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SEPARATION SCIENCE AND TECHNOLOGY, 22(2&3).619-640,1987 

Microporous Membrane Solvent Extraction 

R. PRASAD and K. K. SIRKAR 

DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING 
STEVENS INSTITUTE OF TECHNOLOGY 
CASTLE POINT. HOBOKEN, NEW JERSEY 07030 

ABSTRACT 

The v e r s a t i l i t y  of t h e  phenomenon of dispersion-free 
solvent ex t r ac t ion  through immobilized aqueous-organic 
i n t e r f a c e  i n  a microporous hydrophobic membrane i s  dem- 
ons t r a t ed  here.  This technique has been used here  for 
an organic-organic i n t e r f a c e  t o  ex t r ac t  aromatics from 
a hydrocarbon feedstock by a polar  organic solvent.  
The phenomenon has been s tudied  f u r t h e r  with micropor- 
ous hydrophilic and composite hydrophobic-hydrophilic 
membranes. Operational modes and t h e  inf luence  of t h e  
membrane arid boundary l a y e r  r e s i s t ances  f o r  var ious  
solvent-solute-membrane systems have been s tudied  for 
a CELGARE (hydrophobic) and a CUPROPHAN (hydrophi l ic )  
membrane. Limited performance da ta  f o r  microporous 
hydrophobic CELGARE hollow f i b e r s  (X-20) a re  also 
presented. 

INTRODUCTION 

Conventional solvent ex t r ac t ion  processes (1,2) requi re  d is -  
persion of one l i q u i d  phase i n  another as drops and subsequent co- 
alescence. A new dispers ion- f ree  microporous membrane-based sol- 
vent ex t r ac t ion  technique ( 3 , 4 )  has been developed. 
overcomes severa l  o ther  l i m i t a t i o n s  of  conventional l i q u i d  extrac- 
t i o n  e.g. f looding ,  l i m i t a t i o n s  on independent phase flow rate 
v a r i a t i o n s ,  requirement of dens i ty  d i f f e rence  and i n a b i l i t y  t o  
handle p a r t i c u l a t e s .  

This technique 
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620 PRASAD AND SIRKAR 

Consider a microporous hydrophobic membrane i n  contact wi th  
an organic phase which wets t h e  membrane. A t  t h e  o ther  s ide  of 
t he  membrane i s  a non-wetting aqueous phase a t  a pressure higher 
than  t h a t  of t h e  organic phase but  lower than t h e  pressure needed for 
t h e  aqueous phase t o  d isp lace  t h e  organic phase i n  t h e  pores of t h e  
membrane. The aqueous-organic i n t e r f a c e  i s  e s s e n t i a l l y  immobilized 
at t h e  pore mouth of t h e  membrane. Solu te  t r a n s f e r  spontaneously 
t a k e s  p lace  through such in t e r f aces .  This phenomenon and t h e  char- 
a c t e r i z a t i o n  of so lu t e  ex t r ac t ion  r a t e s  have been inves t iga t ed  
earlier ( 3 ,  4). It i s  t o  be noted t h a t  t h e  membrane does not func- 
t i o n  here  as a spec ies  s e l e c t i v e  t r anspor t  medium. It merely pre- 
vents t h e  d ispers ion  o f  one phase i n t o  the  o ther .  In  add i t ion ,  it 
inf luences  t h e  spec ies  ex t r ac t ion  r a t e ,  

This phenomenon i s  not l imi t ed  t o  an aqueous-organic system. 
We have presented here dispersion-free ex t r ac t ion  of an aromatic 
(e.g.  to luene)  from a hydrocarbon feed  s tock  ( represented  by n- 
heptane-toluene mixture) using a polar  organic so lvent  (n-methyl 
pyr ro l idone ,  NMP) which does not d i sp lace  the  hydrocarbon from the  
pores of hydrophobic CELGARD 2400 membrane. 

