5 3.435 3.214 3.14 3.30 6.09 

4.81 15.6 14.7 3.608 3.485 3.66' 3 -42  6.09 
4-53  14.0 14.5 3.034 3 e i 6 6  3 - 4 2  3-56 6.09 
4.83 15.0 14.6 3.526 3.365 3.47 3.36 6.09 
4.58 13.5 14.3 2.981 3.348 3-26  3.48 6.09 
4.87 13-8  13.4 3.367 3-024 3.13 3.01 6.09 
4.66 12.7 13.1 2.875 3.007 2.99 3.08 6-09  

56 
56a 
57 
57a 
58 
58a 

2210 
2210" 
2250 
2250" 
2290 
2290" 

68-21 
65.08 
68  29 
65.23 
68.40 
65.48 

40  54 
39.30 
41.78 
40  45 
43.97 
42.47 

30-0  
30.0 
30.0 

30.0 
30.0 

30.0 

-692 
-645 
-663 
620 

-611 
.575 

59 1150" 1150" 70.0 64.13 38.78 30.0 .634 4.48 13.7 12.8 2.886 2.824 3.38 3.14 6.09 
60 1250* 750* 70.0 64.39 39.92 30.0 .612 4.54 13.3 13.1 2.857 2.760 ' 3.24 3.18 6.09 
61 1180" 360" 70.0 64.57 41.90 30.0 .567 b 6 2  12.5 12.8 2,743 2.539 . 2.96 3.03 6.09 

62 220" 1190* 70.0 61.12 37.65 30.0 .587 4.40 12.7 11.8 2.428 2.116 3.17 2.89 6.09 
63 260" 760* 70.0 61.68 38.80 30.0 .572 4.46 12.5 11.1 2.446 2.217 3 - 0 7  2.67 6.09 
6 4  260" 3601 70.0 62.05 40.73 30.0 .533 4.56 11.9 9.7 2.375 2.104 2.83 2.25 6.09 

*- ca lcu la t ions   ca r r i ed   ou t   w i th   equa t ions   fo r   l amina r   f l ow 'I Tempera ture   Polar iza t ion   Coeff ic ien t ;  TPc = (Tfm-Tpm)/ (Tfb-Tpb) 
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Table 5.8: 
Normalized f l u x  and s e l e c t i v i t y  as a funct ion  of  the tempera ture   d i f fe rence  
f o r  module I. 

65 4770 800" 80.0 78.50 
66 4240 860* 70.0 68.93 
67 3760 940* 60.0 59.27 
68 3170 1070* 50.0 49-55 

69 4240 860* 70.0 68.93 
70 4290 1320* 70.0 69.13 
71 4220 1830* 70-0 69.36 
72 4610 2240 70.0 69.64 
72a 4610 2240* 70.0 69.67 

36.82 30.0 -834 4.71 22.2 24-8 1.865 
34.57 30.0 -859 4.81 19.8 20.9 1.165 
32-87 30.0 -880 4.89 16.5 18.7 -674 
31.61 30.0 -897 4.96 12.4 12.4 s344 

34.57 30.0 -859 4.81 19.8 21.8 1.165 
43.57 40.0 e852 4.91 14.5 16.3 ,988 
52.54 50.0 -841 4.98 10.1 12.8 -749 
60.61 60.0 -903 5.00 7.3 8.5 -462 
61.41 60.0 -826 5.00 7.1 8.6 -429 

2-075 5.79 6-67 7.33 
1-163 4.90 5.24 6-09 
s654 3.84 4.46 4.57 
-329 2.71 2.71 3.05 

1-170 4-90 5.53 6-09 
1.015 3.29 3-76 4-04 
-803 2-15 2.81 2.50 
.481 1.49 1.77 1.56 
.477 1.44 1.78 1.56 

:: ca lcu la t ions   car r ied   ou t   wi th   equat ions   for   l aminar   f low 
: Temperature  Polarization  Coefficient;  TPC = (Tfm-Tpm)/(T -T ) fb Pb - 

'Table 5.9 : 
Normalized f l u x  and s e l e c t i v i t y  as a func t ion  of the   t empera ture   d i f fe rence  
f o r  module 11. 

nr. Ref 

1-1 [-l 

73 3920 lOlO* 
74 3440 1050* 
75 2930 1130* 
76 2520 1250* 
76a 2520" 1250* 

Tfb Tfm 
IOC1 LOCI 

80.0 78.26 
70.0 68.72 
60.0 59.08 
50.0 49.43 
50.0 48.23 

TPm 
I O C  1 

45.51 
40 80 
37.03 
34.08 
33 78 

Tpb TPC' 

IOC1 [-l 

30.0 -655 
30.0 -698 
30.0 -735 
30.0 -767 
30.0 e722 

Wfme Wpe Wpe f l u x   f l u x  

model  model exp model exp 

1x1 1x1 1x1 [g/m2s]  [g/m2s] 

s e l e c t i v i t y  

model exp VLE 

1-1 [ - l  [-l 

4.80 17.3 21.8 5.872 6.432 
4.86 15.9 18.3 3.704 3.698 
4.92 13.7 15.3 2.157 1.934 
4.97 10.8 .10.8 1.106 -903 
4.90 10.2 10.8 1.002 a902 

4.13 5.52 7.33 
3-69 4.38 6.09 
3.06 3-49 4.57 
2-31 2.32 3.05 
2.21 2.35 3.05 

77 3440 1050* 70.0 68.72 40.80 30.0 -698 4.86 15.9 19.2 3.704 3-708 3-69 4-67 6.09 
78 3440 1560" 70.0 68.97 48.42 40.0 -685 4.95 11.9 14.6 3.072 2.925 2.59 3.28 4-04 
79 3460 2035 70.0 69.16 53.21 50.0 -798 4.98 9.8 11.0 2.582 2.144 2.07 2.37 2.50 
79a 3460 2035* 70.0  69.27  55.94  50.0  .667 5.00 8.8 11.1 2.261  2.161 1.82  2.36  2.50 

80a 3570 2640* 70.0  69.62  63.14  60.0  .648 5.00  6.6  7.5 1.250  1.112 1.33  1.54  1.56 
80 3570 2640 70.0  69.54  61.56  60.0 -798 5.00  7.0  7.4  1.496 1.111 1.42  1.53 1-56 

*. ca lcu la t ions   car r ied   ou t   wi th   equat ions   for   l aminar   f low 
'I Temperature  Polarization  Coefficient;  TPC = (Tfm-Tpm)/(T -T ) f b  pb 
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Chapter 6 :  , . 

PERVAPORATION PROCESS  USING A THERMAL GRADIENT AS THE DRIVING FORCE 

A.C.M. Franken, M.H.V. Mulder & C.A.  Smolders 

Summary 

. .  

A new process   des ign   for   pervapora t ion  is desc r ibed   i n  which a compos- 

i t e  membrane, c o n s i s t i n g  of a se lec t ive   hydrophi l ic   top layer   and  a micropo- 

rous  hydrophobic  sublayer, is used (1  ). The feed  mixture is brought   into 

contac t  with the hydrophi l ic   l ayer .  A t  the permeate side of  the. membrane a 

permeate-absorbing  liquid is brought   into  contact  with the porous  sublayer.. 

It is e s s e n t i a l   t h a t  the l i q u i d  a t  the permeate side does   no t   pene t r a t e   i n to  

the pores   of  the hydrophobic membrane. 

The d r i v i n g   f o r c e   f o r  t h i s  process  is caused by the thermal g r a d i e n t  
that e x i s t s  between t h e  warm feed side of the membrane and the  cold  permeate 
side . 

I n  t h i s  design,  the equipment  generally  needed  in  conventional  pervapo- 

ra t ion   p rocesses   to   p roduce  a r e d u c e d   p a r t i a l   p r e s s u r e   a t  the permeate s ide 

and t o  condense the permeating  vapour is no longer   necessary.   In   addi t ion,  

t h i s  design  permits   recovery  of  most of the heat from the permeated  conden- 

sate. 

6 . 1 : Introdudt ion 

Pervaporation is a membrane p rocess   i n  which a liqu,id is i n   d i r e c t  

contac t  with a dense  polymer f i lm  (feed side) and i n  which the permeating 
product is removed as a vapour a t  the o the r   s ide   o f  t h i s  f i l m  (permeate 

side) by applying a reduced   par t ia l   p ressure .   In  most cases  t h i s  reduced 
p a r t i a l   p r e s s u r e  is achieved either by c r e a t i n g  a vaeuum o r  by employing a 

sweeping  gas. 
Pervaporation  can be used t o  s e p a r a t e   l i q u i d s  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   s u c h  as azeotropic   mixtures  and mixtures with c l o s e  
boiling  points.   Although some research is going  on i n  t h e  f i e ld  of   separa-  
t ions  of  hydrocarbons (2-7), most o f  the research is concentrated  on  aque- 
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ous/organic  mixtures (7-1 5) .  E s p e c i a l l y   f o r .  the dehydrat ion  of   organic  mix- 

tures   pervaporat ion  seems  to  be a promising  technique  (7-14).  Within t h i s  

f i e ld  the separa t ion   of   e thanol lwater   mix tures  is the. sub jec t  on  which  most 
of the research has been  focussed  (8,9 s 12,13,15) D So far the only commer- 

dial app l i ca t ion   o f  the pervaporat ion  process  is the dehydration  of  organic 

so lven t so   e spec ia l ly   o f   a l coho l s ,   u s ing  PVA membranes (1 6 17)  D 

The s e p a r a t i o n   p o t e n t i a l  of pervaporat ion  mixtures  of  organic  compo- 

nents  and  water as well as foi- non-aqueous organic  mixtures is d e f i n i t e l y  

p romis ing   i n   sp i t e   o f  the fact that pervaporat ion is a r e l a t i v e l y  complex 

process  compared t o   o t h e r  membrane processes  such as reverse  osmosis.  

Rautenbach  and Albrecht ( 3  , Q )  state that the  spec i f   i e   cos t s   o f   pervapora t ion  

w i l l  always be high,  because: 

- tilë process   r equ i r e s  a heat t r a n s f e r   i n t e r f a c e ,   s i n c e  the evaporat ion 

enthalpy  necessary  for  the phase  change  of the permeate has t o  be sup- 

p l i e d  ; 

o 

- the modules  must  be'designed  for a low pressure  drop a t  the permeate   s ide  

because the princ. iple   of   pervaporat ion is ve ry   s ens i t i ve   t o   va ry ing   pe r -  

meate p res su res ,  

In  t h i s  chapter a new process  design  using a thermal g rad ien t  as the 

d r iv ing   fo rce  is descr ibed which minimizes the disadvantages as described 

above. 

4 D 2 : Background 

Thermally  driven membrane processes  are known f o r  more than a century.  
The first experiments ,   in  which t r a n s p o r t  of  gases  as a r e s u l t   o f  a tempera- 

t u r e   d i f f e r e n c e  was observed, were c a r r i e d   o u t  by  Feddersen i n  1873  (18) s 

Lippmann ( i n  1907) was the first who s tud ied  the t r anspor t   o f  a l i q u i d  

ac ross  a membrane which separated two s o l u t i o n s  of ident ica l   composi t ion   bu t  

d i f f e ren t   t empera tu res  (1 8 ) .  These processes ,  which are known as thermo- 

osmosis, are gene ra l ly   cha rac t e r i zed  by small so lven t   f l uxes  and  low selec- 

t i v i t i e s  whereas the energy-input is q u i t e   ' l a r g e .  This exp la ins  why thermo- 

osmosis  never' has been  of  great practical i n t e r e s t .  

: *  The renewed i n t e r e s t   f o r  thermally dr iven membrane processes  has been 
generated by a r e l a t i v e l y  new process,  membrane  distillation. Membrane 
d i s t i l l a t i o n  is a d i s t i l l a t i o n   p r o c e s s   i n  which two aqueous  l iquids  with 
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di f fe ren t   t empera tures  are separa ted  by a microporous  hydrophobic membrane. 

I n  t h i s  process  the pores  of  the  microporous membrane, which.are not  wetted 

by the l iqu id   mix tures  a t  the feed side or. the permeate side, act as a va- 
pour   phase .  The vapour   p ressure   d i f fe rence  AP resu l t ing   f rom the tempera- 

t u r e   d i f f e r e n c e  AT a c r o s s  the membrane, causes  vapour  molecules  to be t r a n s -  

ported  from the warm feed  side t o  the cold  permeate side. 

V' 

Membrane d i s t i l l a t i o n  is general ly   used  for  t he  production of  pure 

water from  aqueous  solutions  of  inorganic material ( for   ins tance ,   desa l ina-  
t i o n   o f  sea water). I n   c o n t r a s t  with thermo-osmosis, membrane d i s t i l l a t i o n  

h a s   r e l a t i v e l y ,   h i g h   f l u x e s  and  good s e l e e t i v i t i e s  (1  9 , 2 0 ) .  

The t r a n s p o r t  mechanism of membrane d i s t i l l a t i o n   i n v o l v e s  three.s teps:  

1 . evaporat ion a t  the feed side of  the membrane; 

2. t ransport   of   the   vapour   through the pores   of  the hydrophobic membrane; 

3 .  condensation  of t h e  vapour a t  .the permeate side of the membrane. 

hydrophobic 
microporous  membrane 

FIGURE 6.1:  Membrane d i s t i l l a t i o n .  

On the basis of t h i s  t r a n s p o r t  mechanism, it can be understood  that  t h e  

separa t ion  mechanism of membrane d i s t i l l a t i o n  is formed by the  vapour- l iquid 
equi l ibr ium. T h i s  a l s o  means that the maximum s e l e c t i v i t y  that  can b e  ob- 

t a ined  by membrane d i s t i l l a t i o n  is given by th i s   vapdur- l iqu id   equi l ibr ium.  

If a so lu t ion   of   an   inorganic  salt i n  water is used  only water will pass  
through the membrane. On the other  hand, i f  a so lu t ion   o f  two (or  more) 

v o l a t i l e  components is used  then the vap.our-liquid  equilibrium  of t h i s  so lu-  
t ion   de te rmines  the s e l e c t i v i t y .  

The f a c t  that the s e l e c t i v i t y   o f  the membrane d i s t i l l a t i o n   o p e r a t i o n ,  is 
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determined by the vapour- l iqu id   equi l ibr ium  ind ica tes  the limited p o s s i b i l i -  

t ies for  the t rea tment   o f   so lu t ions  with s e v e r a l   v o l a t i l e  components. Mem- 

,brane d i s t i l l a t i o n  is no t  a real a l t e r n a t i v e   f o r   d i s t i l l a t i o n ,   b e c a u s e  it 
cannot be used   i n   d i f f i cu l t   s epa ra t ion   p rob lems   ( such  as azeo t rop ic  mix- 

t u r e s )  . 

Pervaporation processes  are known s i n c e  the beginning  of this cen- 

tury  and the term 'pervaporat   ion '  was in t roduced   i n  191 7 by Kober  (21 ). The 

in t e re s t   i n   pe rvapora t ion   p rocesses   i nc reased   du r ing  the ' s even t i e s ' .  One o f  

the poss ib l e   a l t e rna t ives   o f   fo s s i l e   ene rgy   sou rces  is the use  of   e thanol  as 

f u e l .  The best known p r o c e s s   f o r   r e c t i f y i n g   e t h a n o l  is d i s t i l l a t i o n . .  A more 

economic a l t e r n a t i v e  for  t'ne a z e o t r o p i c   d i s t i l l a t i o n   o f   e t h a n o l  is pervapo- 

r a t i o n  (1 7).  In   pervaporat ion the product is removed as a vapour a t  the 

permeate side by applying a r educed   pa r t i a l   p re s su re .  This can be achieved 

by c r e a t i n g  a vacuum o r  by employing a sweeping  gas  (figure  6.2).  

r e t e n t a t e 7 -  f e z  retentate --+-a _____----- 

vacuum pump ' 

permeate sweeping gas permeate 

condensor I I  
condensor 

FIGURE 6.2:  Pervaporation with downstream vacuum or  sweeping  gas. 

I n  vacuum opera t ion   on ly  a small pressure l o s s  can be allowed a t  the 

permeate side, s i n c e   a n   i n c r e a s e ' i n   p a r t i a l  downstream p r e s s u r e   d i r e c t l y   i n -  

f l uences   f l ux   and   s e l ec t iv i ty   nega t ive ly .  Vacuum ope ra t ion  is a lways   to  be 

regarded as c r i t i c a l ,   s i n c e   l a r g e   a p p a r a t u s  volumes are necessary,   leakage 

problems may appear,  oxygen  might  diffuse  into  the  apparatus  which leads t o  
oxidation,  etc.   Furthermore,  rather expensive  equipment is necessary   to  

generate  t h i s  vacuum. 

Application of a sweeping  gas  downstream  does  not  involve the problems 
of vacuum apparatus.   Nevertheless,  the use of sweeping  gas  and a condensor 
is technical ly   very  cost ly   and,   moreover ,   hecause of the lower  temperature 

. l e v e l  needed i n  the condensor ,   even  par t ia l   recovery of the heat of  evapora- 
t i o n  needed fo r   pe rvapora t ion  is usua l ly   no t   poss ib l e .  

The t r a n s p o r t  mechanism of pervapora t ion   essent ia l ly   involves  the f o l -  
lowing steps: 
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1.  s e l e c t i v e   s o r p t i o n   o f  components of  a l i q u i d   m i x t u r e   i n t o   t h e  membrane a t  

t h e  feed side; 

2. s e l ec t ive   d i f fus ion   t h rough  the membrane; 

3. deso rp t ion   i n to  a vapour  phase a t  the permeate side. 
I n   c o n t r a s t   t o  membrane d i s t i l l a t i o n ,  the s e l e c t i v i t y   o f  the pervapora- 

t i o n   p r o c e s s  is not  determined by the vapour- l iquid  equi l ibr ium  of  the l i q -  

uid  mixture,   but  by the choice  of  t he  polymeric .material. The s e l e c t i v i t y  

towards a l iqu id   mix ture  is determined  by  select ive  sorpt ion  into the mem- 
brane   and   se lec t ive   d i f fus ion   th rough the membrane. This means t h a t  pervapo- 

r a t i o n   c a n  be used t o   s e p a r a t e   o r g a n i c   l i q u i d s  which are d i f f i c u l t   t o   s e p a -  

rate by d i s t i l l a t i o n .  

Although in   pervapora t ion  a r educed   pa r t i a l   p re s su re  a t  the permeate 

side c a n   a l s o  be achieved by a temperature  difference  between the  feed s ide 

and the permeate side of  the membrane, t h i s  method is not  commonly used. , In  

l i t e r a t u r e  t h i s  has  only  been described by Aptel  e t  a l .  i n  a membrane opera- 

t i o n  which was . c a l l e d  ‘thermo-pervaporation’ (7 ) .  The thermo-pervapora- 
t i o n   a p p a r a t u s   e s s e n t i a l l y   c o n s i s t s   o f  a pervaporat ion membrane (supported 

a t  the downstream side by a s i n t e r e d   s t a i n l e s s  s teel  p l a t e ) ,  which s e p a r a t e s  

the h o t   l i q u i d  feed a t  the upstream side and a downstream  compartment with a 

co ld  wall. The l i q u i d  that permeates  through the membrane evaporates ,  d i f -  

fuses   through the downstream  compartment  and  condenses a g a i n s t  the cold 

wall. The condensed  permeate is drawn o f f   f o r   s t o r a g e   i n  the conta iner .  

FIGURE -6.3: Thermo-pervaporation  apparatus. 

Although  Aptei e t  al.  claim that  the thermo-pervaporation  operation 
presents   severa l   advantages   over   c lass ica l   pervapora t ion  no p r a c t i c a l   a p p l i -  

c a t i o n   o f  t h i s  system has been  developed ye t .  The f a c t  that  the r e s u l t s  



- 116 - 

obtained with thermo-pervaporation are d i f f i c u l t   t o   i n t e r p r e t  might be  the 

reason that this membrane ope ra t ion  is not   ment ioned   in   l i t e ra ture   any  more 

(22) e 

6.3: Description of the thermally driven pervaporation process 

A new process  design  using a thermal g rad ien t  as the d r i v i n g   f o r c e  has 

been  developed.  In t h i s  design a composite membrane cons i s t ing   o f  a dense 

PermseleCti.ve  hydrophilie  toplayer  and a hydrophobic  microporous  sublayer is 

U.3ed0 The warm l i qu id   f eed  is brought   in  diFect con tac t  with the permselec- 

t i v e   t o p l a y e r  and the cold  permeate-absorbing  l iquid is b r o u g h t   i n   d i r e c t  

con tac t  with the porous  sublayer a t  the  downstream side of the composite 
membrane. 

f eed 
(liquid) 

I l- 
permeate- 
absorbing 
Liquid 

selective (micrdporous 
layer hydrophobic 

layer 

FIGURE 6..4: Pervaporation  process  using a thermal g r a d i e n t  
as the dr iv ing   force .  