The phase pressure conditions a re  completely reversed when 
microporous hydrophilic membranes a r e  used. We repor t  here  t h e  per- 
formance of f l a t  CUPROPHAN hydrophilic membrane p r e f e r e n t i a l l y  
wetted by t h e  aqueous phase with the  organic phase at a higher 
pressure .  However, it may not be poss ib le  t o  opera te  dispersion- 
f r e e  with e i t h e r  hydrophobic or hydrophilic membrane i f  uncont ro l led  
pressure f luc tua t ions  a re  present i n  the  ex t r ac t ion  system. We 
the re fo re  present  here  a composite hydrophobic-hydrophilic membrane 
with each sec t ion  having p r e f e r e n t i a l  wetting p rope r t i e s  t h a t  a r e  
d i f f e r e n t  such t h a t  no excess pressure i s  necessary i n  e i t h e r  phase 
f o r  d i spers ion- f ree  operation. 
hydrophilic and composite membranes are presented elsewhere ( 5 ) .  

Fur ther  d e t a i l e d  inves t iga t ions  with 

Since l a r g e  sca l e  i n d u s t r i a l  appl ica t ion  of t h i s  technique re- 
qu i res  microporous hollow f i b e r s  wi th  high sur face  a rea  per u n i t  
volume, we r epor t  here  some d a t a  obtained with CELGARD X-20 hollow 
f i b e r s  f o r  xylene-water-acetic ac id  and methyl i sobu ty l  ketone 
( M I H K )  -water-acetic a c i d  systems. We note  here  t h a t  t h e  extended 
use of hydrophobic hollow f i b e r s  i n  a tubu la r  fermentor-extractor 
for ex t r ac t ion  of e thanol  as it i s  being produced by an immobilized 
yeas t  system i s  repor ted  elsewhere (6). 

MASS TRANSPORT I N  MICROPOROUS MEMBRRNE-BA&D EXTRACTION AND BASIS 
OF CHARACTERIZATION 

The so lu t e  concentration p r o f i l e s  i n  a microporous membrane- 
based d ispers ion- f ree  solvent ex t r ac t ion  using a hydrophobic, a hy- 
d roph i l i c  and a composite hydrophobic-hydrophilic membrane are shown 
respec t ive ly  i n  Fig.  l a ,  l b  and l c .  We assume now simple film-type 
mass t r a n s f e r  c o e f f i c i e n t s  without bulk f l o w  cor rec t ion  f o r  t h e  
boundary l a y e r s  and neglec t  any so lu t e  a s soc ia t ion  or d i s soc ia t ion  
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MICROPOROUS MEMBRANE SOLVENT EXTRACTION 621 
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Fig .  1. Schematic of s o l u t e  concent ra t ion  
p r o f i l e s  i n  solvent e x t r a c t i o n  with 
i n t e r f a c e s  i .mobilized i n  a micro- 
porous membrane, 

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



PRASAD AND SIRKAR 622 

i n  e i t h e r  phase, The o v e r a l l  solvent-phase-based mass t r a n s f e r  co- 
e f f i c i e n t  KO may be r e l a t e d  t o  t h e  membrane t r a n s f e r  coe f f i c i en t  
kmo , t h e  aqueous and t h e  solvent phase boundary l aye r  coe f f i c i en t s  
kw and ko and a constant so lu t e  d i s t r i b u t i o n  coe f f i c i en t  m i  for 
a f l a t  hydrophobic microporous membrane by ( 3 )  

mi 1 =  + -  % kW 

Note t h a t  m i  
t r a t i o n  C i 0  t o  t h e  aqueous phase concentration Ciw a t  equilibrium. 

i s  defined as  the  r a t i o  of  t h e  organic phase concen- 

The membrane r e s i s t ance  ( l / k m o )  f o r  t he  so lu t e  t r anspor t  through 
the  organic so lven t - f i l l ed  pores has been described ( 3 , h )  by t h e  
following r e l a t i o n  

f o r  unhindered s o l u t e  d i f fus ion  i n  so lvent - f i  Lied pores of t ,o r tuos i ty  
T M ~ ,  
t r anspor t .  Fu r the r ,  t hese  r e l a t i o n s  may a l s o  be used f o r  aromatics 
ex t r ac t ion  with an immiscible polar  organic hydrocarbon system and 
a hydrophobic membrane wetted by the  hydrocarbon phase. The po la r  
organic phase behaves s imi l a r  t o  t h e  aqueous phase i n  Fig.  l a  ex- 
cept t h a t  t he  aromatic cons t i tuent  i s  being t r a n s f e r r e d  from t h e  
organic hydrocarbon phase t o  t h e  polar  organic phase. 

These r e l a t i o n s  a re  independent of  t h e  d i r ec t ion  of so lu t e  

For a hydrophobic microporous hollow f i b e r  wi th  t h e  membrane- 
wetting organic phase flowing i n  the  f i b e r  lumen and t h e  aqueous 
phase flowing on t h e  outs ide  a t  a higher p re s su re ,  a r e l a t i o n  simi- 
lar t o  equation (1) may be developed ( 6 )  : 

This r e l a t i o n  i s  v a l i d  a t  any a x i a l  l oca t ion  of  t h e  hollow f i b e r  of 
undeformed outs ide  and in s ide  diameters of do and d i  respec t ive ly .  
The quant i ty  dkm represents  t h e  logarithmic mean diameter of t h e  
hollow f i b e r  with t h e  rnembrane r e s i s t ance  being described by  

For a hydrophilie f l a t  f i lm  wetted by an aqueous so lu t ion  and 
s o l u t e  t r anspor t  from t h e  aqueous t o  the  organic solvent phase shown 
i n  F ig .  l b ,  it i s  poss ib le  ( 5 )  t o  develop a r e l a t i o n  s imi l a r  t o  
r e l a t i o n  (1) 

m. rn i + -  + -  I 1 = -  
% kO kmw kW 

( 3 )  

For unhindered s o l u t e  d i f fus ion  i n  aqueous so lu t ion - f i l l ed  pores ,  
t h e  following r e l a t i o n  
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MICROPOROUS MEMBRANE SOLVENT EXTRACTION 6 2 3  

appears t o  be appropriate ( 5 ) .  I n  a f l a t  composite hydrophobic-hy- 
d roph i l i c  f i lm  o f  t h e  type shown i n  Pip , .  l c ,  a s imi l a r  ana lys i s  ( 5 )  
l eads  t o  

m. m. _ -  1 1 + + + A  
KO mw kW 

( 4 )  

with t h e  so lvent  wetting t h e  hydrophobic p a r t  and t h e  aqueous solu- 
t i o n  wetting t h e  hydrophilic pa r t  of t h e  membrane. The membrane 
r e s i s t ance  t o  s o l u t e  t r anspor t  through the  hydrophobic and hydrophi- 
l i c  sec t ions  o f  t h e  composite membrane may be described f o r  unhin- 
dered d i f fus ion  by r e l a t i o n s  ( l a )  and (3a )  respec t ive ly .  Rela t ion  
(4) assumes t h a t  t he re  i s  no add i t iona l  r e s i s t ance  t o  so lu t e  t r ans -  
po r t  a t  t h e  i n t e r f a c e  of t h e  hydrophobic and hydrophilic s ec t ions  
of a stacked composite membrane due e i t h e r  t o  a trapped l i q u i d  f i lm  
o r  staggered pores.  Only the  l a t t e r  assumption i s  necessary f o r  an 
i n t e g r a l  composite f i lm.  

Although a n  excess phase pressure i s  necessary t o  immobilize 
t h e  phase i n t e r f a c e s  at t h e  pore mouths i n  the  case o r  a p la in  hydro- 
phobic or a p l a i n  hydrophi l ic  f i l m ,  it has been shown ( 3 , 4 )  t h a t ,  
pressure plays n o  r o l e  i n  so lu t e  mass t r a n s f e r  from one phase t o  
another with a hydrophobic f i lm.  
as long as  t h e  excess phase pressure i s  much lower than the  break- 
through pressure  of t h e  nonwetting l i q u i d  f o r  t h a t  membrane. This 
breakthrough pressure i s  a func t ion ,  amongst o t h e r s ,  of i n t e r f a c i a l  
t ens ion  and t h e  membrane pore s i z e .  
pressure dependence on KO, kmw, h0, ko and k, a s  long as 
t h e  excess phase pressure i s  moderate t o  low i n  any of t h e  systems 
under consideration here.  