The transport  mechanism of this pervapora t ion   process   essent ia l ly  

cons i s t s   o f  the fo l lowing   f i ve   s t eps :  

l D se l ec t ive   so rp t ion   o f  components  of a l iqu id   mix tu re   i n to  the toplayer  

of the membrane a t  the feed side; 

2. s e l ec t ive   d t f fus ion   t h rough  the toplayer  of the membrane; 

3 .  desorp t ion   in to  a vapour  phase at the  inter . face  of  the se l ec t ive   t op laye r  
’ and the microporous  sublayer;  
. q .  t r a n s p o r t  of  vapour  through the pores  of the hydrophobic  sublayer  of the 

membrane ; 
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5. condensation of vapour at' t h e  downstream side o f   t h e  membrane. 

I n   t h i s   p r b c e s s   t h e   f i r s t   t h r e e   s t e p s  are i d e n t i c a l   t o   t h e   t r a n s p o r t  

mechanism i n  a convent ional   pervaporat ion  process  which makes use  of vacuum 
o r  sweeping  gas.  Furthermore, it can be seen that s t e p  4 and 5 of t h i s  mech- 

anism resemble t h e  last two s t e p s   o f  a membrane d i s t i l l a t i o n   o p e r a t i o n .   I n  
f a c t  a l l  water-select ive membranes that have  been  developed  for  pervapora- 

t ion   p rocesses   in   genera l   can  be used as a permselec t ive   top layer   in  t h i s  

spec i f ic   pervapora t ion   des ign .  ,The difference  between membranes developed 

f o r  a convent ional   pervaporat ion  process   and t h i s  spec i f   i e   des ign  is that  a 
hydrophobic  porous  sublayer is necessary.  However, hydrophobicity  of t he  

porous  sublayer is not  the f a c t o r  which determines the f e a s i b i l i t y  of t h i s  

pervaporat ion  process .  The o n l y   r e s t r i c t i o n  is t h a t  the permeate-absorbing 

l i q u i d  on the downstream side of the membrane should   no t   pene t ra te   in to  

the pores   of  the porous  sublayer.  

During  s ta t ionary  operat ion the permeate-absorbing  liquid  on the down- 

stream side has the same composition as the permeate.  Although it is not  
necess,ary that the permeate-absorbing  liquid has t h e  same composition as the 

permeate, it is preferab le .   S imple   ca lcu la t ions  show tha t  t h e '   s e l e c t i v i t y   o f  

the process  a l ters  in   such  a way tha t   an   equ i l ib r ium  va lue   o f  the composi- 

t i o n   o f  the permeate-absorbing  liquid is persued. 

The d r i v i n g   f o r c e   f o r  t h i s  process  is a .vapour   pressure  difference 

which r e s u l t s  from the tempera ture   d i f fe rence   across  the membrane. In   f i gu re  
6.5 the t empera tu re   p ro f i l e  and the corresponding  vapour   pressure  prof i le  

a c r o s s  the composite membrane are given  schematical ly .  

The temperature 5 p r o f l l e  8 a c r o s s  tfie membrane is established by cbn- 

ductance  of heat, by t r anspor t   o f  heat through  molecules  and by evaporat ion/  

condensation a t  the membrane/liquid  interfaces.   In t h i s  t empera tu re   p ro f i l e  
s i x   s t e p s   c a n  be d is t inguished:  

1. 

2. 

3 .  
4. 

5 .  

6 .  

ed 

t r a n s p o r t  of heat from the bulk  of the feed s o l u t i o n   t o  the membrane; 
t r a n s p o r t  of heat through. the  non-porous top layer  of  the membrane; 

evaporat ion  of  the permeating  components; 
t r anspor t   o f  heat through the porous  sublayer  of the membrane; 

condensation  of the permeating  components;. 

t ranspor t   o f   hea t   f rom the membrane s u r f a c e   t o  the bulk  of the permeate- 

absorb ing   l iqu id .  
Step 1 and 6 ( t r a n s p o r t  of  heat i n  a f lowing  l iquid)  are both  inf luenc-  

by the same parameters. The heat t r a n s f e r  , c o e f f   i c i e n t ,  h ,  is inf luenced 
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a. Temperature profile -p-- hVapour  pressure profile 

selective (micro)porous 
toplayer  hydrophobic toplayer hydrophobic 

sublayer  subIayer 

FIGURE 6.5: Temperature p r o f i l e  (a) a n d ' p a r t i a l  vapour  pressure 
p r o f i l e  ( b )  a c r o s s  a membrane. 

among o t h e r s  by the temperature  leve1  and module parameters,   but  mainly by 

the ve loc i ty   o f  the f lowing   l iqu id .  

I n  the non-porous  toplayer of the membrane heat t ransfer   main ly  takes 

p lace  by conductance. Also heat t ransfer   th rough the permeat ing  l iquid takes 

p lace ,  bu t  this is of minor  importance. 

The heat needed fo r   t he   evapora t ion  of the  permeate has t o  be suppl ied 
by the l i q u i d  feed and the heat of  condensation is d i r e c t l y   s u p p l i e d   t o  the 

permeate-absorbing  l iquid.  

Heat t r a n s f e r  by conductance  through  the  porous  sublayer  has a lower 

value  than the heat t r a n s f e r  by  conductance  through the non-porous  toplayer. 

Because  of the high poros i ty   o f  the  sublayer  ( fn  case of  Accurel membranes 

the o v e r a l l   p o r o s i t y  is about 80%), this l a y e r   a c t s  as a thermal ly   insu la t -  
ing layer. The effect of the heat t r a n s f e r  by  conductance  can be  i l l u s t r a t e d  

by means o f  a . r e s i s t ance  model as g i v e n   i n   f i g u r e  6.6. 

The heat r e s i s t a n c e  is given as the membrane thickness  divide'd  by the 

thermal conduct iv i ty   o f  the membrane, 6m/km. The heat r e s i s t a n c e   o f  the po- 

rous  sublayer  can be c a l c u l a t e d  by means of  the the following  formula: 

Knowing that  kair = O. 02 W/m°C and  kpp  = O'. 18 W/m°C it can be c a l c u l a t e d  
that ksub has a v a l u e   o f   a b o u t  0.05 W/m°C. If t h i s  value is compared with 

'the value of the thermal conduc t iv i ty   o f  the swol len   top layer  (k = 0.40 - 
0.45 W/m°C>' and i f  it is considered that the sublayer  is much th i cke r   t han  

top 
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FIGURE 6.6: Heat r e s i s t a n c e  model. 

the toplayer ,  it can be seen.that the heat r e s i s t a n c e   o f  the porous  sublayer 

is much higher .  For example, i f  t h e  th ickness   o f  the porous  sublayer is 1 O0 

pm and the th ickness   o f  the toplayer  is 10 pm, it can be c a l c u l a t e d  that the 

heat r e s i s t a n c e   o f  the porous  sublayer is about 80 times t h e  heat r e s i s t a n c e  

of  the swollen  toplayer.   Because no accumulation  of heat occurs ,  the heat 

f lux  through the top layer  is e q u a l .   t o  the heat f lux   th rough the sublayer .  

Therefore,  the tempera ture   d i f fe rence   across  t he  sublayer  is about 80 times 
hi’gher than the tempera ture   d i f fe rence   across  the toplayer .  

This phenomenon is very  favourable   for  the separa t ion  mechanism of  the 

membrane operation  under  study. This can be explained by means o f   f i g u r e  

6.5b, i n  which the p a r t i a l  vapour  pressure  of the components a c r o s s  the 

membrane is described. The, p a r t i a l  vapour  pressures a t  both membrane sur -  

faces are given by the temperatures  of the feed so lu t ion   and  the  permeate- 

absorbing  l iquid  respect ively.   Because the t r a n s p o r t  of  t he  vapour  through 

the porous  sublayer is much f a s t e r   t h a n  the t r anspor t   o f  the l iqu id   th rough 

the non-porous  toplayer, it can’ be concluded tha t  the vapour  leaving the 

non-porous  toplayer is immediately drawn away and transported  through the 

pores  of the sublayer .  This  means that the vapour   p ressure   p rof i le   across  

the porous  sublayer is rather f l a t ,  whereas the p r o f i l e   a c r o s s  the toplayer  

is very  s teep.  
Comparing the t empera tu re   p ro f i l e  and the vapour   p ressure   p rof i le  t he  

fol lowing  conclusions  can be drawn: 
- no condensation  of  permeate will take   p lace   ins ide  the pores   of  the sub- 

layer because the vapour  pressure a t  any p o i n t   i n  the membrane is lower 

than the maximum vapour   pressure  corresponding  to  the temperature tha t  

e x i s t s  a t  that s p e c i f i c   p o i n t   i n  the membrane; 
-. the vapour   p ressure   d i f fe rence   ‘across  the toplayer  of t he  membrane deter- 

mines the f l u x   a n d   s e l e c t i v i t y   o f   t h e  membrane. If t h i s  vapour  pressure 
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d i f f e r e n c e   i n c r e a s e s ,   b o t h   f l u x   a n d   s e l e c t i v i t y  w i l l  increase.  

Compared t o  the convent ional   pervaporat ion  processes  this thermally 
dr iven  pervaporat ion  process  has the following advantages: 
- the equipment  costs are lower. The thermally dr iven   pervapora t ion   process  

can be  performed  without the equipment  needed f o r  vacuum genera t ion   or  

sweeping  gas   c i rculat ion.  Also special   equipment   for  the condensation  of 

the vapours   and   p ipe l ines   l ead ing   to  these condensors are not   necessary ;  

- the t r a n s f e r -   o f   I a t e n t  heat of   vapor iza t ion   to  the evapora t ion   sur face  

(the membrane) is an   i n t eg ra t ed   pa r t   o f  the process .   In  the thermally 

dr iven  pervaporat ion  process  the heat which  provides the d r iv ing   fo rce   o f  

the process  is a l so   u sed   fo r  the evaporat ion  of  the permeating compo- 

nen t s  ; 

- lateral mixing  of the permeate i n  .the vapour  phase  does  not  occur. This 

means a l s o  that no lateral mixing  of heat takes   place  and that a tempera- 

t u r e   g r a d i e n t   a l o n g  the membrane can.  be established. If the process  is 

conducted  in  counter-current  f low a maximum d r i v i n g   f o r c e   a c r o s s  the mem- 
brane w i l l  occur a t  any   p lace   in  the module; 

- when the process  is conducted  in   counter-current   f low,   recovery  of  most of  

the heat of  condensation, which is t r a n s f e r e d  to 'the permeate-absorbing 

l i q u i d ,  is possible .  For  example, the permeate-absorbing  l iquid  leaving 
the -module  can be used  for   preheat ing the feed before  it e n t e r s  the mod- 

u l e .  This is possible.   because  the-  permeate-absorbing i l i qu id   l eav ing  the 

module c a n   a t t a i n  a higher  temperature  than the feed o u t l e t .  

- the process  is no l o n g e r   s e n s i t i v e   t o  dQWnStream p r e s s u r e   l o s s e s ;  

- the d i f f u s i o n ,   p a t h   f o r  the permeat ing  vapour   is . ,very  short ,   s ince it cor-  

responds  approximately t o  only the thickness   of   the   porous  ' second membrane 

l aye r  ; 

In   gene ra l  the major  advantage  of t h i s  thermal ly   d r iven   pervapora t ion  

process  over a convent ional   pervaporat ion  process  is that the membrane proc- 

ess as a whole  -can be  s implif ied  because  of  the subs t an t i a l ly   s imp le r   p roc -  

ess design. 
..1~ 

L i k e  any  other 'new  process,  this new  mode .of   pervaporat ion  a lso has i ts  
disadvantages. Compared t o  the. conventional  pervaporation the disadvan- 
tages are: 

- the permeate-absorbing  l iquid  should  not   penetrate   into the pores  of the 

.porous  sublayer.  This means that the permeate-absorbing  l iquid must  have 
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a s u r f a c e   t e n s i o n  which, is higher   than the c r i t i c a l   s u r f a c e   t e n s i o n   ( 2 3 ) .  

I n   p r a c t i c e ,  t h i s  means that only  aqueous  solutions o r  s o l u t i o n s   o f  DMSO 

can be used as a permeate-absorbing  l iquid i f  polypropylene membranes are 

used ; 

the f l u x   a n d   s e l e c t i v i t y  are lower  than t h e  i n t r i n s i c   v a l u e s  that can b e  

reached  with  convent ional   pervaporat ion  in  which  a  low vacuum ( <  100 Pa) 

is appl ied .   In  thermally dr iven  pervaporat ion the  vapour  pressure o f  the 

permeate-absorbing  l iquid is determined by its temperature.  

The second  disadvantage  mentioned  above is i n   f a c t  more an  academic 

p rob lem.   In   p rac t i ca l   app l i ca t ions  a vacuum as low a s  100 Pascal  is not  

used,  because the cos ts   o f   such  a low pressure  are much too   h igh .   In  fac t ,  

commerc ia l   pervapora t ion   ins ta l la t ions  make use of a vacuum pump t o  remove 

i n e r t   g a s e s  a t  t h e  downstream side. Then the pump is disconnected  .and a 

condensor is used to   ma in ta in  the low vapour  pressure.  In these cases  the 

temperature  of the condensor  determines the p a r t i a l  vapour  pressure,  whereas 

in   case   o f   thermal ly   d r iven   pervapora t ion  the temperature  of t h e  permeate- 
absorbing  l iquid  determines the par t ia l   vapour   p ressure .  

A t y p i c a l  f i e ld  of   appl icat ion  for   thermally  dr iven  pervaporat ion 

is dehydration of ' o rgan ic   l i qu ids  with a low water content .  To prevent wet- 

t i n g   o f  the porous membrane layer by the permeate, the dense  toplayer must 
have a h i g h   i n t r i n s i c   s e l e c t i v i t y   t o w a r d s  water. Dehydration  of  mixtures of  

ethanol/water or  acetic acidlwater a r e  the best known examples o f  mixtures 

tha t   can  be separa ted  by t h i s  process.  

6.4: Experimental 

I n  our inves t iga t ions ,   bo th   f  l a t  and capillary  hydrophobic  microporous 
polypropylene membranes (Accurel,  obtained  from Enka AG) were used as a sub- 

layer. The f l a t  membranes have a thickness   of   about  160 and the c a p i l l a r y  

membranes ( type  R 6/11 have a thickness   of   about  300 pm. 

Three polymers  have  been  used  for the dense  toplayer:   cel lulose acetate. 

(Eastman CA 398-3-51, polysulfone s (Union Carbide P 3500) and poly(viny1 

a l c o h o l )  (Aldrich, MW = 126,000,   degree  of   saponif icat ion:  98%) . CA and PSf 

were d i s so lved   i n  a su i t ab le   so lven t   o f   ana ly t i ca l   g rade .  Using method 3   for  

the  production  of the composite membrane, CA was d i s so lved   i n  DMSO. PVA was 

d i s s o l v e d   i n   u l t r a f i l t r a t e d  water. 
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There are a number of methods t o  deposit a s e l e c t i v e   l a y e r   ' o n t o  a m i -  
croporous membrane. In   ou r   i nves t iga t ions  the following  four  methods  have 

been  used: 

1 o c a s t i n g  of a polymer so lu t ion   on to  a g l a s s   p l a t e  and  subsequent  evapora- 

t i o n   o f  the  s o l v e n t ;  

2. cas t ing   o f  a polymer so lu t ioh   on to  a glass   plate   and  subsequent   coagula-  

t i o n  in  a non-solvent bath; 

3 .  cas t ing   o f  a polymer so lu t ioh   on to  the microporous  sublayer   direct ly;  

4 e dipcoat ing ( 'evaporat  ion-deposit ion ' method (24)  ) . 
I n  the f irst  and  second  method the remaining homogeneous f i l m  is sand- 

wiched -with the microporous  Accurel membrane t o  form a bi-layer membranes 

which is clamped i n t o  the  pervaporat ion cell .  

I n  the . t h i rd  and  fourth method it is e s s e n t i a l  that the s o l v e n t   i n  
which the polymer is d isso lved   should   no t   pene t ra te   in to  the pores of the 

membrane, In   ou r   i nves t iga t ions  DMSO and water were used as a so lven t .  

The composite membranes were tested using  both a conventional  pervapo- 
r a t i o n   c e l l   ( f i g u r e  6.7) and a c e l l   s u i t a b l e  fo r  thermally  dr iven  pervapora-  
t i o n   ( f i g u r e  6-81 .  

. .  

--- a. pervaporation  aeparatus - - b. permeation cell 

stopcock 

vacuum pump 

F I G U R E .  6.7. Conventional  pervaporation  apparatus:  
a. pervaporat ion  apparatus;  
b. permeation cell.  

I n  the experiments w i t h  f la t  membranes, the bottom disk of the permea- 

t i o n   c e l l  is f i t t e d  with porous glass (O. 1 m i n  diameter3, to   suppor t  the 

membrane. A Teflon gasket is placed on the membrane before  the upper p a r t  of  
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the cel l  is matched. The whole u n i t  is 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  is p laced   . in to  t h e  upper  compartment t o   , a d j u s t  a pre- 

selected temperature   and  to  keep the temperature  of the l i q u i d  feed con- 
s t a n t .  A mechanical stirrer was used t o  minimize the e f f ec t s   o f   t empera tu re  

and   concent ra t ion   po lar iza t ion  a t  the membrane sur face .  A thermometer is 

p l a c e d   i n  the c e l l  t o  determine the temperature  of the l iquid  feed:  

Capi l la ry  membranes were f i x e d   i n t o  a g l a s s  module  and coated on the 

i n s i d e  with a d i l u t e  PVA s o l u t i o n   i n  water by means of the 'evaporation- 

depos i t ion  method' (24) .  After drying,  the module was given a heat t reatment  

(30  minutes a t  130°C) . 
The permeation ce l l  or the module is connected t o  two c o l d   t r a p s   i n  

p a r a l l e l .  This  makes it p o s s i b l e   t o  take samples a t  any time wi thout   in te r -  

rupting  the  permeation  run. Vacuum a t  the downstream side is maintained a t  a 

pressure  of  10 - 100 Pascal  by a Crompton Parkinson vacuum pump..The pres-  

s u r e  is measured by an Edwards piranhi  gauge. 

Permeation  experiments were carried ou t   fo r   e igh t   hour s .  After about 

three hours steady-state condi t ions  were reached. A product sample is taken 
a t  least every  hour. 

The apparatus  that is used  for the thermally  dr iven  pervaporat ion ex- 

periments is g iven   i n   f i gu re  6.8. 
I n  t h i s  mode of   opera t ion  the feed mixture is k'ept a t  a cons tan t  tem- 

pe ra tu re   i n  the reservoir* that is p laced   in   thermosta t  1 .  The t o t a l  volume 

of  the feed side is about 3 l i ters.  Iwaki  MD 6-Z magnet pumps are used t o  

pump the l iqu ids   a long  the membrane. at t h e  feed  and a t  the  permeate s ide 

with a constant   cross-f low  veloci ty .   Temperatures   are  measured ' by  means o f  

thermocouples. The feed mixture is  pumped back t o  the r e s e r v o i r   a n d   r e c i r -  

cu la ted   aga in .  The deple t ion   of  t he  feed a s  a r e s u l t   o f  the f lux  through t h e  

membrane is suppl ied by the feed supply  vessel .  
A t  the permeate side a c o o l i n g   c o i l  is used  instead  of a r e s e r v o i r ,  

t hus   g iv ing   t o  a t o t a l  volume a t  the permeate side of  about 300 m l .  The f l u x  

is measured by  means of  an  overflow measurement.  During the pe r iod   t ha t  no 
f l u x  is measured the overflow  point is connected  to  the feed supply  vessel .  
I n  this way the depleted  e thanol lwater   mixture  is r e c i r c u l a t e d .  

In  the experiments ,   in  which f l a t  membranes were used, a cross-flow 

ce l l  (made of  perspex) is used. The membrane is placed  In the c e l l   i n   s u c h  a 

way that the s e l e c t i v e  layer .of the memb.rane is i n   c o n t a c t  with the feed. In  
t h i s  c e l l  t he  membrane is supported  on  both sides 'by a wire-net t ing wi th  



- 124 - 

thermostat 1 

i 
permeate 

thermostat 2 

FIGURE 6.8:  Thermally  driven  pervaporation  apparatus.  

meshes of about 5 mm. .Because t h i s  process is conducted  without  any  pressure 

d i f f e r e n c e ,  t h i s  cons t ruc t ion   provides  a s u f f i c i e n t   s u p p o r t .  

I n  the experiments with c a p i l l a r y  membranes the modules  could be used 

d i r e c t l y .  

In   bo th   cases  the feed  mixture  and  the  permeate  mixture are pumped i n  
counter-current  f low  through the pervaporation cel l .  

6.5 : Results a& discussion 

Pervaporation  experiments with a thermal g r a d i e n t  as a d r iv ing   fo rce  

are very  time-consuming.  In  our  experiments, the experimental   conditions 

were chosen   in   such  a way that the feed concentration  hardly  changed  during 
the experiment  and that the permeate  concentration was measured as a func- 

t i o n   o f  tine time of  operation. The concentrat ion a t  the permeate side is 
reaching a s teady-state   value  according t o  the following  exponential   func- 
. t ion ,  

ct- = cm . ( 1  - exp - ( J . A . t / p . V )  1 . ( 6 . 2 )  
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It can be c a l c u l a t e d  that the to t a l   pe rmea t ion   y i e ld   ( expres sed  by J . A . t / p )  

must be abou t   f i ve  times the permeate volume V t o   r e a c h  a s teady-s ta te   va lue  

wi th in  1 % .  As the permeate volume is about 300 m l ,  the to t a l   pe rmea t ion  
y i e l d  must be  about  1500 m l .  With a f lux   of   about  O .  1 g/m2s  and a membrane 

area A of  80 . 10-4 m 2 ,  i t  takes about 500 hour s   t o   r each  a s teady-s ta te  

value ! 

Therefore,   only a few experiments were ca r r i ed   ou t  with the  pervapora- 

t ion   p rocess   us ing  the thermal g r a d i e n t  as the d.riving  force.  The r e s u l t s  
are g i v e n   i n  table 6 .l  . 

Table 6.1:  Pervaporation  experiments  using a thermal   gradient .  

exp.  prepa-  polymer/  wt.$  temperature  flux  selec-  thickness 
n r   r a t ion   so lven t   e thano l  feed perm J t i v i t y  selective 

method i n  feed ["C] [ " C ]  [g/m"s] p layer[ pm] 

1 

2 

3 
4 
5 
6 

7 
8 
9 

10 
11 

12 
13 

1 CA/acetone 

2 PSf/DMAc 
coag.  in 
isopropanol 

3 CA/DMSO 

3 CA/DMSO 

4 PVA/water 

4 PVA/water 

35 27 .O 

35 37.5 

35 29.2 
35 38.7 
35 47.8 
35 48.6 

35 29.3 
35 37.5 
35 46.2 

82  67.0 
80 67 .O 

82  66.5 
81 68 .O 

19.0 0 8033 

21 .o O. 004 

2.4 30 

10.0 

20.8 0.055 
23 - 3  0.1 1 
25.2 O.  17 
40.4, 0.105 

23.5 0.10 
26.1 0.19 
29.4 O .30 

22.5 O. 095 
43.5 O .O70 

22.5 O.  050 
42.5 O .O42 

2.4 10 
3.5 
4.8 
2.2 

1 .9  5 
2.8 , 

4.0 

65 
55 

105 . 
90 

"he first  experiment was performed with a sandwich-membrane prepared-  by 

the f i r s t  method. In t h i s  case only  one  temperature  difference  has  been  in- 
ves t iga ted .  The f l u x  was 0.033 g/m2s and the s e l e c t i v i t y  2 .4 .  If these re- 

s u l t s  are compared with a conventional  pervaporation  experiment  of t he  same 

membrane (J = 0.095  g/m2s  and c1 = 6 . 0 ) ,  the thermally  dr iven  pervaporat ion 

process  seems very. u n a t t r a c t i v e .  However, i t  must  be r e a l i z e d  that  the  con- 
ventional  pervaporation  experiment was carried out   using a low pressure  a t  

the permeate side ( <  100 Pascal) and that t h e  thermally dr iven.   pervaporat ion 
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process was c a r r i e d   o u t   u s i n g  a low feed  temperature  and a low temperature 

dif .ference.  

. In  experiment 2 it is demonstrated that besides homogeneous films as a 

se lec t ive   l ayer   a l so   asymmetr ic  films can be used.  In this experiment  an 

asymmetric  polysulfone membrane is sandwiched with a microporous  Accurel 

membrane. A s epa ra t ion   f ac to r   o f  1 O is achieved with a f l u x   o f  O .O04 g/m2s. 

The effect of the temperature   and  the  temperature   difference  can be 

seen i f  experiments 3 till 6 are compared. If the tempera ture   d i f fe rence  

inc reases   bo th   f l ux  and se l ec t iv i ty   i nc rease   ( expe r imen t s ,  3 till 5 ) .  Com- 

paring  experiments 3 and 6 it is shown that i n  the latter case the f l u x  is 

higher  because  of the higher  temperature,  whereas the s e l e c t i v i t y  is about 

t h e  same. This can be explained making use  of  f igure  6.5b. If the vapour 

p re s su re  a t  the permeate side is higher ,  the d r iv ing   fo rce   ac ross  the 

s e l e c t i v e   l a y e r  is lower. This is analogous  to   convent ional   pervaporat ion 

experiments where b o t h   f l u x  and s e l e c t i v l t y   d e c r e a s e  when the p a r t i a l  vapour 

p re s su re  a t  the permeate side o f   t h e  membrane is increased (25) e 

Comparing experiments 3 till 6 with experiments 7 till 9 ,  it can  be 

seen that the f lux  through the membrane is increased by a f a c t o r  2 when t h e  

thickness   of  the membrane is reduced  by the same f a c t o r .  It appears that i n  

bot'n cases  the s e l e c t i v i t y  is mainly  influenced by the t empera tu re   d i f f e r -  

ence, These observat ions are an   i nd ica t ion  that the main r e s i s t a n c e   f o r  
t ranspor t   th rough the membrane is formed by the s e l e c t i v e   l a y e r  which is i n  

agreement with the t r a n s p o r t  mechanism. 
Some r e s u l t s   o b t a i n e d  with the 'evaporation-deposit ion'  method are 

l i s t e d   i n   t a b l e  6 s l (experiments l 0  till 13) .  The phenomena, that were ob- 

served f o r  the CA membranes, c a n ' a l s o  be seen   fo r  the PVA membranes. 

From these r e s u l t s  it can be concluded that the  best r e s u l t s  are ob- 

t a ined  wit'n a high feed temperature  and a la rge   t empera ture   d i f fe rence  

ac ross  the membrane. The temperatures   for  the thermally  dr iven  pervaporat ion 

process  should be i n  the range  of 70 t o  100°C f o r  the feed side and i n  the 

range  of 20 t o  5OoC f o r  the permeate side in   o rde r   t o   ach ieve   an   op t ima l  

process  performance. 
Comparison of the r e s u l t s  of  the thermally  dr iven  pervaporat   ion with 

the r e s u l t s   o f  the conventional  pervaporation, listed i n  table 6.2, shows 
that bo th   f l ux   and   s e l ec t iv i ty   o f  the  latter mode of   operat ion are higher  
for  the  CA membranes. This d i f f e rence   can  be explained by the fact that the 

par t ia l  vapour  pressure at  the permeate side i n  the conventional mode of 
ope ra t ion  is as low as 100 Pascal ,  whereas the vapour   pressure  in  the ther- 
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mally  dr iven  pervaporat ion is determined by the  temperature  .of the permeqte. 

For in s t ance ,  a ' so lu t ion   o f  20 wt$ e t h a n o l   i n  water a t  20°C. has a vapour 
pressure  of   about  4000 P a ;  a t  30°C the vapour  pressure is about 7500 Pa. The 

f l u x  and s e l e c t i v i t y   o f  a convent ional   pervaporat ion  process   decreases  also 
when the par t ia l   vapour   p ressure   on  the permeate s ide is raised (4,25). For 

the  PVA membranes it is observed tha t  the f l u x   i n  the thermally  dr iven  per-  

vaporat ion  operat ion is lower  than  in  ' the convent ional   type.  The s e , l e c t i v i -  

t y ,  however, is higher .  This la t ter  r e s u l t   c a n n o t  be exp la ined   d i r ec t ly  from 
the separa t ion  mechanism. 

Because the par t ia l   vapour   p ressure  a t  the permeate   s ide  in  a commer- 

c ia l  i n s t a l l a t i o n  will be i n  the range  .of  103 - 10' Pascal ,  t h e  d i f f e r e n c e s  

i n   f l u x  and s e l e c t i v i t y  between  conventional  and  thermally  driven  pervapora- 

t i o n  w i l l  no t  be as l a r g e  as i n d i c a t e d   i n  the tables 6.1  and 6.2.  

Table 6.2: Convent iona l   pervapora t ion   resu l t s  , 

(downstream  pressure: < 100 Pa). 
. .  

exp. prepa- polymer/ w t .  % tempe- f l u x  se lec-  
n r .  r a t i o n  so lvent  e thanol  r a t u r e  J t i v i t y  remarks 

method i n  feed feed [ " C ]  [g/m's] c1 
~ ~~ ~ 

14  l  CA/acetone 35 23 .O O .  095  6.0 (see exp. 1 ) 

15 1 CA/DMSO 35  23 .O 

16 4 PVA/water 79  50 .O 
17  79  59 .O 
18  79  68 .O 

19 4 PVA/water 81  49 .o 
20  81  59 .O 
21 80  67 .O 

o .22 7.0 6=8 pm 

0.105 45 ( same 
0.18 35 membrane a s  
O .27 30 exp.  10/11) 

0.04 55 (same ' 

0.065 47 membrane as 
0.09 , 40 exp. 1211 3)  

I n  our inves t iga t   i ons  the cross '-flow  velocity was chosen  in  such a way 

t h a t  the e f f ec t   o f   t empera tu re   po la r i za t ion  is k e p t   a s  low a,s poss ib le .  The 

effect  of  the cross-f low  veloci ty   on the f l u x  'and the s e l e c t i v i t y  was meas- 

u r e d   i n  membrane d i s t i l l a t i o n   e x p e r i m e n t s  (26,27). From these experiments it 

appeared that  the e f f ec t   o f   t empera tu re   po la r i za t ion  was  more pronounced i f  

the  cross-f low  veloci ty  was lower. The e f f e c t   o f  temperature p o l a r i z a t i o n  

can be d i scussed   qua l i t a t ive ly  making use   o f   f igure  6.5a. In  the heat trahs- 
p o r t   a c r o s s  the membrane s t e p  1 and 6 are a f f e c t e d  by the cross-f low  veloci-  

t y .  If the cross - f low  ve loc i ty  is lower, t h e  Reyno,lds number w i l l  be lower 

and this h inders  the heat t r a n s f e r  from the bulk  of the s o l u t i o n   t o ' t h e  mem- 
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brane  surface.  A s  a r e s u l t  the temperature ,at  the membrane s u r f a c e  w i l l  be  

lower a t  the feed side and w i l l  be  higher a t  the permeate side, thus  reduc-  

ing the d r iv ing   fo rce   fo r   pe rvapora t ion .  

The cross- f low  ve loc i ty   a l so   de te rmines  the temperature  drop  (respec- 

t i v e l y  rise) i n  the module. In ou r   i nves t iga t ions  the tempera ture   d i f fe rence  

between the i n l e t  and o u t l e t  feed (respect ively  permeate-absorbing  l iquid)  

always was lower  than loc.  The tempera tures   tha t  are g i v e n   i n  the tables are 

mean temperatures.  Although the' effect of the tempera ture   d rop   ( respec t ive ly  

rise) is n o t   i n v e s t i g a t e d   i n  t h i s  s tudy,  its e f f e c t  is very  important   for  

the commercial   application of thermally  dr iven  pervaporat ion.  Only i f  a d is -  

t i nc t   d i f f e rence   occu r s   be tween   i n l e t   and   ou t l e t   t empera tu re ,   r ecove ry   o f  

most  of the heat of  condensation  and heat losses   due   to   conductance  is pos- 

s ib le  when the process  is conducted in   counter -cur ren t   f low ( l  9 ) .  

A phenomenon which should be  avoided   in  membrane d i s t t l l a t i o n  is wet- 

t i n g   o f  the microporous  hydrophobic membrane (23). If only some of  the pores  

of the membrane are wetted while conducting a membrane d i s t i l l a t i o n   p r o c e s s ,  

a leak occurs which s p o i l s  the permeate   qua l i ty ,   espec ia l ly  when a high 

product   qua l i ty  is desired (e .g .   u l t rapure water). 
. .  Wetting  of a few  pores by the permeate-absorbing  l i .quid  does  not   affect  

the ,process   in   case   o f   thermal ly   d r iven   pervapora t ion .   In   fac t ,  the on ly  ef- 

f e c t  is a volume reduc t ion   o f  the vapour  'compartment'. Only i f  severe wet- 

t i n g   o f  the microporous  sublayer  occurs  (e.g. more  tinan 50% of the pores  in  

the  microporous  sublayer  being wetted), a n   e f f e c t  on f l u x  and s e l e c t i v i t y  

might be measured. 

Although the e f fec t   o f   we t t ing  in case of thermally driven  pervapora- 
t i o n  is no t  so  severe as with membrane d i s t i l l a t i o n ,  care should be  taken 

that a maximum a l lowable   concent ra t ion  of the organic  component i n  t h e  p e r -  

meate-absorbing  l iquid  should  not b e  exceeded. For ethanol/water  mixtures 

the maximum al lowable  concentrat ion a t  the  

membrane, as we used i n   o u r   i n v e s t i g a t i o n s ,  

6.6: Conclusions 

permeate side for  a f la t  Accurel 

is 41 w t .  % ethanol  (23). 

The general   conclusion of this article is that thermally d r iven  per -  

vaporat ion .is a simple and e f f e c t i v e  mode of pervaporation. The process  is 

especially s u i t a b l e   f o r  the dehydration  of  aqueous/organic  mixtures. 
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The second  conclusion th,at can be drawn is that  the s e l e c t i v e   l a y e r  

must  have a h igh   s e l ec t iv i ty   t owards .  water in   o rde r   t o   avo id   we t t ing   o f  the 
porous  sublayer by the permeate-absorbing  liquid. 
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Chapter 7 : 

THE  EVAPORATION-DEPOSITION  METHOD: A METHOD  FOR  THE  APPLICATION OF A 

HOMOGENEOUS  PERMSELECTIVE  LAYER  ONTO A MICROPOROUS  HYDROPHOBIC  SUBLAYER 

A.C.M. Franken, R.M. Meertens, J .A .M.  Nolten, M.H.V. Mulder & C.A.  

Smo lders 

Summary 

A method t o   p r e p a r e  a composite membrane by the depos i t ion   o f  a, t h i n  

homogeneous permselec t ive   l ayer   on to  a porous  hydrophobic  sublayer, called 

the evaporat ion-deposi t ion method (1  ) , is described.. Seve ra l   coa t ing   va r i -  

a b l e s ,  among o t h e r s  a chemical   t reatment   of  the su r face   o f  the sublayer  , 
have  been  investigated.   Results  of the app l i ca t ion   o f  a poly(viny1  a lcohol)  

(PVA) layer  onto  microporous  polypropylene ( P P )  c a p i l l a r i e s  are evaluated 

by pervaporation'experiments. 
From the experiments it can be  concluded that  membranes with high 

s e l e c t i v i t i e s  and moderate f l u x e s ,  as  well as membranes wi th  h i g h  f l u x e s  

and   modera t e   s e l ec t iv i t i e s   can   be   ob ta ined .  

7.1 : Introduction 

,The first onse , t   fo r  research into  composi te  membranes was given by t h e  

development  of  asymmetric membranes based  on the Loeb-Sourirajan  recipe 

( 2 ) .  This  invent ion l e d  t o  a search f o r   a l t e r n a t i v e  methods t o   p r e p a r e   t h i n  

membranes. I n   c o n t r a s t   t o  the asymmetric membranes, a l l  the o t h e r  methods 
f o r  the p repa ra t ion   o f   t h in  membranes ( for   ins tance   d ip-coa t ing  ( 3 , 4 ) ,  
plasma  polymerization ( 5 )  and   in te r fac ia l   po lymer iza t ion  ( 6 , " ) )  have i n  

common that the s e l e c t i v e   l a y e r  is appl ied   on to  a porous  sublayer   in  a 

s e p a r a t e   s t e p  and u s u a l l y   c o n s i s t s  of a material which d i f f e r s  from t h e  

sublayer .  

I n  a l l  these methods, the support  is not  as v i ta l ly   impor tan t  as the 

s e p a r a t i n g   l a y e r  i tself .  The pores  i n  the sublayer   have   to  be small and 
uniform,  and the applied  toplayer  should  have a good  adhesion t o  the  sub- 

l a y e r ,   b u t   e x c e p t   f o r  the requirement that  the support  must be  s o l v e n t  
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r e s i s t a n t   i n  the case of   d ipcoa t ing   and   in te r fac ia l   po lymer iza t ion ,   none   of  

these coating  methods has s p e c i f i c  demands towards the sublayer  as far as 

mater í a l  proper ties are concerned. 

The thermal ly   d r iven   pervapora t ion   process ,  as described i n  the pre- 

v ious   chapter ,  makes use  of  composite membranes too.   In  this process  the 

condi t ions-  that the sublayer   should b e  hydrophobic  and that the toplayer  

should be s e l e c t i v e   t o  water, are e s s e n t i a l  for  the a p p l i c a b i l i t y   o f  the 

process.   Therefore,  a c o a t i n g  method, i n  which a water -se lec t ive   l ayer  is 

appl ied   on to  a hydrophobic membrane, has t o  be found. 
I n  t h i s  chapter   an  evaporat ion-deposi t ion method is described, which 

combines the effect of the hydrophobicity  of the sublayer  and the s o l u b i l i -  

t y  of the coat ing  polymer  in  water. The latter qua l i ty   guarantees  a water- 
s e l e c t i v e  f i n a l   t o p   l a y e r .  

The evaporat ion-deposi t ion method is i n  fact a modified  dip-coating 

method f o r  the  production  of  composite membranes. I n  t h i s  method the poly- 
mer material fo r  the permselect ive  toplayer  is d isso lved  in  a s u i t a b l e  

so lvent .  For the a p p l i c a b i l i t y   o f  t h i s  coa t ing  method it is e s s e n t i a l  that 

the s o l v e n t   d o e s   n o t   p e n e t r a t e   i n t o  the porous  sublayer. '  The d i l u t e  polymer 

s o l u t i o n  is brought   in  direct  contac t  with one   s ide   o f  the hydrophobic 

sublayer .  A t  the o t h e r  side of  the sublayer  a low vapour  pressure is ap- 

p l i e d .  This s i t u a t i o n  is shown s c h e m a t i c a l l y   i n   f i g u r e  7. l .  

solvent 
vapour 

Low vapour 
pressure 

membrane  polymer solution 

FIGURE 7.1: Schematic r e p r e s e n t a t i o n  of the evaporation-deposit ion 
method . 
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A low vapour  pressure  of the so lvent  a t  the  uncoated side of  t h e  sub- 

l aye r   can  be achieved by using a vacuum pump o r  by using a sweeping  gas 

such as n i t rogen .   I f  vacuum is used it should  not b e  t oo  low as t o   p r e v e n t  
pene t ra t ion  of t he  polymer s o l u t i o n   i n t o  the pores of the sublayer .   In  

cases where t h i s  a l ready   occurs  a t  a r e l a t i v e l y   h i g h   p r e s s u r e ,  the sweeping 

gas  method should be used. 

Due to   evapora t ion   o f  the solvent  through the pores   of  the sublayer ,  

the polymer concent ra t ion  a t  the membrane sur face   increases .   Af te r  a cer -  

t a i n  time the excess  polymer s o l u t i o n  is removed, leaving a t h i n  f ilrn with 

a high polymer concent ra t ion   on   the   sur face   o f  the porous  sublayer.  This 

f i lm can be d r i ed  and cross l inked  i f  necessary ,   to  form the insolub1,e  top- 

l aye r   o f  the composite membrane. 

concentrat ion  of  polymer a t  the membrane su r face   i nc reases .   In   f i gu re  7.2 

the e f f ec t   o f   concen t r a t ion   po la r i za t ion  is schematical ly  shown by p l o t t i n g  
the concentrat ion  of  polymer as a func t ion   of  the d i s t a n c e   t o  t h e  mem- 

brane. 

concentration 
polarization 

solvent 
vapour 

Cpolyrner 

Cpolyrner O -----___-------- 

membrane  polymer  solution 

FIGURE 7.2 : Concent ra t ion   po lar iza t ion  as a r e s u l t  'of so lvent  
evaporat ion  through the membrane. 

The concentrat ion a t  the membrane surface  can  be  calculated  on the ba- 

sis of mass balances.  The equat ion   genera l ly   used   for   concent ra t ion   po lar i -  
z a t i o n  is (8).: 
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I n  the evaporation-deposit ion method the r e j e c t i o n  of the polymer is 
loo$ ,   thus   l ead ing   to  the fol lowing  expression for  the concen t r a t ion  a t  the 

membrane su r face :  

From th i s  equat ion it can be seen that the concen t r a t ion   o f  polymer a t  

the membrane surface  depends  on three parameters: 

- the mass t r a n s f e r   c o e f f i c i e n t  kM, which is mainly  influenced by the t an -  

genc ia l   f l ow  ve loc i ty   o f  the polymer so lu t ion   and  the k ind   of   so lu te ;  

- the f l u x  Jv of  solvent  thpough the membrane; 

- the concen t r a t ion   o f  the polymer i n  the bulk of the s o l u t i o n ,  

The concen t r a t ion  a t  the membrane sur face   can  be c a l c u l a t e d  i f  the 

above parameters are known f o r  a s t e a d y - s t a t e   s i t u a t i o n .  The f l u x  Jv and 

the b u l k   C o n c e n t r a t i o n  Cb can  be measured  and k can b e  ca l cu la t ed   u s ing  

the Leveque equat ion   for  mass t r a n s f e r   i n  the laminar  f low  region (see 

chapter  4 3  equat ion 4.19 ) D 

M 

Taking  the va lues   fo r  a typical  evaporation-deposit ion  experiment (Jv 

= 4 X 10'7 m 3 / m 2 s ,  Cb = 0.03  g/ml, D = 3 x 10-" m 2 / s  (9 )  and  <u> = 0.005 

m/s) it can be ca l cu la t ed  that the concentrat ion a t  the membrane su r face  

w i l l  be  about 5 times higher   than the bulk  concentration.  Taking the uncer- 

t a i n t y   i n  the mass t r a n s f e r   c o e f f i c i e n t   i n t o   a c c o u n t  , a value  varying be- 

tween  O .  l O and  O .20 g/ml is  found f o r  Cm. C a l c u l a t i o n s  with o ther   bu lk  
c o n c e n t r a t i o n s ,   b u t  with the same cross-f low  veloci ty ,   gave  values   for  C m 
which are i n  the same order  of  magnitude. 