This i s  found t o  be v a l i d  ( 4 )  on ly  

Thus, one wou.ld expect no 

Various methods have been suggested t o  obta in  experimentally 
t h e  membrane r e s i s t ance  of  a hydrophobic membrane ( 3 , 4 ) ,  a hydro- 
p h i l i c  membrane and a composite hydrophobic-hydrophilic membrane 
(5). Two of t hese  rriethods a re  e spec ia l ly  s u i t e d  f o r  determining 
t h e  r e s i s t ance  of a s m a l l  f l a t  hydrophobic microporous membrane 
(3 ,4 ) .  These a re :  
Approach 1: Use a so lvent  ex t r ac t ion  system with a very  low d i s t r i -  
bu t ion  coe f f i c i en t  m i ( < < l )  thereby e l imina t ing  t h e  aqueous boundary 
i aye r  r e s i s t ance  ( m i l k , i n  r e l a t i o n  (1). A p l o t  of KO agains t  Qor, 
t h e  organic so lvent  phase flow r a t e ,  i s  next obtained f o r  t h e  above 
system. The p la teau  value of KO a t  high Qor equals t h e  value of .. 

kmo: KoIolateau = - kmo ( 5 )  

Approach 2 :  Obtain a p l o t  of KO agains t  f i r s t  f o r  one 
microporous f l a t  hydrophobic membrane and then  f o r  t h r e e  ( o r  two) 
such membranes stacked toge ther .  The d i f f e rence  i n  t h e  p la teau  
values of (l/Ko) t hus  measured represent  t he  r e s i s t ance  of t w o  ( o r  
one) hydrophobic f i lms .  For t h r e e  f i lms  stacked toge the r ,  
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624 PRASAD AND SIRKAR 

This r e l a t i o n  i s  va l id  regard less  of t h e  value of and i s  
e spec ia l ly  s u i t a b l e  f o r  determining membrane r e s i s t ances  when 
i s  not low compared t o  1. 
carbon feedstock by a po la r  organic so lven t ,  we have u t i l i z e d  
Approach 2 i n  t h i s  study s ince  mi is  of t h e  order of 1. The two 
phase flow r a t e s  must remain t h e  sane f o r  both 3 membranes and 1 
m e m b r a n e  . 

mi 
m i  

For  aromatics ex t r ac t ion  from a hydro- 

Approach 1 of t h e  above methods cannot be used t o  obta in  t h e  
r e s i s t ance  of a f l a t  hydrophilic microporous membrane s ince  the  
value of KO obtained experimentally f o r  a low m i  ( m i  << 1) sys- 
tem i s  j u s t  ko from equation ( 3 ) .  I n  f a c t ,  such a r e s u l t  i s  
u t i l i z e d  i n  our concurrent study ( 5 )  t o  obta in  t h e  value of ko i n  
t h e  ex t r ac t ion  t e s t  c e l l .  
more membranes f o r  a so lvent  ex t r ac t ion  system having a 
been u t i l i z e d  here t o  cha rac t e r i ze  t h e  hydrophilic membrane r e s i s -  
t ance .  
we g e t  

Therefore,  Approach 2 of s tacking  t w o  or 
m i  2 1 has 

From equation ( 3 ) ,  f o r  a 1-membrane and a 2-membrane systems, 

1 /mi ( 6 )  l 1 

- kmw = ('12 0 membranes - q 1 membrane 

This assumes t h a t  t h e  boundary l aye r  c o e f f i c i e n t s  i n  t h e  c e l l  a re  
unaf fec ted  by adding another membrane, which has been v e r i f i e d  i n  
re ference  ( 5  1. 