Although this c a l c u l a t i o n  is not   very   p rec ise ,  it shows that due   t o  

evaporation  ,of the solvent   an  increased  polymer  concentrat ion a t  the mem- 

b rane   sur face  is obtained,  which produces a s e l e c t i v e  membrane a f t e r   d r y i n g  

and/or   c ross l ink ing .  

hydrophobic membranes in   combinat ion with a so lven t  which does  not  pene- 
trate i n t o  the pores  of the membrane. This means that on ly   so lven t s  with 

high su r face   t ens ions   can  b e  used. Whether the combination of sublayer  and 
so lven t  is su i t ab le   can  be  determined by the 'penetrating  drop  method'  
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(10).  From the  exper ' iments  given  in  chapter 3 of t h i s  thesis, it can be 

seen that water., formic acid and DMSO can be used a s  a ' so lvent   i f   po lypro-  

pylene is used as the membrane material f o r  t he  porous  sublayer.  If PTFE is  

used as the polymer material, t h i s  group of solvents   can be extended with 

DMAc , DMF and l ,Q-dioxane. 

As the main purpose of t h i s  evaporation-deposit ion 'method is t o   f a b r i -  

c a t e  membranes s u i t a b l e   f o r  the pervapor~at ion  process  as desc r ibed   i n  the 

previous  chapter ,  the use  of hydrophobic membranes as a s u b l a y e r , i s   n e c e s -  

s a ry .  On, t he  other  hand, the l i m i t a t i o n   i n  the use  of   solvents   might  lead 

t o  the fact  tha t  some polymers are excluded a s  a perms-elective layer. 

The advantages  of the evaporation-deposit ion meth,od are that it is 

p o s s i b l e   t o  fabricate a composite membrane using a porous  support  with 

pores  which are much . larger   than the macromolecules of the polymer  employed 

f o r  the toplayer .  

The second  advantage is tha t ,  due t o  the evaporat ion  of   solvent  

through the pores  o f  the sublayer ,  the polymer is deposi ted a t  those   p laces  

where it should be deposi ted.  Also i r r e g u l a r i t i e s   i n  t h e  su r face   o f  the 

porous membrane are smoothed  due t o  t h i s  coat ing  technique.  

The third  advantage is tha t  t h i s  coa t ing  method can be a p p l i e d   t o  mod- 

u l e s   d i r e c t l y .  Hollow fiber o r  c a p i l l a r y  modules with hydrophobic  porous 

membranes, which are used f o r  m i c r o f i l t r a t i o n ,   u l t r a f i l t r a t i o n  or  membrane 

d i s t i l l a t i o n ,   c a n  be t ransformed  into  devices   sui table   for   pervaporat ion.  
Coating a module d i rec t ly  h a s  the advantages that  the th in   pe rmse lec t ive  

l a y e r  is ,no t   sub jec t ed   t o   mechan ica l   t r ea tmen t s   a f t e r  i t  is deposited  and 

t h a t  a g r e a t e r   f l e x i b i l i t y   i n  the production  of membrane modules is achiev- 

ed. By a relat ively  s imple:   coat ing. '   procedure a microf i l t r a t i o n  module can 

be transformed  into a pervaporat ion module. 

I /. 

7.3: Experimental 

In   our   inves t iga t ions   po ly iv inyl idene   f luor ide)  (PVDF) and  polypropyl- 
ene ( P P )  membranes, suppl ied by Enka A.G. ,  we're used as the hydrophobic 

microporous  support. The c h a r a c t e r i s t i c s  of  these membranes are l i s t ed  i n  

table 7.1. 
Experiments with the evaporation-deposit ion method were c a r r i e d   o u t  

with a so lu t ion   of   po ly(v iny1   a lcohol )  (PVA) i n  water. Four d i f f e r e n t   , t y p e s  
of  PVA were used; their c h a r a c t e r i s t i c s  are l i s t ed  i n   t a b l e  7.2. In some of  

, .  
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Table 7 .1:   Character is t ics   of   microporous membranes. 

Membrane 

Property 
PV 159 F 0030 R 5/1 Acc. 0.1 

Polymer  mater ia1 PVDF  PVDF PP PP 
Configuration cap.  cap. cap. f la t  
Ins ide  diameter (pm) 830 1 O00 1200 -- 
Outside diameter (pm) 1230 1500 1800 -- 
Wall th i ckness  (pm) 200 250 300 1 O0 
Max. pore  diameter* (pm) O .25 O A 0  O .38 0.40 
Por os i ty* ( % ) 75 82 80  80 

*: as given by the manufacturer ;   cap. :   capi l lary membranes. 

the experiments  maleic  acid (MA) was added as a crossl inking  agent .   Maleic  

a c i d  was obtained  from BDH and was used   w i thou t   fu r the r   pu r i f i ca t ion .  
The sur face   o f  the microporous  polypropylene membranes (bo th   cap i l l a r -  

ies and f la t  membranes) was treated with a r e a c t i v e   a g e n t   i n   o r d e r   t o  i m -  

prove the adhesion of the PVA l aye r  t o  the sublayer .  Three types  of rea- 
gen t s  were used,  being  fuming  sulphuric  acid,  chromic  acid  and  fuming 
n i t r i c   a c i d .  Fuming su lphur i c  acid containing  about 5% free SO was used a t  
room temperature  and was prepared  from  fuming  sulphuric acid containing 30% 

f r e e  SO a n d   c o n c e n t r a t e d   s u l p h u r i c  acid,  both  obtained  from Merck. The 

amount  of f ree  SO was de termined   by   t i t ra t ion .  Chromic acid was prepared 

b y   s o l v i n g  25 g K2Cr207 i n  500 m l  su lphur ic   ac id   (2 .5   mola i r )   and  was used 
a t  a temperature of 5 O O C .  Fuming n i t r i c   a c i d  was obtained  from Merck as 

100% HNO and was used a t  a temperature of 4 O O C .  The time of   the  chemical  
t reatment  has been  varied. A f  ter the treatment  the c a p i l l a r i e s  were r i n s e d  

3 

3 
3 

3 

Table 7 .2 :   Cha rac t e r i s t i c s  of poly(viny1  a lcoho1)s .  

P r  oper t y  PVA 1 PVA 2 PVA 3 PVA 4 

Supplier  Aldr i ch  Aldr i c h  Aldr ich Merck 
Molecular  weight*  (Dalton) 126,000 95,000 76,000 72,000 
Degree of sapon i f i ca t ion% ( I )  98 96 98 98 
Solvent w a t  er w a t  er wat er wat er 

*: as given by the supp l i e r .  
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with  an  excess   of   tap water f o r  at least  5 minutes. 

Analysis  of the modif ied  surfaces  was done by observing t h e  change i n  
hydroph i l i c i ty   o f  the membrane before  and after the chemical  treatment.  Be- 

cause a q u a n t i t a t i v e  measurement of   contact   angles   on  porous  mater ia ls  is 

v e r y   d i f f i c u l t ,   o n l y  these qua l i t a t ive   obse rva t ions   were , ca r r i ed   ou t .  Addi- 

t i o n a l   a n a l y s i s   o f  the s u r f a c e s  that were treated with fuming su lphur ic  

acid was carried o u t  with an   energy   d i spers ive   ana lys i s   t echnique  (.EDAX) 

and  with X-ray photoelectron  spectroscopy (XPS). The l a t t e r  technique was 
a lso   used  fo r  the a n a l y s i s  of the s u r f a c e s  that  were t r e a t e d  with chromic 

a c i d  or  fuming n i t r i c  acid. 

To i n v e s t i g a t e  the e f f e c t   o f  a sur face   t rea tment  on coat ing   of  t h e  m i -  

croporous membranes, ( c l a s s i ca l )   d ip -coa t ing   expe r imen t s  were c a r r i e d   o u t  

on f l a t  Accurel membranes with so lu t ions   o f   po ly(v iny1   a lcohol )  ( P V A ) ,  

po ly(acry1ic   ac id)  ( P A A ) ,  poly(azry1 amide) (PAAm)  and c e l l u l o s e   a c e t a t e  

( C A ) .  Their p r o p e r t i e s  are l i s t ed  i n  table 7.3.. 

Table  7.3:  Polymers  used for  dip-coating  exper*iments  on  f lat   Accurel 
membranes. 

Property PVA 1 ' PAA P AAm CA 

Suppl ier  Aldrich Aldrich Polysciences Eastman 
Polymer material PVA PAA PAAm CA 
Molecular  weight*  (Dalton) 126,000 250,000 5,000,000 55 ,O,OO 
Degree of   ace ty la t ion*  (g)  - - - ,  33 .S 
Solvent wat er wat er wat er DMSO 

#:  as given by the suppl ie r .  

In  these experiments t he  f l a t  Accurel membranes were dipped  into a 

polymer s o l u t i o n   i n  water wi th  polymer concentrat ions  ranging from 0.5 t o  

5% polymer by weight. The dip-coated membranes were dried i n   a i r  .subse- 
quently.  The remaining  polymer layer was tested on wetting,  adhesion, and 
thickness .  

The wet t ing tests were ca r r i ed   ou t   u s ing   e thano l .  If t h e . l a y e r  d i d  no t  

homogeneously  spread  over t he  sublayer  and/or i f  i t  conta ined   ho les ,  etha- 

nol   pene t ra tes   th rough t h i s  layer and wets t h e  sublayer .  The wet t ing  of  the 

sublayer   can be observed  very  c lear ly .  
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The adhesion was inves t iga t ed  by a simple test i n  which the composite 

membrane was t o r n   i n t o  two pieces .  If the toplayer  tears up a t  the same 

p lace  as the sublayer  a good adhesion is obtained. A r u p t u r e  a t  a d i f f e r e n t  
p l a c e ,   r e s u l t i n g   i n  a sepa ra t ion  of the toplayer   and the sub laye r   i nd ica t e s  

a bad adhesion.   Another   indicat ion  for  a bad adhesion was obtained  from 

scanning  electron  -microscope  photographs,  from  which it could  be  seen d i -  

r e c t l y  whether the s e l e c t i v e   l a y e r  showed a good  adhesion.  Examples  of  such 

scanning  electron  microscope  photographs,  showing a bad, r e spec t ive ly  a 
good,  adhesion of a coated PVA l aye r   on to  a microporous PP membrane are 

g iven   in   f igure   7 .4a   and   7 .4b   respec t ive ly .  

I 

The th ickness   o f  the s e l e c t i v e   l a y e r   c a n   a l s o  be inves t iga t ed  by 

scanning  electron  microscopy (see fo r   i n s t ance   f i gu re   7 .4 ) .   I n  cases the 

s e l e c t i v e   l a y e r  showed a bad adhesion  and  the  layer   could b e  separated  from 
the sublayer  without  damaging i t ,  the th i ckness  was measured by  means of  a 

micrometer. 

. Experiments with the evaporation-deposit ion method were carried o u t  

with a 'one-capi l lary  module ' ,   consis t ing  of  a module made o f   g l a s s   i n  

which one c a p i l l a r y  with a l eng th   o f  200 mm was mounted. In   f i gu re   7 .3  a 

schematic r ep resen ta t ion   o f  this module is given. The s e l e c t i v e   l a y e r  is 

app l i ed  a t  the ins ide   o f  the c a p i l l a r y .  

\ 

..-capilBry 

FIGURE 7.3:  Schematic  representation  of a 'one-capillary  module'. 

The sepa ra t ion  characteristics of the modules were tested i n  a pervap- 
orat ion  set-up.  The feed c o n s i s t s   o f  a mixture  of 80% of   e thanol  by weight 

i n  water, prepared  f rom  ethanol   of   analyt ical  grade and u l t r a f i l t r a t e d  
water. The feed is pumped through the bore of the c a p i l l a r i e s  by a n  Iwaki 

MD-6Z magnet pump w i t h  a cross-f low  veloci ty   of   about  0.4 m i s .  The tempera- 

t u r e  of the feed is k e p t  cons t an t  by an  Eurotherm con t ro l l e r   and  the i n l e t  
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temperature  of the module is measured by a thermometer. The module is con- 

n e c t e d   t o  two c o l d   t r a p s   i n   p a r a l l e l ,  which make it p o s s i b l e   t o  take sam- 

p les   w i thou t   i n t e r rup t ing  the permeation  run. Vacuum a t  the downstream side 

is maintained a t  a pressure  of   about  100 Pascal by  a Crompton Parkinson 

vacuum pump. The pressure  is measured by an  Edwards piranhi  gauge. The 

downstream  compartment of   the  experimental   se t -up is the same as descr ibed 

i n  the previous  chapter  .(see f igure  6 .7b) .  

7.4: Results 

The first r e s u l t s   o b t a i n e d  wi th  coating  experiments  on  hydrophobic m i -  

croporous membranes  showed that  the adhesion  of the polymer layer onto the  

microporous  sublayer was not  very  good. It appeared t h a t  the s e l e c t i v e  

layer   could be pee led   o f f  o r  rubbed  off with l i t t l e   e f f o r t ;  

A l l  t he  composite membranes which were prepared by applying” a PVA 

layer  onto  an  untreated  hydrophobic membrane  showed a bad adhesion. For 

- t h e  chemical  agent  should be concentrated  because  both PP  and PVDF have a 

good chemical r e s i s t a n c e ;  

- the method should be e a s i l y   a p p l i c a b l e   t o  a module. 

I n   l i t e r a t u r e  a number of   reagents  are known tha t  f i t  the above re- 

quirements,   being fuming su lphur ic   ac id  ( l  l , l  2 ,13 ) ,  , fuming n i t r i c   a c i d  
(12,14), chromic  acid  (12,15,16) and  permanganate acid (17): A l l  these 

reagents   have a h igh   su r f ace   t ens ion  which guarantees   non-penetrat ion  into 

the   po res   o f  the support .  The effect  of t h e  surface  t reatment  was t r i e d  o u t  

on the o u t s i d e   o f .  a fiber before  the chemical  treatment was ac tua i ly   ap -  
p l ied   on  the in s ide .  A few tests were c a r r i e d   o u t   i n  which it was de ter -  

mined whether t h e   h y d r o p h i l i c i t y  of the microporous  capi l lary was changed. 

Once the r eac t ion   cond i t ions  (time, temperature and concentration)  ‘were 
optimized, the i n s i d e   s u r f a c e s   o f  the c a p i l l a r i e s  were t r e a t e d .  
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The t reatment  with fuming  sulphuric  acid gave  both a good hydrophil-  
i c i t y  and a good adhesion  of the PVA l a y e r  t o  the microporous  sublayer. 

Scanning  electron  microscope  photographs  and  rupture-tests showed that the 

adhesion  of the l a y e r  t o  the microporous  capi l lary was exce l len t .   F igure  

7-4b shows an  example  of the good adhes ion   of   the  PVA layer  t o  the micropo- 

rous  PP sublayer  which was t rea ted   wi th   fuming  su lphur ic   ac id   before  the 

coa t ing  was appl ied.  

FIGURE 7 o 4 : Scanning  electron  microscope  photographs,  showing a bad 
adhesion (a )  and a good adhesion ( b )  o f ' t h e  PVA l a y e r  t o  
the microporous PP  membrane: 
a. no sur face   t rea tment   o f  the sublayer ;  
b. su r f ace   o f   t he   sub laye r   t r ea t ed  with fuming su lphur ic  

acid. 

Knowing that the r e a c t i o n  with fuming  sulphuric acid was successfu l ,  

it was s t i l l  no t  clear whether this r e a c t i o n  was only a s u r f a c e   r e a c t i o n g  

in   other   words,  whether the p e n e t r a t i o n   d e p t h   o f   r e a c t i o n  was l imi ted .  The 

h y d r o p h i l i c i t y  tests showed a l r e a d y  that no  penetrat ion  of  water i n t o  the 

treated sublayers  took p l ace ,   t hus   i nd ica t ing  that the reac t ion   had   no t  

penetrated  through the membrane. 

To f i n d   o u t  which penetrat ion  depth was reached, a c a p i l l a r y ,  which 

was treated with fuming  sulphuric acid f o r  1 O minutes  (about  ten times as 
long as usua l )  .was analysed with EDAX. The measurements showed that s u l -  
phur  could b e  detected, but that the height of  the sulphur   peaks was about 
the minimum leve l   o f   de t ec t ion .  This is n o t   s u r p r i s i n g ;  EDAX is not  a real 

su r face   ana lys i s   t echn ique   s ince  it has a penet ra t ion   depth   in  the  order  of 

micrometers, 
The penetrat ion  depth of the e l e c t r o n s .   i n  XPS is about  5 t o  10 nm. A 
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FIGURE 7.5: XPS a n a l y s i s   o f  a f l a t  PP membrane, which was treated wi th  
fuming su lphur ic  acid f o r  2 minutes. 

t y p i c a l  XPS a n a l y s i s  is shown i n   f i g u r e   7 . 5 ,   i n  which an  .overal l   scan is 

'given.  Detailed scans,  as g iven   for   su lphur   in   f igure   7 .5 ,  are made f o r  a l l  

components. The a n a l y s i s  shows that  sulphur  is s i g n i f i c a n t l y   p r e s e n t   a t  the 

surface.  Furthermore, i t  is observed that  t h e  sulphur  peak ( S  2p) is s i t u -  

ated at  a binding  energy  level  of about 169 * 1 eV. The chemical s h i f t  of  
this sulphur peak i n   r e l a t i o n   t o   a t o m i c   s u l p h u r  is about 4 eV. A binding 
energy   leve l  of 1 69 eV is s p e c i f i c a l l y   a s c r i b e d   t o  a -SO H group (1  8 ) .  Also 

the  f a c t . t h a t  the r a t i o   s u l p h u r   t o  oxygen is about 3 ,  i n d i c a t e s   t h a t  -SO H 3 '  
groups are present  a t  t he   su r f ace   o f  the treated sublayer.  

3 

2 4 6 8 1 0 1 2  
duration of the surface treatment [min]- 

FIGURE 7.6: Atomic percentage  of   sulphur   in  the sur face  layer of a 
PP membrane found i n   a n  XPS ana lys i s   a s . a   func t ion   o f '  the 
durat ion  of  the sur face   t rea tment .  



- l 4 2  - 

Although it  is n o t   p o s s i b l e   t o   o b t a i n   q u a n t i t a t i v e   r e s u l t s  on the 

penet ra t ion   depth   o f  the chemical  treatment,  some information  about the 

e f f e c t   o f  the r e a c t i o n  time could be obtained  from the r e s u l t s .  In  f i g u r e  
7.6 the atomic  percentage  of   sulphur   in  the su r face   l aye r  as a func t ion   of  

the r e a c t i o n  time is given. From t h i s  f i g u r e  it can be observed that the 

react ion  proceeds  very fast i n  the f irst  minutes  and that i ts  e f f e c t   t h e n  

f l a t t e n s -  
Combining the r e s u l t s  of the measurements i n  which a change  of  hydro- 

p h i l i c i t y  was observed with the r e s u l t s   o f  XPS and EDAX measurements, it 

can be concluded that chemical modif icat ion  of  the sublayer  by  fuming su l -  
phuric  acid is r e s t r i c t e d   t o  the surface.  Furthermore, the  reac t ion   pro-  

ceeds as described i n   l i t e r a t u r e ,   y i e l d i n g  -SO H groups a t  the s u r f a c e  

(12,13), 
3 

The chemical  treatment of  a l iphat ic   hydrocarbons by chromic acid 

y i e l d s  -OH groups a t  the surface  through the fo l lowing   reac t ion  (1 2,15, 

1 6 ) :  

[o I 
R CH + R3COH 3 

I n  t h i s  r eac t ion   nea r ly   a lways  the C-H bond involved is t e r t i a r y ,   b e c a u s e  

these bonds are more s u s c e p t i b l e   t o  free-radical  attack than  primary  and 

secondary  bonds. 

The treatment   of  the PP membranes with chromic acid increased the 

hydroph i l i c i ty   o f  the f i b e r .  On the other  hand the t reatment  d id  no t   g ive  
much improvement  of the adhesion  of the PVA l a y e r   t o  the fiber, which was 

checked by both  scanning  e lectron  microscopy  and  rupture   tes ts .  

The e f f e c t  of the sur face   t rea tment  was qual i ta t ively  measured by 
observing a change i n   h y d r o p h i l i c i t y .  EDAX could  not be used  to   determine 

oxygen. The r e s u l t s   o b t a i n e d  with XPS show an   increase  Ó f  the oxygen  con- 

t e n t  a t  the membrane sur face .   Unfor tuna te ly   these   resu l t s   cannot  be  used 

q u a n t i t a t i v e l y  as a r e s u l t   o f  a pol lu t ion   of  the su r face  with oxides (among 
o t h e r s  chromium ox ides ) .  Through a chemical s h i f t ,  it could be determined 

q u a l i t a t i v e l y  that cova len t ly  bound oxygen was p resen t  a t  the membrane 

su r  f ace o 

According t o  the theory the reac t ion   o f   pa ra f f in s  with fuming n i t r i c  
acid c a n   r e s u l t   i n  t h e  formation  of a n i t r a t ed   p roduc t  (1  2)  : 
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R  CH + HNO3 -+ R C N 0 2  f H O 3 .  3 2 

The e f f e c t   o f  the sur face   t rea tment  by fuming n i t r i c   a c i d  was i n v e s t i -  
g a t e d   q u a l i t a t i v e l y  by the change of hydrophi l ic i ty   and by XPS. The f i rs t  

method  showed that  an   increase   o f  the hydrophi l ic i ty   o f  the s u r f a c e  was ob- 

t a ined .  

XPS analyses   o f  the modified membranes  showed, however, t h a t  no oxi-  

dized  ni t rogen  groups were present  a t  the membrane su r face .   In  these analy- 

ses it was found that either no nitrogen  could be d e t e c t e d   a t   a l l  o r  t h e  

nitrogen  binding  energy ( N  1 s )  ’ was s i t u a t e d  a t  402 eV. Oxidized  nitrogen 

functions  have much higher  N 1s binding .energ ies :  -ONO2 (408 eV), -NO2 (407 

eV) and -ONO (405 eV) (18). The peak a t  402 eV might be caused by the pres-  

e n c e   o f   i o n i c  NO - groups a t  the membrane su r face .   Fu r the rmore ,   i n   a l l  t h e  

ana lyses   o f  the modif ied  surfaces  oxygen was determined. As a r e s u l t   o f  the 

chemical s h i f t  it could be determined t h a t  covalen t ly  bound oxygen was 

present  a t  t h e  membrane sur face .  Due t o  the presence  of   other   oxidized 

products ,  however, a q u a n t i t a t i v e   a n a l y s i s  is not   poss ib le .  

3 

The reason that  n i t r a t i o n   o f  the membrane surface  does  not  occur  might 
be due t o  the f a c t  tha t  the r eac t ion   cond i t ions   a r e   no t   f avourab le   fo r  t h i s  

reac t ion .  The temperature a t  which the surface  modif icat ion was c a r r i e d  ou t  
. is 4 0 ° C ,  which is b e l i e v e d   t o  be a much too  low tempera ture   for   the   f ree-  

r a d i c a l  mechanism. A t  these temperatures t he  ox ida t ion   r eac t ion  ( 1  4) i s  f a -  

voured. 

2 H N 0 3  -+ N205 f H 2 0  

R C H  f N205 -+ R COH f 2 N 0 2  3 3 

The alcohol  group  formed is s u b j e c t  t o  a r e a c t i o n  wi.th t h e , n i t r i c   a c i d  

a g a i n ,   r e s u l t i n g   i n  the formation 

R3COH f HNO -+ R3CON02 f H 2 0  

Nitrate esters are very  unstable  

the r i n s i n g  with an   excess   o f   t ap  
. 

R CON02  f H 2 0  -+ R COH f HNO 3 3 3 

of a n i t r a t e  ester. 

and w i l l  be s u b j e c t   t o   h y d r o l y s i s   d u e   t o  

water : 
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Whether the sur face   modi f ica t ion   proceeds   accord ing   to  the above reac- 
t i o n  scheme is unce r t a in ;  it merely  gives a poss ib le   explana t ion   of  the re- 

s u l t s   o f  the XPS ana lyses-   o f  the membranes treated w i t h  fuming n i t r i c  
acid o 

The dip-coating  experiments  on f la t  membranes were carried o u t   t o   i n -  

v e s t i g a t e  the effect of  a sur face   t rea tment  on the hydroph i l i c i ty   o f  the 

sublayer   and   espec ia l ly  on the compat ib i l i ty   o f  a polymer s o l u t i o n   t o  the 

treated membrane. I n  table 7.4 the r e s u l t s  of the dip-coating  experiments 

with r e s p e c t   t o  the spreading  of the d i l u t e  polymer s o l u t i o n s   i n  water are 
given. The polymer concent ra t ion   in   these   exper iments  was va r i ed  from 0.5 

till 5% by weight .   In  t h i s  table it is ind ica t ed  whether a l i q u i d  f i l m  re- 

mains stable on the porous  sublayer after d ipp ing   i n to  a polymer so lu t ion .  

Table 7.4:   Compatibil i ty of a d i l u t e  polymer s o l u t i o n   i n  water as 
a func t ion   of  the chemical modification  of the sublayer .  

chemical  agent wat er PVA PAA PAAm 
~~~ ~ ~~ ~ 

no sur face   t rea tment  
fuming su lphur i c  acid 
chromic  acid 
fuming n i t r i c  acid 

Although  these tests are o n l y   q u a l i t a t i v e l y ,  it is shown c l e a r l y  from 

this table that an  improved  spreading  of water on a treated membrane does 

no t  mean that t h e  same r e s u l t s  are ob ta ined   fo r  a d i l u t e  polymer s o l u t i o n .  

For in s t ance ,  a sur face   t rea tment  with fuming su lphur i c  acid g ives   an  i m -  

proved  spreading  of a water f i lm,   bu t  a diminished  spreading  of a d i l u t e  

so lu t ion   o f  PVA i n  water. On the o the r  hand a t reatment  with fuming n i t r i c  
acid  improves  both the. spreading  of  water and  of a d i l u t e  PVA so lu t ion .  

An un t rea t ed  membrane behaves l i k e  an  extremely  hydrophobic material 
when it is b rough t   i n   con tac t  with PAA and PAAm solutions.  Dip-coating  ex- 
pe r imen t s   r e su l t ed   i n  no depos i t i on   o f  polymer a t  a l l ,  All su r face  treat- 
ments show an improvement i n   c o m p a t i b i l i t y   i n   r e l a t i o n   t o  the un t r ea t ed  
membrane. Despite this improvement, the r e s u l t s  were still  very bad. 
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The experiments with the 'evaporation-deposition-method' were c a r r i e d  

o u t  on one-capi l lary modules us ing   so lu t ions   o f  PVA i n  water. In  these ex- 

periments a number of  parameters were var ied,   being:  

applying the l a y e r  on the o u t s i d e  o r  in s ide   o f  a c a p i l l a r y ;  

using  sweeping  gas o r  vacuum downstream; 

type   o f   sublayer ;  

modif icat ion  of  the su r face   o f  the sublayer ;  

molecular  weight  of the PVA / degree   o f   saponi f ica t ion ;  

concentrat ion  of  PVA i n  the c o a t i n g   s o l u t i o n ;  

c ross - f low  ve loc i ty   o f  the polymer s o l u t i o n ;  

depos i t ion  time; 
drying  procedure / g r a v i t a t i o n a l   e f f e c t s   d u r i n g  the drying  process;  
addi t ion   o f  a c ross l ink ing   agen t  (maleic ac id) ;  

c ross l ink ing   condi t ions .  

Some t y p i c a l   r e s u l t s   o f  the evaporat ion-deposi t ion  experiments   are  

l i s ted  i n  table 7.5. The modules were tested f o r  their  pervaporat ion  char-  

a c t e r i s t i c s  with a mixture of  80 w t %  e thano l   i n  water. In  the t a b l e s  the 

f lux  and the  s e l e c t i v i t y  are given. The s e l e c t i v i t y  is defined as: 

(p6 water / % e t h a n o l )   i n  the permeate 
(% water / % e t h a n o l )   i n  the feed a =  (7 .3)  

A few experiments were carried o u t   i n  which a layer   was 'appl ied  on the 

outs ide  of  a c a p i l l a r y ,   a l l .  with.rather poor r e s u l t s .  Because the PVA solu-  

t i o n  is very   s t icky ,  i t  t e n d s   t o  s t i ck  t o  the wall and, i f  more c a p i l l a r i e s  

are u s e d ,   t o   o t h e r   c a p i l l a r i e s .  This e f f ec t   r educes  the s u r f a c e  area and 

g i v e s  weak s p o t s   i n  t he  se l ec t ive   l aye r .   The re fo re ,   i n ,  a l l  fu r the r   expe r i -  

ments the layer  was appl ied  on the ins ide   o f  the c a p i l l a r y .  - 

Using a vacuum o r  a sweeping  gas  downstream d i d  not   g ive  any s i g n i f i -  

c a n t   d i f f e r e n c e s   i n  the r e s u l t i n g  membrane performance. 
The coat ing  experiments  were c a r r i e d   o u t  on three d i f f e r e n t  t y p e s  of 

capi l lar ies .   Al though their  inf luence  was no t   i nves t iga t ed   sys t ema t i ca l ly ,  
it appeared that hardly  any  inf luence on t h e  p rope r t i e s   o f  t h e  s e l e c t i v e  

layers could be observed. . 

The inf luence of the surface  t reatment  was only  invest igated on PP 

c a p i l l a r i e s  ( R  5/11. The r e s u l t s  are g i v e n   i n  the t a b l e s  7.6 'and 7.7 and 

will be discussed later. 
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Table 7.5: Evaporation-deposit ion  experiments  on  unmodified  supports:  
in f luence   o f   coa t ing   parameters .  

Preparat ion method: - t ype   o f   cap i l l a ry :  see table 7.1 ; 
- type  of  PVA: see table 7.2; 
- MA: maleic acid as a c r o s s l i n k i n g   a g e n t ;  
- vacuum (exp.1-6) or  sweeping gas (exp.7-9) 

- r o t a t i n g  the module during  drying:  exp.6-9; 
- a l l  coa t ings  were h e a t  treated at  T = 130°C f o r  

downstream; 

30 minutes. 
Pervaporation test : - feed: about 80 wt.$ e t h a n o l   i n  water; 

- downstream  pressure: < 100 Pa .  

PVA cross-f low pervaporat  ion 

type  of   thick-  

c a p i l -   t y p e  w t %  MA <u> time ness  f lux  a T 

n r .   l a r y  added [ m / s ]  [hr] [m] [g/mzs] [-3 [ " C ]  

1 F0030 3 2 - 0.002  5 1 0.1  l  2  20 

2 F0030 3 5 - 0.004 5 7 -50 O. 005  55 20 
0.022  53 37 
O s 050 44 55 

3 F0030 3 5 - 0.038  2 < l  leaking 

4 R5 /1  2 4 + 0.003 0.5 5 -25 0,039. 39 24 
1.31 23 55 

5 R 5 / 1  4 5 f . 0.003 0.5 0.015 45 24 
0.11 40 55 

6 F0030 1 3 + . 0.00.4 2 1 0-20 0.01 1 130  25 
O .  069 77 50 

7 PV159 1 3 f 0.004 0.5 0.14 11 23 
0.95  10  55 

8 1 F0030 1 3 + 0.004 .0.5 

9 R5 /1  1 3 f 0.003 0.5 

o e 021 52  23 
0-27  36 55 

O o 025 33  23 
0.19 40 55 

; Experiments   using  different   molecular  weights of PVA showed that a 

s l igh t  improvement of the .membrane   charac te r i s t ics  was found with inc reas -  
.3ng molecular  weight..About the degree of   saponi f ica t ion  t h i s  i n v e s t i g a t i o n  
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could  not   give any de f in i t i ve   answer ,   bu t   f rom  inves t iga t ions   o f   Sp i t zen  e t  . 

al .  (1  9 ) i t appeared. that a degree   o f   saponi f ica t ion   of  100% gave no i m -  

provement  of membrane characteristics as compared t o  98%. If the degree  of 
s a p o n i f i c a t i o n  is less than  90% t h e  s e l e c t i v i t y   o f  t he  membranes was very 
low (20) .   In   our   invest igat ions  most ly  PVA type 1 (see tab le   7 .2)  was 

used. 

The concent ra t ion   of  PVA i n   s o l u t i o n  is one of t he  most important 

variables.  Although it can be i l l u s t r a t e d  from the equat ions  for   concen-  

t r a t i o n   p o l a r i z a t i o n  that  the concent ra t ion  a t  the membrane surface will 

have a value between 10 and  20%  polymer by weight, it is found that the 

bulk  concentrat ion is rather impor tan t   for  the formation  of a s e l e c t i v e  

layer. A 2% PVA s o l u t i o n   r e s u l t e d   i n  the formation  of a layer with a 

th ickness   o f   about ,  1 pm, whereas with a 5% s o l u t i o n  a layer   of   about  20 pm 

th ickness  is obtained (see table 7.5,  experiment 1 and 2 ) .  Although the 

r e s u l t s  show a l o t   o f   s p r e a d i n g ,  a sharp  increase  of  the th ickness   o f  the 

l a y e r  with increasing polymer concent ra t ion  was found. To obta in   defec t -  

free l a y e r s ,  a concentrat ion  of  3 t o  5% of PVA ( type l )  by weight  seems t o  
be necessary.  

The e f f ec t   o f   t he   c ros s - f low.   ve loc i ty   o f  the polymer s o l u t i o n  on t h e  

t h i c k n e s s   o f   t h e   s e l e c t i v e   l a y e r  is even more important  than t h e  e f f e c t   o f  

the PVA concentrat ion.  As the cross-f  low ve loc i ty   d i r ec t ly   i n f luences  the 

mass t r a n s f e r   c o e f f i c i e n t  k M   ( k M  is  p ropor t iona l   t o   <u>  it can b e  

seen from equation  7.2 that the  concent ra t ion  a t  the membrane s u r f a c e  de- 

creases when the mass t ransfer   coef f ic ien t   increases .   Exper imenta l ly  it is  

observed tha t  i f  the cross- f low  ve loc i ty  is increased one order   of  magni- 

tude  from 0.004 m/s t o  O. 04 m/s, the th ickness   o f  the s e l e c t i v e   l a y e r  de -  

creased from  about 20 pm t o  less than  l pm (see t a b l e  7.5, experiment 2 and 

3 J .  It is not  a good a l t e r n a t i v e  t o  use no cross-flow a t  a l l  during the 

formation  of the layer ,   because   in  these cases  t he  cap i l l a r i e s   go t   p lugged .  
Therefore ,   in   our   experiments  t he  cros 's-flow  velocity was k e p t  as low as 

possible   resul t ing  in   an  experimental   cross-f low  veloci ty   between 3 and 5 

mm/s. 

From experiments ,   in  which the permeating  solvent was c o l l e c t e d   i n  a 
l i q u i d   n i t r o g e n   t r a p ,  it appeared that  the flux  through the membrane is 

rap id ly   decreas ing .  This decrease hol.ds  on for   about  15 t o  30 minutes,  but 

af ter   about   one  hour  a ' s t eady- s t a t e   f l ux  is reached.  In  our  experiments, 
the depos i t ion  time has been  varied  from 15 minutes t i l l  6 hours  and no 

s i g n i f i c a n t   d i f f e r e n c e s   i n  the membrane p rope r t i e s '   o f  the r e s u l t i n g  layer 
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could be found. 

After the excess  polymer  solution is pumped ou t   o f  the module, n i t r o -  

gen  (containing water vapour) is passed  through the c a p i l l a r i e s .  The main 

r eason   fo r  t h i s  gas   f low is not   drying  of  the app l i ed   l aye r ,   bu t  removing 

the excess  polymer  out  of the c a p i l l a r i e s  8nd  prevent  plugging. The main 

drying effect is achieved a t  the downstream side as the low p a r t i a l   p r e s -  

s u r e  is ma in ta ined   a f t e r   t he   excess  polymer s o l u t i o n  has been  removed. 

The i n f l u e n c e   o f   g r a v i t a t i o n a l   e f f e c t s  was found t o  be s i g n i f i c a n t  

when a module is p l a c e d   i n  a ho r i zon ta l   pos i t i on   du r ing  the drying  process.  

Due t o  the f a c t  that the deposi ted f i lm is n o t   s o l i d ,  the polymer s o l u t i o n  
runs   o f f  the upper side of the capi l la ry   and  a thick l aye r  is formed a t  the 

'bottom' side of the h o r i z o n t a l   c a p i l l a r y .  The effect was more pronounced 

i f  the depos i ted   l ayer  was r e l a t i v e l y  thick (20 pm OP more)  and  could be 

minimized when the module was ro t a t ed   du r ing  the drying  process  a t  a r o t a -  

t ion  speed  of   about  1 rpm. If low polymer  concentrations were used  and/or 

i f  the module was k e p t   v e r t i c a l l y   d u r i n g  the drying  process , the in f luence  

o f   g r a v i t a t i o n a l   e f f e c t s  was ha rd ly   p re sen t .  

I 

Maleic a c i d  was used as a c ross l ink ing   agen t ;   o the r   c ros s l ink ing  
agen t s  were not   invest igated.   Al though a s e l e c t i v e  PVA membrane can be  made 

without the use of a cross l ink ing   agent ,  i ts use seems i n e v i t a b l e  when a 
PVA l a y e r  is appl ied   on to  a microporous  capi l lary.   Applicat ion  of  a c ross -  

l i nk ing   agen t  is espec ia l ly   impor tan t  i f  the composite membrane is sub jec t -  
ed t o  a heat t r ea tmen t   a f t e r   d ry ing .  

The deposi ted PVA l a y e r s  are sub jec t ed   t o  a heat t reatment  at a tem- 
pera ture   o f  130°C f o r  30 minutes. The pe rvapora t ion   r e su l t s   o f  a PVA l aye r  

without   addi t ion  of  a c ross l ink ing   agen t   a r e  rather good when no heat 

t reatment  is appl ied.  When a heat t reatment  is appl ied  then  leakage  occurs  

i n  more than 90% of the experiments. If , however, maleic a c i d  is added t o  
the po:lymer s o l u t i o n ,  no leakage  occurs .  On the other  hand, a real improve- 

ment  of the se l ec t iv i ty   t owards  a mixture  of  ethanol  and water is no t  

foundo whereas the f l u x  is decreased by about 40%. In cases where no heat 

. t reatment  is a p p l i e d  t h e   l a y e r   d o e s   n o t   s t i c k   t o  the microporous  support 
and  can be washed ou t   o f  the module. This makes a c ross l ink ing   s t ep   i nev i -  
t a b  le. 

The experiments ,   in  which the inf luence  of  the sur face   modi f ica t ion   of  
. .  
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the sublayer  is s t u d i e d ,  are g iven   i n  table  7.6. In   these  experiments  a' 

number of t h e   v a r i a b l e s ,  which were discussed  above, are f ixed  a t  a ' (sub)- 

opt imal   value.   In  table 7.6 the fol lowing  parameters   are   var ied:  the n a t u r e  
of the chemical reagent   used  for  the sur face   modi f ica t ion ,  the use  of a 

heat t reatment  and the addi t ion   o f  a small amount  of s u l p h u r i c   a c i d   t o  the 

coa t ing   so lu t ion .  

Table  7.6: Evaporation-deposition  experiments:  influence  of  surface 
modif icat ion  of  PP c a p i l l a r i e s  and some o t h e r   v a r i a b l e s .  

Prepara t ion   var iab les  : 
f ixed :  - type of  c a p i l l a r y :  R 5/1 (see table 7.1 ; 

- type  of  PVA: see table 7.2;  
- MA: male ic   ac id  as a cross l ink ing   agent ;  
- vacuum downstream; 
- cross-f low  veloci ty:   5  mm/s; 
- depos i t ion  time: 30 minutes;  
- module  mounted ve r t i ca l   du r ing   coa t ing  and dry ing;  

- H f :  add i t ion   o f   su lphur i c  acid 

- heat t r e a t m e n t   a t  T = 130°C for  30 minutes. 

var ied :  - surface  modifying  agent;  

(pH o f   coa t ing   so lu t ion  - 1 1 ; 

Pervaporation test:  - feed: about 80 w t . %  e thano l   i n   wa te r ;  
- downstream pressure :  < 100 Pa. 

modif icat ion PVA pervaporat ion 

hea t  
n r .   a c i d  time T type w t %  MA Hf t r e a t  - f lux CL T 

[min] [ " C ]  added ment [g/rn2s] [-l ["C] 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

no modif icat ion 

no modif icat ion 

SO3 1 20 

SO3 1 20 

C r  30 50 

Cr 30 50 

HNO3 0.5 40 

.HNO3 1 40 

HNO3 2 40 

1 5  f -  

1 5  + +  

1 5  f -  

1 5  + +  

1 5  + -  

1 5  + +  

1 5  + +  

1 5  + +  

1 5  + +  

O .23 
0.35 
O .O58 
O .  047 
0.12 
0.103 
0.19 
0.17 
0.21 
o.. 1 9 
O.  078 
O : 078 
0.32 
O .  086 
0.18 ' 

0.125 
0.15 
0.114 

10 48 
7 48 

36 48 
42 50 
8 48 

10 48 
6 49  
3 50 

18 49 
21 48 
27 50 
25 50 
28  51 
49 50 
26 50 
37 51 
26  49 
37 50 
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The e f f e c t   o f  the type  of  chemical reagent  on the compat ib i l i ty   o f  a 

PVA s o l u t i o n  with the treated sublayer  has a l ready   been   d i scussed   qua l i ta -  
t i v e l y   i n   s e c t i o n   7 . 4 . 2 .  From dip-coating tests it  appeared that the t r e a t -  

ment with fuming n i t r i c  acid produced the best r e s u l t s  compared t o  the 

o t h e r   s u r f a c e  treatments. A s  the evaporation-deposit ion method is i n   f a c t  a 

modified  d&p-coatihg  method, the same tendency is expected. If the r e s u l t s  

i n  tab,le 7.6 are considered this tendency  indeed is found. It must be rea- 
l i z e d   t h a t  the r e s u l t s   i n  table 7.6 do not   present   an  extended  review  of  

a l l  the experiments that were performed. If, however, the ove ra l l   r ange   o f  
values  is considered (see table 7.7) t h e  same tendency is found. 

Table 7.7: Inf luence  of   surface  t reatment   on membrane p rope r t i e s .  

surface  t reatment   f lux  [g/m2s]  c1 T [.cl 
~ ~~ 

no t reatment  0.05 - 0.10 20 - 40 50 
fuming su lphur i c  acid 0.1 5 - 0.25 3 - 10 50 
chromic acid 0.08 - 0.15 20 - 30 50 
fuming n i t r i c   a c i d  0.10 - 0.14 30 - 40 50 

From the r e s u l t s   i n  table 7.7 i t  can be concluded that the best re- 
s u l t s  are obtained with a sur face   t rea tment   o f   fuming  n i t r ic  acid and the 

w o r s t   r e s u l t s  with a treatment  of  fuming  sulphuric acid. The same r e s u l t s  

were a l s o   q u a l i t a t i v e l y   o b t a i n e d  with the dip-coat ing  experiments   of   di lute  

PVA s o l u t i o n s  on flat membranes (see table 7.4) .  

The a d d i t i o n  of su lphur i c  acid t o  the c o a t i n g   s o l u t i o n ,   i n   s u c h   a n  
amount that the pk  of the c o a t i n g   s o l u t i o n  is about 1 seems t o  have a 

p o s i t i v e  effect on the s e l e c t i v i t y   o f  the toplayer .  A de f in i t i ve   conc lus ion  

cannot ,be  given,   because the e f f e c t  is not  very  pronounced  and  results with 

PVA membranes have shown that a cer ta in   spreading   a lways   occurs .  

The modules,  prepared by the evaporation-deposition  method, are tested 
f o r  their sepa ra t ion   cha rac t e r i s t i c s   i n   pe rvapora t ion .  Some of the r e s u l t s  
have already been  given  in  the tables 7.5 and 7.6. These r e s u l t s   t o g e t h e r  
w i t h  some r e s u l t s  from l i t e r a t u r e  are g i v e n   i n   f i g u r e  7.7, i n  which the 

f l u x  is p l o t t e d   a g a i n s t  the s e l e c t i v i t y .  
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FIGURE 7.7: Pe rvapora t ion   r e su l t s .  

. As far as the r e s u l t s   o b t a i n e d  with the unmodified membranes are con- 

cerned, it can  be  concluded  from  figure 7.6 that  a h i g h   f l u x  is related t o  

a low s e l e c t i v i t y  and vice  versa .   Furthermore,  it can be seen that  a ‘tem- 
pera ture  rise from room temperature (24 & 1 O C )  t o  55°C gives-   an  increase i n  

f l u x  by a f a c t o r  6 ,  whereas the s e l e c t i v i t y  is only   s l i ,gh t ly   decreased .  
When the inf luence  of the sur face   modi f ica t ion  on the pervaporat ion 

performance is considered, it appears  t h a t  the r e s u l t s  do not  d i f fe r  as 

much  among each o t h e r  as the r e s u l t s   f o r  t he  unt rea ted  membranes. This  is 

due t o  the  f a c t  that  coa t ing   cond i t ions  were no t   va r i ed  much during these 
experiments. From f i g u r e  7.7 it  can be observed that  the s e l e c t i v i t y   f o r  

the d i f f e ren t   su r f ace   mod i f i ca t ions  is about the same, but  tha t  the f l u x  
can  vary  considerably for  the same coating  conditions.   Furthermore,  it can 

be seen that the s e l e c t i v i t y   o f  the membranes which received a sur face  
t reatment  with fuming n i t r i c   a c i d  is s l i g h t l y  bet ter  compared t o  the value 

f o r  the chromic acid treated membranes,  which on i ts  t u r n  show much bet ter  

p rope r t i e s   t han  the membranes t r e a t e d  wi th  fuming su lphur i c ’   ac id .  
Compared with the l i t e r a t u r e   r e s u l t s ,  it appears  that ‘ o u r   r e s u l t s   a r e  
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comparable t o  the r e s u l t s   o b t a i n e d  with PVA membranes (see f i g u r e  7.7 , 
p o i n t s  21 and  22) o N.B. The number i n  the open c i r c l e s   a l s o  refers t o  the 

l i t e r a t u r e   r e f e r e n c e .  

Some of the r e s u l t s   o b t a i n e d  with membranes conta in ing   ion ic  sites are 

a l s o   p r e s e n t e d   i n   f i g u r e  7.7 (see p o i n t s  23  and  24). The r e s u l t   p r e s e n t e d  

i n   p o i n t  23 is obtained by  Cabasso for  sulphonated PE membranes con ta in ing  

C s +  as counter-ions  (23)  and  point 24 is taken  f rom  El l inghorst  ' s  work, 

using PAN membranes i n t o  which a c r y l i c  acid has been  graf ted  and in  which 

the H+-ions are replaced by  Kf-ions  (24). These membranes are s u p e r i o r   t o  

PVA membranes, but  they  have the disadvantage that the ions are leached o u t  

- 

of the membrane, r e s u l t i n g   i n  a seve re  loss o f   s e l e c t i v i t y .  For in s t ance ,  

the 'unmodifiedv  Ellinghorst-membrane  (without K+ as a counter-ion) has a 
s e l e c t i v i t y   o f   a b o u t  1 O (24 ) ,  which makes this membrane, as f lux   and   se lec-  

t i v i t y  are concerned,  comparable t o  a PVA membrane. 

7.5: Discussion 

The r e s u l t s   o f  the compa t ib i l i t y  tests of f l a t  Accurel membranes with 

d i l u t e  PVA s o l u t i o n s  are e s s e n t i a l l y   d i f f e r e n t  from  those  obtained with 

pure water (see t a b l e  7 .Q).  Introducing a hydrophilic  group  improves the 
interact ion  between the treated surface  and water. The r e s u l t s  show that 

the na ture   o f  the hydrophi l ic   group is not  important.  The reason   fo r  this 

phenomenon is tha t  i n  the case of  the treated membranes dipole-dipole   in-  
t e r a c t i o n s  between water and the su r face  w i l l  occur.  Because water c a n   a c t  

both as electron  donor   and  acceptor ,  it makes no d i f f e r e n c e  whether the 

su r face   con ta ins   e l ec t ron   donor  or electron  acceptor   groups.  

The compat ib i l i ty   o f  a PVA s o l u t i o n  with the modif ied  surfaces  seems 
t o  be determined  mainly by the PVA p r e s e n t   i n   s o l u t i o n .  The r e s u l t s  l i s ted 

i n  table 7.4 are o b t a i n e d   f o r   d i l u t e   s o l u t i o n s  ( O  .5% by,. weight) and more 

concentrated  solut ions  (up till 5% by weight).  
A s u r f a c e  t reated w i t h  f u m i n g   s u l p h u r i c  acid,  r e s u l t i n g   i n  -S03H 

, groups at the su r face ,  shows a worse compa t ib i l i t y  with a PVA s o l u t i o n  as 

compared t o   a n   u n t r e a t e d   s u r f a c e .  From l i t e r a t u r e  it is known that most 
su lphonat ion   reac t ions  of polya lkylene   sur faces  are c a r r i e d   o u t   t o  improve 
the p r i n t a b i l i t y   o f  the s u r f a c e s  (1 3 , 2 5 ) .  On the other   hand,   in  the f i e ld  

o f   u l t r a f i l t r a t ion   su lphona t ion   o f   hydrophob ic  membranes is carried o u t   t o  
reduce   fou l ing  (26) .  This effect is ascribed t o  a reduced   in te rac t ion  be- 
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t w e e n   h y d r o p h o b i c   p a r t i c l e s   i n   s o l u t i o n   a n d   t o   a n   e l e c t r o s t a t i c   r e p u l s i o n  

between  the  negatively  charged membrane and  negat ively  charged  col loids .  

This desc r ip t ion   can  be used as a possible   explanat ion  of  the phenom- 
enon described above.  In  an  aqueous  solution the sulphonic  acid  group w i l l  

b e  p r e s e n t   i n  i t s  i o n i c   f o r m  (-SO ') a n d   t h e r e f o r e   a c t s  as a n   e l e c t r o n  

donor.  Because PVA through its -OH g r o u p s   a c t s  as an  e lectron  donor ,  t h i s  

r e s u l t s   i n  a repulsion  between PVA and the sulphonated  surface.   Further-  

more,  the  r e sonance   s t ruc tu re   o f  the -SO - group is no t   f avourab le   fo r  the 

formation  of  hydrogen  bonds. However, i f  one  succeeds  in   applying a PVA 

film t o   t h e   s u l p h o n a t e d  PP membrane, an   e s t e r i f i ca t ion   r eac t ion   be tween  the 

sulphonic acid group  and a hydroxyl  group  of t he  PVA can  take  place when 

t h e   f i l m  is subjec ted  t o  a heat t reatment .  T h i s  r e s u l t s   i n  a PVA film which 

shows an   exce l l en t   adhes ion   t o  the modified PP membrane. 

3 

3 

A t reatment  with chromic acid or  fuming n i t r i c  acid, yielding  both -OH 
groups a t  the membrane s u r f a c e ,   r e s u l t s   i n   a n  improved compat ib i l i ty  be- 
tween the modified f i l m  and the PVA s o l u t i o n .  Because  hydroxyl  groups  act 

as electron  donor   groups,  a repulsion  between the PVA s o l u t i o n  and t h e  

modified  surface would be expected. On the other  hand,  hydrogen  bonding  can 
t a k e  place,  which will r e s u l t   i n   a n  improved compatibi l i ty .   According  to  

the r e s u l t s   o b t a i n e d  the latter e f f e c t  is dominating. 

Comparing the  r e s u l t s   o f  the chromic acid t reatment  wi th  those  of  t he  

fuming n i t r i c   a c i d   t r e a t m e n t ,  it appea r s   t ha t  t h e  l a t t e r  r e s u l t s  ,were 

s l i g h t l y  better. This e f f e c t  is probably  ,due  to  a higher  degree  of  oxida- 

t i o n   o f  t he  su r face   o f  the PP membrane i n  the  case  of  the fuming n i t r i c  

acid  treatmen>. This assumption is supported by the r e s u l t s   f r o m ,  the rup- 

t u r e  tests indica t ing  that the PVA l a y e r  has a bet ter  adhes ion   t o  the modi- 

f ied layer i f  t he  PP membrane was treated with fuming n i t r i c   a c i d .  More- 

over ,  i f  the sublayer  was treated with chromic  acid, the . rupture  tests on I 

t h e  composite membranes show a less good adhesion  of the PVA top layer ,  

which is an   i nd ica t ion   fo r  a low degree  of   oxidat ion  of  the surface.  
In  t h e '  previous paragraph the (smal l )   d i f fe rence   be tween the treat-  

ments with chromic  acid  and  fuming n i t r i c   a c i d  is explained  through the 

d i f f e rence   i n   deg ree   o f   ox ida t ion   o f  t h e  PP membrane. A d i f f e r e n t   p o s s i -  

b i l i t y  is the occurence  of  oxidized  nitrogen a t  t he  membrane sur face .  A l -  

though  oxidized  'nitrogen  could  not be observed   s ign i f icant ly  by means of 

XPS, a s l i g h t   i n c r e a s e   o f  the s i g n a l  a t  about 408 eV was observed. Whether 

t h i s  increase  is a r e su l t   o f   w i sh fu l   t h ink ing  or based on r e a l i t y ,   h a s   t o  
b e  determined  in  future  experiments.  



- 154 - ~ 

The pro' lems occuring with a heat ' t reatment  (at T = 130°C f o r  30 min- 
u t e s )  when no cross l ink ing   agent  is added t o  the polymer so lu t ion   can  be 

unders tood   i f  the  c r y s t a l l i n i t y   o f  the PVA l a y e r  is t aken   i n to   accoun t .   I f  

. t h in   f i lm   compos i t e  membranes are sub jec t ed   t o  a heat t reatment ,  the ther- 

mal expansion  coeff ic ient   of  the suppor t   de te rmines   a l so  the freedom  of 

lateral expansion  of the s e l e c t i v e   l a y e r .  PVA with a high  degree  of   saponi-  

f i c a t i o n  has the a b i l i t y   t o  form c r y s t a l l i n e  areas a t  higher  temperatures.  

Upon cool ing the s e l e c t i v e   l a y e r  w i l l  no t  be able to deform i n  the same way 

as the suppor t ,   t hus   l ead ing   t o   de fec t s   i n  the s e l e c t i v e   l a y e r .  By adding a 

cross l ink ing   agent  the a b i l i t y   o f  the PVA t o  c r y s t a l l i z e  is diminished  and, 

as a less c r y s t a l l i n e  film is c a p a b l e   t o   a d j u s t   t o  the d i f f e r e n c e s   i n  ther- 

mal expansiong defects i n  the s e l e c t i v e   l a y e r  are diminished as well. 

The occurence  of   defects  was more pronounced i f  the  supface  of the 

sublayer  was modified.   If  a sur face   t rea tment  is given, the s e l e c t i v e   l a y e r  

is f i r m l y   f i x e d   t o  the sublayer   during a heat t reatment .  In t h i s  way the 

a b i l i t y  t o  a d j u s t   t o  the d i f f e r e n c e s   i n  thermal expansion is reduced  and 

the p robab i l i t y   o f   de fec t s  is increased. 

E s t e r i f i c a t i o n   r e a c t i o n s  are catalyzed by acids (27). Through the 

add i t ion   o f  a small amount o f   s u l p h u r i c   a c i d   t o  the coa t ing   so lu t ion  more 

crossl inks  might  be r e a l i z e d ,   t h u s   l e a d i n g   t o  a lower  degree  of  swelling 
r e s u l t i n g   i n  a higher s e l e c t i v i t y  and a lower  f lux.   Since the a c i d i t y  con- 

s t a n t   o f  a maleic acid group  which is at tached  through  one  es ter-bond  to  a 

P V A  molecu le  is rather low ( K  - 10-5), the a f f in i ty   o f   such  a group t o  

r e a c t  is low. I n  the presence  of  Hf-ions the s e c o n d   e s t e r i f i c a t i o n   r e a c t i o n  

w i l l  b e  ca t a lyzed ,  Whether the r e a c t i o n   a c t u a l l y  takes p lace  is unce r t a in ,  

because it must be  considered that an  a t tached  molecule  is l i m i t e d   i n  its 

freedom  of movement. 

a 

7 o 6 : Conclusions 

From our  experiments it can be  concluded that the evaporation-deposi- 

t i o n  method is a n   a t t r a c t i v e  method f o r  the preparation  of  composite mem- 
b ranes   to  be used   in   the   pervapora t ion   process .  The method has advantages 
over   other   types of coating  procedures  because  microporous membranes can b e  

used as a sublayer .  Also the f a c t  that t h i s  coat ing  procedure  can be ap- 

p l i e d  d i r e c t l y  on  modules makes this method v e r y   a t t r a c t i v e   f o r  commercial- 
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i za t   ion .  

Pervaporation tests on  mixtures  of  ethanol  and water have shown tha t  

i t  is p o s s i b l e   t o   o b t a i n   s e l e c t i v e  membranes with moderate  f luxes,  o r  high- 
f l u x  membranes with modera t e   s e l ec t iv i t i e s   u s ing  t h i s  evaporation-deposi-  

t ion method. 

A sur face   t rea tment   o f  the hydrophobic  microporous  capil laries with a 

chemical agent  improves the adhesion of the s e l e c t i v e   l a y e r   t o  these c a p i l -  

laries. The u s e   o f   n i t r i c  acid as a reagent   a lso  improves the spreading  of  

a PVA so lu t ion   on  the modi f ied   sur face ,   thus   resu l t ing   in   an  improved per- 

formance of the  composi te  membranes. 
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Appendix 

TERMINOLOGY FOR MEMBRANE  DISTILLATION 

A.C.M. Franken & S. Ripperger 

A. 1 : Introduction 

One of  the sub jec t s   o f  the 'Round Table' a t  the 'Workshop  on Membrane 

D i s t i l l a t i o n '   i n  Rome on 5 May 1986 was nomenclature. The best example f o r  

the need  of a more uniform  language is the name of  the.   process i t se l f .  In  

Rome the following names were used by the authors   present :   membrane.dis t i1-  

la t ion ,   Trans  Membrane Dist i l la t ion,   thermo-pervaporat ion,   pervaporat ion 

and membrane evaporation. 

A t  t h i s  workshop a committee was formed with the  t a s k  of preparing a 

terminology  for membrane d i s t i l l a t i o n .  The committee  consisted  of the f o l -  

lowing members: 

V. Calabro Univers i ta  della Calabria Calabria I 

A.C.M. Franken Universi ty   of  Twente Enschede , NL 
S. Kimura Universi ty   of  Tokyo Tokyo J 

S. Ripperger Enka (Membrana) Wuppertal, D 

G. Sarti  Univers i ta  d i  Bologna Bologna I 

R. Schofield Universi ty   of  New South Wales Kensington AUS 

In  t h i s  document terms, d e f i n i t i o n s  and  symbols,  which are used  in  t h e  

f ie ld  of membrane d i s t i l l a t i o n ,  are def ined.  The basis f o r  this document is 

formed by the  terminology  for  pressure  driven membrane opera t ions  ( 1  ) ;  
whereever t h i s  is r e l e v a n t  the terms i n  this document are def ined in t h e  

same way. 

A . 2 :  Name of the  membrane  operation 

The most s u i t a b l e  name f o r  t h i s  operat ion is membrane  distillation. 
This name has the advantage that  it is already used by most a u t h o r s ,   t h a t  
i t  has no commercial t ies  with a company and that  it ,Cannot b e  confused 

with o ther  membrane processes .  
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For the same 'reasons as mentioned  above, the names Trans Membrane Dis- 

t i l l a t i o n  (the commercial name f o r  the Enka process) ,   pervaporat ion  and 

thermo-pervaporation  (already  used  for  other membrane ope ra t ions  (2)  

should  not  be used.  Introducing a new name, l i k e  membrane evaporat ion,  has 

the disadvantage that both  author  and reader w i l l  have  adjustment  problems, 

that may r e su l t   i n   an   even   g rea t e r   con fus ion   o f   t ongues .  

The name pervaporat ion is of ten   used  by  Japanese  authors   for  two d i f -  

f e ren t   p rocesses :  the process  of membrane d i s t i l l a t i o n   a n d  the process   of  

pervapora t ion .   In   our   op in ion   an   essent ia l   d i f fe rence   ex is t s   be tween these 

processes .  

According t o   o u r   d e f i n i t i o n  (see chap te r   3a ) ,  membrane d i s t i l l a t i o n  is 
a p rocess   i n  which the membrane itself has no in f luence  on the vapour- 

l iqu id   equi l ibr ium  of  the l i q u i d s   t o  be  separated.  On the other  hand,  per- 

vaporat ion is a p rocess   i n  which l iqu id   d i f fuses   t h rough  a membrane and 

evaporates  a t  the permeate side of the membrane. The sepa ra t ion  character- 
istics of   the  pervaporat ion  process  are determined by s o r p t i o n   i n t o  and 

d i f fus ion   th rough the membrane. 

A . 3 .  Descript ion  of  the membrane ope ra t ion  

a,_charactermt~cs_of_membyane_dlgtrlrat~ 

The name 'membrane d i s t i l l a t i o n '   s h o u l d  b e  a p p l i e d   f o r  membrane opera- 
t ions   having  the f o l l o w i n g   c h a r a c t e r i s t i c s :  

- the membrane should be porous; 
- the membrane should  not  be wetted by the p rocess   l i qu ids ;  

- no capi l la ry   condensa t ion   should  take p l a c e   i n s i d e  the pores  of the 

membrane ; 

- only  vapour  should be  t ranspor ted   th rough the pores  of the porous 

membrane; 

- the membrane must not al ter the vapour-liquid  equilibrium  of  the 
' d i f f e r e n t  components i n  the p rocess   l i qu ids ;  

- at  least one side of t h e  membrane should be i n  direct con tac t  
with the p r o c e s s   l i q u i d ;  

- f o r  each component the d r iv ing   fo rce   o f  this membrane ope ra t ion  is a 

partial p r e s s u r e   g r a d i e n t   i n  the vapour  phase. 
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Many d i f f e r e n t  embodiments of membrane d i s t i l l a t i o n   c a n  be  found i n  
l i t e r a t u r e .  For ins tance ,  Enka uses a membrane ope ra t ion   i n  which t h e   l i q -  
u id  on both sides of the membrane is i n   d i r e c t   c o n t a c t   w i t h  the membrane 

( 3 ) ,  whereas on the o the r  hand the Swedish National Dev.elopment Company 
uses a system i n  which the vapour is condensed  against a cooling-plate 

(419 
For the d i f f e r e n t  embodiments  of membrane d i s t i l l a t i o n  the following 

terms are defined: 
- d i rec t - con tac t  membrane d i s t i l l a t i o n  f o r  a system i n  which the  l i q u i d  

on  both sides of the membrane is i n  d i r e c t   c o n t a c t  with t h e  membrane 
and i n  which the l i q u i d  on the downstream side is used as t h e  con- 

densing medium ( f i g u r e  A.l). 

FIGURE A. 1 : 
Direct-contact 
membrane d i s t i l l a t i o n .  

- gas-gap membrane d i s t i l l a t i o n  for  a system  in which the  vapour on the  
downstream side is condensed  against a cool ing  surface and i n  which 
the  condensed l i q u i d  on the downstream side does  not   have  to  be i n  
contac t  with the membrane ( f i g u r e  A . 2 ) .  In  t h i s  conf igura t ion  t h e  con- 
densation  of the permeate takes place in s ide  t h e  module. 

FIGURE A. 2 : 
Gas-gap membrane d i s t i l l a t i o n .  
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- low pressure membrane distillation: i n  t h i s  system a low pressure 
i s .  a p p l i e d  downstream and the condensation  of the permeate takes 

p lace  outside the module. An o the r  term that can be used   i n  t h i s  case 
is: 'vacuum membrane d i s t i l l a t i o n P ;   b u t  t h i s  term is i n  fact more limit- 

ing   than  low p res su re  membrane d i s t i l l a t i o n .  

- sweeping gas membrane distillation: i n  t h i s  'system a sweeping gas 
(e .g .   n i t rogen)  is appl ied downstream and the condensation  of the 

permeate takes place outside the module. 

Note: If the term 'membrane d i s t i l l a t i o n '  is used  without  any  further 

spec i f i ca t ion ,   t hen  this term a p p l i e s  t o  the 'direct-contactP-system. To 

avoid  complications,  it is better to   u se  the f u l l   t e r m   ? d i r e c t - c o n t a c t  mem- 

b r a n e   d i s t i l l a t i o n ' .  

Example: the system  of Enka should b e  called ' d i r ec t - con tac t  membrane 

d i s t i l l a t i o n '  and the system  of the Swedish National Development Company 

should be called  'gas-gap membrane d i s t i l l a t i o n P .  

A.4:  Membrane characteristics 

The membranes, used i n  membrane d i s t i l l a t i o n ,   s h o u l d  be  cha rac t e r i zed  

by the fol lowing membrane (performance)  parameters: 

a. (polymer ) mater ia1 ; 

b -  thickness  of the membrane ; 
c.   porosi ty   of  the membrane; 

d. nominal  pore  size ; 

e. l iquid-entry-pressure  of  water.  

a o (polymer ) mater ia1 
The material of which the membrane is made is the most important pa- 

meter. A t  t h i s  moment membranes f o r  membrane distillation are a l l  made of 
polymers,  but as one  should  not  exclude  other  type of materials the term 
polymer is placed  between  brackets. 

b. thickness of the membrane 
T h i s  parameter is of  importance  because it gives  information  on  both 

the mechanical   s t rength of the membrane and the f l u x e s   t o  b e  expected. 
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c. porosity of the membrane 
The poros ï ty   o f  the membrane is de f ined   a s  the volume, of the pores  

devided by the t o t a l  volume of  the membrane; the symbol f o r  t he  poros i ty  is 
E. A method f o r  the determinat ion OF the  porosity  of  (hydrophobic) mem- 

branes is suggested  in   paragraph A.9. 

d. nominal pore size 

Nominal p o r e   s i z e  is important as it can lead t o  a first approximation 

of  the f l u x e s   t o  be expected.  'Nominal'   pore  size is a blanket  term incom- 

pass ing   po re   s i ze s  estimated from  bubble-point tests,. gas  permeation  exper- 

iments,  or any other  convenient.   technique,  and is usua l ly  .quoted  by t h e  

membrane manufacturer.  Despite the approximate  nature  of  nominal  pore  size, 

it conveys  useful  information, which can be used t o  make an  approximate 

ca l cu la t ion   o f  the f l u x e s   t o  be expected. 

e. liquid-entry  pressure of water 
The l iqu id-ent ry   p ressure   o f  water (sometimes  faulty  called  'wetting 

pressure '  ) is the pressure   (Pa)  that must be applied  onto  pure  water  before 
it p e n e t r a t e s   i n t o  a non-wetted ( d r y )  membrane; t he  .symbol f o r   t h e   l i q u i d -  

e n t r y   p r e s s u r e   o f  water is LEP A method f o r  the determinat ion  of  LEP of 

hydrophobic membranes is suggested  in   paragraph A.9. 
W'  w 

. \  

These f i v e   c h a r a c t e r i s t i c s  are suggested,  because- they  :-give a v i s u a l  

( a , b )  and  mechanical  (a,b,c)  picture  of t he  membrane, while ind ica t ing  the 

s u i t a b i l i t y   f o r  membrane d i s t i l l a t i o n  (e )  and the f l u x e s   t o  be expected 

( b , c , d ) .  

be 

f .  

g* 
h. 

i. 

j. 
k. 

f. 

As addi t iona l   in format ion  the following membrane c h a r a c t e r i s t i c s   c a n  

given : 

IPA bubble   point ;  
maximum p o r e   s i z e ;  

p o r e   s i z e   d i s t r i b u t i o n ;  

pore  size  morphology; 

temperature s t a b i l . i t y ;  

chemical   res is tance.  

I P A  bubble  point 
The IPA (isopropylalcohol)  bubble  point  can be measured acco rd ing   t o  a 
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standard test  method as described i n  ASTM F-316. This method  employs a 
procedure  for   determining the maximum pore   s i ze   and  the pore size d i s t r i b u -  
t i o n   o f  a membrane f i l t e r  by  measuring the i n i t i a l  bubble  point  and  gas 

f low  versus   pressure  through a l i q u i d  wet f i l ter .  The on ly   d i f f e rence  be- 

tween the ' I P A  bubble  point method'  and ASTM F-31 6 is t h a t  I P A  is used as 
the w e t t i n g   l i q u i d   i n s t e a d  of water. 

g.  maximum pore size 
The maximum pore   s i ze   can  be  c a l c u l a t e d  by s u b s t i t u t i n g  the I P A  bubble 

p o i n t   p r e s s u r e   i n t o  the following  formula: 

p o r e   s i z e  = - 4.B.Y 
P 

i n  which B: p o r e   s i z e  morphology cons tan t ;  

Y : s u r f a c e   t e n s i o n   o f  IPA; 

p:   bubble  point  pressure.  

The p o r e   s i z e  morphology cons tan t  B is 1 f o r  a c i r cu la r   po re   and  less 
than  l f o r   a n   e l l i p t i c a l  or  irregular-shaped  pore (7). Because  most  pores 

are n o t   c i r c u l a r ,  the use of the terms 'pore diameter' and  'pore   radius '  is 
misleading.  Unless membranes with c i r cu la r   po res  are used, the term 'pore 

size' is recommended. 

Note: because the ' p o r e   s i z e  morphology cons tan t  B'  is not  known i n  

most cases, it is recommended that the ' I P A  bubble  point  pressure '  is given 
next  t o  the value  of  the maximum pore   s i ze .  

h. p o r e   s i z e   d i s t r i b u t i o n  
The p o r e   s i z e   d i s t r i b u t i o n   c a n  be measured by  means of the s tandard  

test method as described i n  ASTM F-31 6. A s h o r t   d e s c r i p t i o n   o f  this method 

is g iven   i n   po in t  f .  

i. pore size morphology 

The p o r e   s i z e  morphology is c l o s e l y  related t o  the c a l c u l a t i o n  of the 

'maximum p o r e   s i z e '   ( p o i n t  g> through the ' p o r e   s i z e  morphology cons tan t  

B ' .  Therefore,  it should be given i f  the pores  are, f o r   i n s t a n c e   c i r c u l a r ,  
e l l ipt ical  or rec tangular .  

j. temperature s t a b i l i t y  

The long term s t a b i l i t y   o f  a membrane t o  extreme  temperatures  should 
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be given here. 

k. chemical resistance 
The chemical r e s i s t a n c e   t o   s o l v e n t s ,   a c i d s  and bases  is important,  

e s p e c i a l l y  i f  the membranes have t o  be cleaned. 

A.5: Process characteristics 

The e f f i c i ency   o f  a. membrane d i s t i l l a t i o n   o p e r a t i o n   c a n  be charac te r -  

i z e d   i n  many d i f f e r e n t  ways  and depends on many d i f fe ren t   parameters ,  such 

as membrane c h a r a c t e r i s t i c s ,  module design,  hydrodynamic condi t ions ,  tem- 

pe ra tu re   l eve l ,  etcetera. 

The following  parameters are d e f i n e d   t o   c h a r a c t e r i z e  a membrane d i s -  

t i l l a t i o n   o p e r a t i o n  and a membrane d i s t i l l a t i o n   p r o c e s s :  

a. evapora t ion   e f f ic iency  EE;  

b. p rocess   e f f i c i ency  PE;  

c. concent ra t ion   fac tor  CF; 

d. t empera tu re   po la r i za t ion   coe f f i c i en t  TPC. 

This parameter is def ined t o  c h a r a c t e r i z e   t h e   e f f i c i e n c y   o f  a membrane 
d i s t i l l a t i o n   o p e r a t i o n .  The evapora t ion   e f f ic iency  EE is def ined as: ' 

EE = 
p a r t  of the hea t  which con t r ibu te s   t o   evapora t ion  

t o t a l  heat inpu t   i n  the module 

Besides evapora t ion   a l so  a c e r t a i n   h e a t   t r a n s f e r  due to   conduct ion 

takes   place.   Therefore ,  EE is always  lower  than 1 . The value  of  EE can b e  

calculated  very easily. The ' pa r t   o f  the heat which c o n t r i b u t e s  t o  

evaporation'   can be ca lcu la ted  by mult iplying the measurea  flux J by the 

heat of  e v a p o r a t i o n  AH and t h e  membrane area A. The ' t o t a l   h e a t   i n p u t  

i n t o   t h e  module'  can be calculated  from a measurement of the ca lo r i c   va lue  

o f  the incoming  and the outgoing feed stream., 

VaP 

This  parameter is used t o   c h a r a c t e r i z e  the e f f i c i ency   o f  a membrane . 
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d i s t i l l a t i o n   p r o c e s s  (N.B. this is a process '   in  which the membrane distil- 

l a t i o n   o p e r a t i o n  is the most impor tan t   un i t   .opera t ion) .  The p r o c e s s   e f f i -  

ciency PE is def ined as: 

PE = 
heat which c o n t r i b u t e s   t o  the evaporat ion of the dis t i l la te  

total '  heat input   of  the process  

If the process   on ly   cons is t s   o f  a membrane d i s t i l l a t i o n   o p e r a t i o n   t h e n  

the evapora t ion   e f f ic iency  EE is e q u a l   t o  the p rocess   e f f i c i ency  PE. In 

most cases a heat recovery is advantageously. An example  of a membrane dis-  

t i l l a t i o n   p r o c e s s  with.heat recovery is g i v e n   i n   f i g u r e  A . 3 .  

feed - I I retentate 

heakexchanging 
surface 

I 

FIGURE 11.3: Membrane d i s t i l l a t i o n   p r o c e s s  with heat recovery. 

The c o n c e n t r a t i o n   f a c t o r  CF is defined as the degree  of   increasing the 

concentrat ion of a component i n  a membrane operat ion.  CF can be  c a l c u l a t e d  

d iv id ing  the concen t r a t ion  of the r e t e n t a t e  by the concentrat ion  of  the 
f eed. 

concentrate 

I 
I 
I 
I 

If 

feed - 

pump heater 

FIGURE A.4: Membrane d i s t i l l a k i o n   p r o c e s s  with r e c i r c u l a t i o n   o f  the 
f eed. 
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I n   f o r m u l a :  CF = C r / C f .  This term i s , ' d e f i n e d   i n  the same way as f o r   p r e s -  

su re   d r iven  membrane opera t ions  ( l  ). 
Due t o  the low concent ra t ion  of  the .  s o l u t i o n  by one  passage  of a mem- 

b r a n e   d i s t i l l a t i o n  module, t he  s o l u t i o n  has t o  be c i r c u l a t e d  if a concen- 

t r a t i o n   o f  t he  feed is requi red  ( t h i s  s i t u a t i o n  is shown i n   f i g u r e  A . 4 ) .  

Another phenomenon which o c c u r s   i n  a membrane d i s t i l l a t i o n   o p e r a t i o n  

is ' t empera ture   po lar iza t ion ' .   Al though  th i s  term has  several   d isadvantages 

( i ts  ef fec t   cannot  be  measured d i r e c t l y  and the term i tself  is phys ica l ly  

n o t   c o r r e c t ) ,  it is u s e d   v e r y   o f t e n   i n   s c i e n t i f i c   l i t e r a t u r e .  The value  of  

TPC is given by the temperature  difference  between the evaporat ion  sur9ace 

and the condensa t ion   sur face   d iv ided  by the temperature  difference  between 

the bulk of the feed and the  bulk of the permeate. 

For direct  contac t  membrane d i s t i l l a t i o n  the evapora t ion   sur face  is 

formed by the feed-membrane in te r face   and  the condensa t ion   sur face  is form- 

ed by t h e  permeate-membrane in te r face .   In   formula :  

TPC = Tfm-Tpm 

Tfb-Tpb ' 

It must be stated again that' the t empera tu res   a t  t h e  evaporat ion 

( respec t ive ly   condensa t ion)   sur face   cannot  be measured d i rec t ly .  I n   f a c t  

they  can  only .be c a l c u l a t e d   i n   s p e c i a l   c a s e s  when the hydrodynamic  condi- 

t i o n s  on both sides of the membrane are known. 

A. 6 : Definitions 

I n  t h i s  chapter  a summary is given " of t h e '  terms that are used  in  
membrane d i s t i l l a t i o n .  Whereever t h i s  is r e l e v a n t ,  the terms are de f ined   i n  
the same way as for   p ressure   d r iven   processes  (1  ) . 

Bubble point   pressure:   pressure at. which a continuous  stream of gas  bubbles 

is pressed  through a l i q u i d  wet f i l t e r .  

Bulk temperature Tb: temperature that e x i s t s . . i n   t h e , b u l k   p h a s e ;   i n ' p r a c t i c e  
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t h i s  temperature is e q u a l   t o  the measured  temperature. 

Ci rcu la t ion   loop:  a sec t ion   o f  a membrane plant   containing  one o r  more 
c i r c u l a t i o n  pumps ensu r ing   adequa te   c ros s - f low  ve loc i ty   o f   t he   f l u id  

over the  membrane (an  example is g i v e n   i n   f i g u r e  4). 

Concent ra t ion   fac tor  CF: the degree  of   increasing the concent ra t ion   of  a 

component i n  a membrane ope ra t ion ;  CF = Cr/Cf .  

Cross-flow  velocity  u:  the ve loc i ty   o f  a f l u i d   f l o w i n g   p a r a l l e l  t o  the 

membrane ( a l s o   c a l l e d :   t a n g e n t i a l   v e l o c i t y ) .  

Direct-contact  membrane d i s t i l l a t i o n :  see chapter  3b. 

Evaporat ion  eff ic iency EE: see chapter  5a. 

Feed : t h e   f l u i d   e n t e r i n g  a membrane module o r   p l a n t .  

Flux J: amount  of permeate, or of any  component i n  the permeate, tha t  is 

transported  through a membrane per   un i t   o f  membrane area and   per   un i t  

of time. 

Fouling: the depos i t ion   o f  material on the membrane s u r f a c e   a n d / o r   i n  its 
pores ,   l ead ing   t o  a change i n  the membrane performance. 

Gas-gap membrane d i s t i l l a t i o n : . s e e   c h a p t e r  3b. 

Liquid-entry  pressure LEP: p re s su re  a t  which the l i q u i d   p e n e t r a t e s   i n t o  a 

porous membrane (o ld  term t o  be rep laced:   'wet t ing   p ressure ' ) .  

Module: the smallest p r a c t i c a l   u n i t   c o n t a i n i n g   o n e  or more  membranes and 
suppor t ing   s t ruc tu res   (o ld  terms t o  be replaced:  permeator,  membrane 
element) D 

Permeate: the p o r t i o n  of the feed passing  through the membrane. Distillate 

can a l s o  be used as a term t o  describe the 'permeate' of membrane dis-  

t . , i l l a t i on ,   bu t  i t  is better t o   u s e  'permeate' because it is commonly 
used i n  membrane l i t e r a t u r e .  
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Pore  s ize:   openings  in  a membrane; t h i s  term is p re fe red   t o   ' po re  diameter t 

and  'pore   radius ' ,   because a l l  pore  shapes  can be descr ibed by t h i s  

term. 

Porosi ty:  the poros i ty  is def ined as t h e  volume of   gas   tha t  is trapped 

i n s i d e  a membrane divided by t h e  t o t a l  volume of  the membrare; a prac- 

t ical  d e f i n l t i o n  is g iven   i n  t h e  appendix 1 : 'Determination  of mem- 

brane characteristics'. 

Process   e f f ic iency  PE: see chapter  5b.  

Retentate:  the por t ion   of   tne  feed not   pass ing   th rough  the  membrane (o ld  

term: concent ra te ) .  

Retention: the a b i l i t y   o f  a membrane t o   h i n d e r  a component  from passing 

through it o r  t o   r e t a i n  a component i n  the f l u i d .  

Re ten t ion   coe f f i c i en t  R: the degree  of   separat ion of  a c e r t a i n  component 

from the so lvent  by the membrane under   def ined  operat ing  condi t ions;  

R = l - C  /C  .. This  term should be used i f  a so lu t ion   o f  a so lu t e   ( e .g .  

s a l t )  i n  a solvent   (e .g .  water) is treated by membrane d i s t i l l a t i o n .  
P r  

S e l e c t i v i t y  a: t h l s  term is t o  be def ined as: 

a =  ( w t %  A / w t %  B )  in  permeate 
(wt$ A / w t %  B )  i n  feed 

This term should be used as both  components i n  the membrane d i s t i l l a -  

t ion   sys tem are v o l a t i l e .  

Tangent ia l   ve loc i ty  u: see fcross - f low  ve loc i ty ' .  

Tempera ture   po lar iza t ion   coef f ic ien t  TPC: see chapter  5.  

A.7 : Symbols and units 

It is v e r y   d i f f i c u l t   t o   d e f i n e   ' s y m b o l s  ' in   such  ,a way tha t  both  author  

and reader are pleased with it. The d iscuss ions  between the members of  the 
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nomenclature  committee  concentrated  on the poin t   o f  the  symbols. The d i s -  

cussions  about  the d e f i n i t i o n   o f  symbols  took  about 80% of   our   d i scuss ion  

time, i n d i c a t i n g  the d i f f i c u l t y   o f  t h i s  matter. 
To de f ine  the symbols t h e  committee has used the  fo l lowing   s t a r t i ng -  

po in t s :  

1. the symbols  must be l o g i c  and clear to   bo th   au thor   and  reader; 

2. the symbols  must be i n  agreement with the e x i s t i n g  membrane l i t e r a t u r e .  

The r e p o r t  on the terminology  for   pressure  dr iven membrane ope ra t ions  

(1 ) is used as a basis f o r   t h e   d e f i n i t i o n   o f  the symbols ; 

3. the symbols must be  i n  agreement with the l i t e r a t u r e  on heat t r a n s f e r .  

The symbols  used i n  the E n g l i s h   l i t e r a t u r e  are used as a basis, 

The commit tee   rea l izes  that not   everyone w i l l  be f u l l y   s a t i s f i e d  with 

the way we defined the symbols  for membrane d i s t i l l a t i o n .   N e v e r t h e l e s s ,  we 

hope that the people  working  in the field of membrane d i s t i l l a t i o n  will use 
these symbols i n  their pub l i ca t ions .  

I n  this document only  those  symbols are given which are most  frequent- 

l y  used   in  membane d i s t i l l a t i o n   l i t e r a t u r e .  The use  of  these symbols is 

s t rong ly  recommended. 

LatL?.L3eols- 
A Membrane area 
C Concentrat   ion 

CF Concent ra t ion   fac tor  

Heat capac i ty  
D D i f fus ion   coe f f i c i en t  

d Pore  Size 

EE Evaporation  ef  f  ie iency 

AHC 
Latent heat of  condensation 

AH Latent heat of   vapor iza t ion  

h Heat t r a n s f e r   c o e f f i c i e n t  

J Flux 

vap 

mass f l u x  
molar f l u x  
volume f l u x  
gas f l u x  

m' 
kg/m3 

J/kg . K 

m2 /s 
m 
-- 
J/kg 

J/kg 
W/m2K 

kg/m2s 
kmol/m2s 

m3 /m2s 
Nm2 /m2s 
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k 

LEP 

1 

M 

P 

PE 

Q 
Q'  ' 
R 

R 

T 

TPC 

t 
U 

U 

V 

W 

X 

Ther-mal conduct ivi ty  

Liquid  E,ntry  Pressure 

Thickness  of the a i r  gap 

MolecuLar weight 

Pressure 

Process   e f f ic iency  

Heat t r a n s f e r  rate 
Heat f l u x  

Re ten t ion   coe f f i c i en t  

Universal   gas   constant  

Temperature 

Temperature  Polarization  Coeff ie i e n t  

T i m e  

Overal l  heat t r a n s f e r   c o e f f i c i e n t  

Cross-flow  velocity 

Volume 

Weight f r a c t i o n  

Molar f r a c t i o n  

------- ----p Greek s p b o l s  

c1 S e l e c t i v i t y  

Y Surface  tension 

A Difference 

6 Membrane th ickness  

E Membrane poros i ty  

rl Gas v i s c o s i t y  
Liquid   v i scos i ty  

Osmotic pressure  

Density ' 

X Membrane po re   t o r tuos i ty  

Subscrlets, 
av Average 

b .  Bulk 

f Feed 

i,j Index 
1 Liquid 

m Membrane 

W/,m. K 

Pa 

m 

Dalton 

. Pa 
-- 
W 

W/m2 

J/mol. K 

K 

S 

W/m2K 

m/s 

m 3  

N/m 
-- 

Pa. s 

Pa, s 

Pa 

kg/m3 
, -- 
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I n i  t ial, zero 

Permeate 
So lu te  

Time 

Vapour 

Water 

A g e n e r a l   r u l e   f o r  the use of u n i t s  is, that the un i t   shou ld  be as 

standard as poss ib l e .  This means t'nat i n   p r inc ip l e   S I -un i t s  or  related 

units should be  used. For in s t ance ,  the membrane thickness   can be g i v e n   i n  

micrometers  instead of meters. 

.The u n i t s  which are recommended are ' g i v e n   i n  the ? L i s t  of symbolsq 

above o 
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A-9: Determfnation.of membrane  characteristics 

The poros i ty  of the membrane is def ined as the volume of the   pores  

devided by the t o t a l  volume  of the membrane. The poros i ty   can  b e  measured 
by making use of a pyknometer, a balance,  IPA and water. I n  t h i s  method use 
is made of the fact that I P A  ( i sop ropy l   a l coho l )   pene t r a t e s   i n to  the pores 
of the membrane and water does   no t   pene t r a t e   i n to  the pores  of  the mem- 

brane o 
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F i r s t ,  the d e n s i t y  of the polymer material is ca lcu la ted   us ing  the 

following  formula : 

PIPAwWt3 
pp01 = w t l  + wt3 - wt2 ' 

i n  which  wtl : weight  of the pyknometer with I P A ;  

wt2:  weight  of the pyknometer with I P A  and membrane; 

wt3:  dry  welght  of the membrane. 

I n  the same way the dens i ty  of the membrane can be c a l c u l a t e d  

a c c o r d i n g   t o  the following  formula: 

p .wt3 
W 

'm wtl + wt3 - w t 2  

i n  which wtl : weight  of the pyknometer with water; 

wt2:  weight  of the pyknometer with water and membrane; 

wt3:  dry  weight  of the membrane.. 

The poros i ty   o f  the membrane can be c a l c u l a t e d  by the following  formula: 

The following  procedure is sugges ted   for  t he  determinat ion  of  the 

l iqu id-ent ry   p ressure   o f  water.' The appa ra tus   fo r  t h i s  measurement is shown 

i n  the f i g u r e  below. 

FIGURE A.5: Apparatus  for the determinat ion  of  the 
l iquid-entry  pressure.  
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Measuring  procedure : 
The dry  hydrophobic membrane is p laced   in to  the measuring cel l  and the 

feed  supply  vessel  is f i l l e d  with the l iqu id   feed   mix ture   ( in  t h i s  case 
water). The h a l f - c e l l  which  forms the permeate side of   the  membrane is a l s o  

f i l led water. By means of  a gascyl inder ,  f i l l ed  with n i t rogen ,  a s l i g h t  
pressure is a p p l i e d   t o  the sys t em  in   o rde r   t o  remove a l l  the gas  a t  t h e  

feed side of the membrane. The p res su re  which is used   to  remove the gas 

should  of  course be lower  than the Liquid-entry  pressure.  During the de- 

g a s i f i c a t i o n  of the   feed  a continuous stream of  gas  bubbles passes through 

the membrane. As s o o n , a s  this s t ream of gas   bubbles   s tops,  there is no more 

gas   i n  the feed compartment.  After the de-gas i f ica t ion   of  the permeate   s ide 

the  measurement  can be started. 

During the measurement the p res su re  is r a i s e d  stepwise (with 0 , l  bar). 

A t  each i n s t a l l e d   p r e s s u r e  one  should watch whether a f lux   th rough  the  

membrane occurs D The minimum pressure a t  which a (cont inuous)   f lux is ob- 

served is called D l i qu id -en t ry   p re s su re  p o 
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I n  this t h e s i s   s e v e r a l   a s p e c t s   o f  the membrane d i s t i l l a t i o n   p r o c e s s   a n d  

the thermally  dr iven  pervaporat ion  process   have  been  descr ibed.  Both proc- 

esses d i f fe r  e s s e n t i a l l y  from each o t h e r  as  far as t h e i r  mechanism of  sepa- 

r a t ion   and  their a p p l i c a b i l i t y  is concerned. From  a p r a c t i c a l   p o i n t   o f  view,  

however, there seems t o  be hardly  any  difference  between  the two processes .  

The o n l y   d i f f e r e n c e   i n  the experimental  set-up  of the process  is  the pres-  

ence  of a permselec t ive   l ayer   in  the thermally  dr iven  pervaporat ion  proc-  

ess 
I n   f a c t ,  the i n i t i a l   p r o p o s a l  fo r  the r e sea rch   p ro j ec t  was to   deve lop  

composite membranes f o r  the membrane d i s t i l l a t i o n   p r o c e s s   i n   o r d e r   t o   a v o i d  

wet t ing  of  the hydrophobic membrane, which  can  take  place i f  o rgan ic   l i qu ids  

or s u r f a c t a n t s  are p r e s e n t   i n  the feed or  i n  the permeate. The a p p l i c a t i o n  
of  a permselective hydrophi l ic   toplayer   onto a porous  hydrophobic mem- 

brane went  beyond t h e  scrJpe of this proposal.  Not only  wet t ing  of  the hydro- 

phobic membrane is avoided,  but,  moreover, the permselec t iv i ty  of  the top- 
layer  changes the mechaqism of   separa t ion   in   such  a way that a d i f f e r e n t  

process  is obtained. This process ,   cal led  thermally  dr iven  pervaporat ion,  

can be used   for  the dehydration  of  aqueous  organic  components. 

I n  chapter 1 a gene ra l   i n t roduc t ion   i n to  membrane technology is 

g iven .   Spec ia l   a t t en t ion  is payed t o  thermally dr iven membrane processes ,  

pervaporat ion and the preparation  of  composite membranes. 

The charac te r iza t ion   of   the   microporous   sublayer  was s tudied  i n  chap- 

ters 2 and 3. I n  these chapters  the c r i t e r i a   f o r  the a p p l i c a b i l i t y   o f  a 
membrane d i s t i l l a t i o n   o p e r a t i o n   a n d  a thermally driven  pervaporation  process 

are descr ibed . 
I n  chapter 2 theore t ica l   cons idera t ions   about   wet t ing   o f  homogene- 

ous smooth materials are given  and a c r i t i c a l   s o l u t e   c o n c e n t r a t i o n  is c a l -  
cu la ted .  For porous materials no s u c h   t h e o r e t i c a l   r e l a t i o n   c a n  be der ived.  
Therefore,   an  experimental  method, cal led '   penetrat ing  drop  method,  is de- 

veloped. By means of  t h i s  method the maximum al lowable  concentrat ion  of   an 

organic  component i n  water, at wh,ich t h e   l i q u i d  is on the verge  of  penetra- 

t i o n   i n t o  the membrane, can be determined. On basis  of  these  measurements,  

the  maximum allowable  concentration  under  process  conditions  can be calcu-  
l a t  ed. 

Wetting  of  porous membranes . is influenced by i> the membrane material, 
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ii) the na ture ,   o f  the p e n e t r a t i n g   l i q u i d  and iii) the s t r u c t u r e   o f  the po- 

rous  material. I n   c h a p t e r  3 i t  is shown that a l l  k inds   o f   s t ruc tu res  of 

porous membranes c a n   b e   c l a s s i f i e d   i n t o  two bas i c   t ypes   o f   s t ruc tu res  : the 
'sharp-edged'  and the ' rounded '   pore   s t ruc ture .   Theore t ica l   cons idera t ions  

on the pene t r a t ion   o f  a l i qu id   i n to   bo th   t ypes   o f   po re   s t ruc tu res  are exper- 

imentally  checked  using the 'penetrating  drop  method9. It is shown that 

membranes with a 9sharp-edged '   pore   s t ruc ture  show more l iquid-repel lency 

than   those  with a 'rounded'   pore  structure.  

The next two chap te r s   d i scuss  the p o s s i b i l i t y   o f   s e p a r a t i n g  a mixture 

of  ethanol  and water by membrane d i s t i l l a t i o n .  In chapter  4, a model, i n  
which vapour - l iqu id   equ i l ib r i a   da t a  are combined with an  effect   of   tempera-  

t u r e   p o l a r i z a t i o n  and c o n c e n t r a t i o n   p o l a r i z a t i o n ,  is described. From these 

c a l c u l a t i o n s  i t  was shown that the f l u x  and the s e l e c t i v i t y   o f  the membrane 

d is t i l l a t ion   opera t ion   hard ly   change   any  more for  changing  hydrodynamic 

conditions  once the flow a t  both sides of   the  membrane has become tu rbu len t .  

Furthermore, it was ca lcu la t ed  that b o t h   f l u x   a n d   s e l e c t i v i t y   i n c r e a s e  i f  

the temperature  difference  between the feed side and the permeate side of 
the membrane increases .  

In   chapter  5 membrane d i s t i l l a t i o n   e x p e r i m e n t s  with ethanol/water 

mixtures are presented  and the e x p e r i m e n t a l   s e l e c t i v i t i e s  and f l u x e s  are 

compared with the ca l cu la t ed   va lues .  A good agreement  between model. and 

experiments was found. 

The thermally  dr iven  pervaporat ion  process ,   in  which a composite mem- 
brane   cons is t ing   o f  a hydrophi l ic   select ive  toplayer   and a porous  hydropho- 

b ic   sublayer  is used, is described i n   c h a p t e r  6. The d r i v i n g   f o r c e   f o r  

t h i s  process is caused  by the thermal gradien t   ex is t ing   be tween the w a r m  

feed side of the membrane and the cold  permeate side of the  membrane. The 

c h a r a c t e r i s t i c s   o f  this new process  design  and i ts  advantages  over 

pervaporat ion  designs are described. Composite membranes, comprised 

top layer   o f   ce l lu lose  acetate o r  poly(viny1  a lcohol)   and a microporous 

propylene  sublayer,  were t e s t e d  on their sepa ra t ion  characteristics 
the thermally  driven  pervaporation  process as well as a pervaporation 

ess with vacuum downstream. 

In chapter  7 a newly  developed method f o r  the a p p l i c a t i o n  

o the r  

of a 

PolY- 
using 

proc- 

of a 
homogeneous permselect ive  layer   onto a porous  hydrophobic  sublayer,   called 
the  evaporation-deposit ion  method, is descr ibed .   Severa l   coa t ing   var iab les ,  
among o t h e r s  a chemical  treatment of the sur face   o f  the microporous  sub- 
l a y e r ,  are discussed.  Results  of the app l i ca t ion   o f  a poly(viny1  a lcohol)  
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layer  onto  microporous  polypropylene  capillaries,   are  evaluated  by  pervapora- 

t ion  experiments .  With t h i s  coating-method membranes with h i g h   s e l e c t i v i t i e s  

and  moderate  fluxes, .as well as membranes with high fluxes  and  moderate 
s e l e c t i v i t i e s   c a n  be  obtained. 

The r e p o r t  on  'Terminology f o r  Membrane D i s t i l l a t i o n '  as published by 

the  European  Society  of Membrane Science  and  Technology is g i v e n   a s   a n  ap- 

pendix t o  t h i s  thesis. 



- 176 - 

I n  d i t  p r o e f s c h r i f t  worden d iverse   aspec ten  van het membraandestilla- 

t i eproces   en  het thermisch gedreven  pervaporatieproces  besproken. Wat be- 

tref t het scheidingsmechanisme  en de toepassingsmogelij  kheden v e r s c h i l l e n  
beide p rocessen   e s sen t i ee l  van elkaar D Desondanks l i j  ken beide processen  op 

het eerste gez ich t   vp i jwel   ident iek  . te z i j n ,  Het e n i g e   v e r s c h i l   i n   e x p e r i -  

mentele  omstandigheden is  de aanwezigheid  van  een  selectief  polymeerlaagje 

op het hydrofobe  microporeuze membraan i n  het thermisch gedreven  pervapora- 

t i ep roces  D 

A l s  organische  oplosmiddelen  of   oppervlakte-akt ieve  s toffen  in  de voe- 
ding of het permeaat  aanwezig  zijn,  kan  bevochtiging  van het hydrofobe m i -  

croporeuze membraan optreden.  Vanuit  deze  achtergrond is het oorspronkel i j -  
k e  voor s t e l  van het onderzoeksproject als volgt  geformuIeerd:  het  ontwik- 

kelen van  composietmembranen  voor membraandest i l la t ie .  

. Het aanbrengen  van  een selectieve hydrofiele   toplaag  op  een  hydro-  
fobe  poreuze  onderlaag  ging  verder  dan met het p ro jec tvoor s t e l  werd beoogd. 
Het e f f e c t  van de   se lec t ieve   top laag  is dat n i e t   a l l e e n  de bevochtiging  van 

de  onderlaag  wordt  voor komen maar dat bovendien het s cheidingsmechani sme 

van het membraanproces  op  een  dusdanige  manier  verandert dat  men n i e t  meer 

van membraandest i l la t ie  kan spreken, maar het proces met pervapora t ie   d ien t  
aan . t e  dui  den o D i t  thermisch  gedreven  pervaporati   eproces kan worden  toege- 

pas t  voor het ontwateren  van  organische  oplosmiddelen. 

I n  hoofdstuk 1 wordt  een  inleiding  over  membraantechnologie i n  het 

algemeen  gegeven, waarb i j  speciale aandacht  wordt besteed aan thermische 

membraanprocessen,  pervaporatie  en de bereiding  van  composietmembranen, 

De k a r a k t e r i s e r i n g  van de hydrofobe  microporeuze  onderlaag komt aan de 

o r d e   i n  de hoofdstukken 2 en 3, w a a r  de c r i t e r i a  voor de toepasbaarheid van 

membraandesti l lat ie  en het thermisch gedreven  pervaporatieproces worden ge- 

formuleer d - 
I n  hoofdstuk 2 worden t h e o r e t i s c h e  beschouwingen  over de bevoch- 

t i g i n g  van  gladde homogene oppervlakken  gegeven  van  waaruit de k r i t i s c h e  

oppervlaktespanning  en de daarbij behorende  concentrat ie  van organisch op- 
losmiddel   in   water   kan worden  berekend. Deze berekeningen  kunnen  echt er 

n i e t  zonder meer op poreuze  mater ia len worden toegepast  o Daarom is  er een 
experimentele  methode, genaamd "penetrating  drop  method",   ontwikkeld.  Met 

behulp  van  deze  methode kan de maximaal toegestane  hoeveelheid van  een 
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organische component i n  water, waarbi j  de v loe is tof   op  de rand van  binnen- 

d r i n g e n   i n  het poreuze membraan i s ,  worden  gemeten. Op b a s i s  van deze me- 

t ingen  kan de maximaal toegestane  hoeveelheid van de organische component 
t i j d e n s  het membraandesti l lat ie  of het thermisch gedreven  membraanproces 

worden berekend . 
De bevochtiging van  poreuze'membranen  wordt  beinvloed  door de volgende 

fac toren:  i )  het membraan materiaal, i i )  'de aard van de  bevochtigende 

v loe is tof   en  iii) de s t r u c t u u r  van het poreuze materiaal. I n  hoofdstuk 3 
wordt  beschreven da t  a l l e  verschi l lende   por ies t ruc turen  van poreuze membra- 

nen i n   p r i n c i p e  kunnen wor-den g e k l a s s i f i c e e r d   a l s  twee typen:  een  "scherpe?? 

( 'sharp-edged')   en een '?ronde '?   ( ' rounded?)   poriest ructuur .  De t h e o r e t i s c h e  

af le idingen  over  het binnendringen van een   v loe is tof   in   be ide   typen  van 

por ies t ruc turen  worden exper imentee l   gever i f ieerd  met behulp  van de "pene- 

t r a t i n g   d r o p  method'?. U i t  de onderzoekingen b l i j k t  dat   een  vloeistof  minder 
gemakkelijk  binnendringt  in membranen met een  t tscherpe'T  poriestructuur dan 

i n  membranen met een  "ronde??  poriestructuur.  

De beide  volgende  hoofdstukken  handelen  over de mogelijkheid van het 

scheiden van een  mengsel  van  ethanol  en  water met behulp  van membraandes- 
t i l l a t ie .  I n  hoofdstuk 4 wordt  een  model  beschreven,  waarin het e f f e c t  

van temperatuur-  en  concentratiepolarisatie  wordt  gecombineerd met de gege- 

vens  van ,het  vloeistof-damp  evenwicht. U i t  d e .  berekeningen b l i j k t  dat  he t  

veranderen van de hydrodynamische  omstandigheden  nauwelijks  enig  effect 
heeft op de f l u x   e n  de s e l e c t i v i t e i t  van he t  membraandesti l lat ieproces als 

er turbulente   s t roming  aan  beide  z i jden van he t  membraan optreedt.   Verder 

kan er t h e o r e t i s c h  worden a fge le id   da t  de f l u x   e n  de s e l e c t i v i t e i t  van het 

membraandesti l lat ieproces  toeneemt  als het temperatuurverschi l   tussen voe- 

dingszi  j de en  permeaat  zi jde  van h e t  membraan toeneemt. 

I n  hoofdstuk 5 worden de r e s u l t a t e n  van membraandestillatie-expe- 
rimenten met ethanol/water  mengsels  gepresenteerd  en worden de experimente- 

l e  waarden  van f lux   en   s e l ec t iv i t e i t   ve rge leken  met de berekende  waarden. 
E r  wordt  een  goede  overeenkomst  tussen' model  en experimenten  gevonden. 

Het thermisch gedreven  pervaporatieproces,   waarbij   .gebruik  wordt ge- 
maakt van .een composietmembraan bestaande u i t  e en   hydro f i e l e   s e l ec t i eve  

toplaag  en  een  poreuze  hydrofobe  onderlaag,  wordt  beschreven i n  hoofdstuk 

6. De dri jvende kracht voor d i t  'proces  wordt  veroorzaakt  door de tempera- 

tuurgradien t   tussen  de warme voedingszijde  en de koude permeaatzijde van 
het membraan. De kenmerkende eigenschappen van d i t  nieuwe  procesontwerp  en 

de voordelen  ten  opzichte  van andere  procesuitvoeringen van pervaporat ie  
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worden beschreven. De scheidingseigenschappen  van  composietmembranen, be- 

staande u i t  een  toplaag  van  cel lulose-acetaat  of polyvinylalcohol  en  een 
microporeuze  onderlaag  van  polypropyleen,  worden  bepaald met behulp  van het 

thermisch gedreven  per'vaporatieproces  en  een  pervaporatieproces waarbi j 

gebr  ui k wordt  gemaakt  van vacuum aan de permeaat z i  j de. 

I n  hoofdstuk 7 wordt  een  nieuwe  coatingsmet  hode , genaamd "evapora- 
tion-deposition  method",  voor het aanbrengen  van  een homogene s e l e c t i e v e  

polymeerlaag  op  een  poreuze  hydrofobe  onderlaag  beschreven.  Diverse  coa- 

t ingsvariabelen,   onder   andere  een  chemische  modif icat ie  van het oppervlak 

van de microporeuze  onderlaag,  worden  behandeld. Aan de hand van pervapo- 

ratie-experimenten worden de scheidingseigenschappen  van  een  composiet- 
membraan, waa rb i j  een   s e l ec t i eve   l aag  van  polyvinylalcohol  op  microporeuze 

c a p i l l a i r e n  van  polypropyleen is  aangebracht,   bepaald.  Met behulp  van  deze 

coatingsmethode kunnen zowel membranen met een hoge f lux   en   een  relatief 

l a g e   s e l e c t i v i t e i t  als membranen met een  hoge s e l e c t i v i t e i t  en  een relatief 

lage f l u x  worden  ver  kregen. 

Een rapport   over  standaardisering  van  begrippen  voor  membraandesti l la-  
t i e ,  g e t i t e l d  ??Terminology f o r  Membrane D i s t i l l a t i o n 9 ! ,  is als appendix 

aan d i t  proefschrif t   toegevoegd.  Dit rapport  is gepubliceerd  door de 

IIEuropean Soc ie ty  of Membrane Science  and  Technology1'. 
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