The membrane r e s i s t ance  cha rac t e r i za t ion  of a f l a t  stacked 
composite hydrophobic-hydrophilic membrane i s  preferab ly  c a r r i e d  out 
i n  two s t e p s  s ince  both t h e  quan t i t i e s  ( l / k  ) and (m. /kmw)  cont r i -  
bute t o  t h e  membrane r e s i s t ance  (5) : 

Step 1: 
stacked or i n t e g r a l  composite membrane is  determined first by u t i -  
l i z i n g  Approach 1 ( i . e .  p la teau  KO value with m i  << 1). This 
may be achieved with e i t h e r  t h e  hydrophobic membrane above o r  the 
composite membrane. 

S tep  2:  A high mi ( s a y ,  m i  1) system i s  used next t o  ca r ry  out 
two experiments: ( a )  Determine KO f i r s t  wi th  only the  hydrophobic 
f i lm  i n  t h e  tes t  c e l l  and then  (b)  w i t h  t h e  stacked composite mem- 
brane i n  t h e  t e s t  c e l l ,  t h e  phase flow conditions i n  both being t h e  
same. 
y i e l d s  t h e  r e s i s t ance  of t h e  hydropbllic sec t lon  of t h e  membrane: 

no 

The r e s i s t ance  (l/ho) of t h e  hydrophobic sec t ion  of a 

The d i f f e rence  between t h e  r e s i s t ances  i n  ( b )  and ( a )  above 
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MICROPOROUS MEMBRANE SOLVENT EXTRACTION 625 

There a re  a number of assumptions involved here i n  experiments with a 
f l a t  membrane t e s t  c e l l .  Some of these have been experimentally 
ver i f ied  ( 5 ) .  
are  available i n  reference ( 5 )  which a l so  considers the  characteriza- 
t i o n  of an in tegra l  composite film. 

Other methods of characterization of a composite fi lm 

For small f la t  hydrophobic membranes i n  a flow-through t e s t  c e l l  
with a system of m i  1, Approach i i s  successful since a highly 
open screen supporting the membrane on the organic phase side dras t i -  
ca l ly  increases ko and allows the  plateau t o  be achieved i n  KO 
at not too high values of 
phobic microporous hollow f ibers  with the organic phase flowing 
through t h e  f i b e r  lumen ( so  t h a t  t h e  aqueous phase with a higher 
pressure flows on t h e  outside of the hollow f i b e r s ) ,  the  value of 
Qor has t o  be very high before a plateau value of KO i s  achieved. 
An a l te rna te  procedure i s  therefore adopted here based on a method 
suggested elsewhere (see Approach 4 i n  reference (3) ) . 

Qor. For an extractor  containing hydro- 

Consider a low m i  ( m i < < l )  system and the  mass t ransfer  re la t ion  
Since ( 2 )  val id  at any axial location of t h e  hollow f i b e r  extractor.  

m i s  quite low, i 

( 8 )  
1 do + - ( - )  1 -  - = -  

KO dike kmo dim 
V Now t h e  dependence of ko on Gr w i l l  be of the  form Qor where 

t h e  power 
flow. But kmo i s  independent of Qor . Therefore, i f  ( l / K o )  is  
plot ted against (l/Q&) , t h e  value of t h e  intercept  ( l/Ko) intercept 

for  (l/Q&) = 0 
t i o n  of v 
determined. 

v w i l l  depend on the  m a s s  t ransfer  regime i n  the  lumen 

w i l l  y ie ld  (l/ho) x (do/dEm). The proper selec- 
i s  a matter of curve f i t t i n g  so t h a t  (l/kmo) can be 

- 
Recognize here t h a t  t h e  measured KO for  a hollow f i b e r  ex- 

t r a c t o r  under given conditions i s  an averaged value over the whole 
extractor  using, say, a logarithmic mean conceritration Gifference 
driving force.  KO i s  essen- 
t i a l l y  equal t o  the length-averaged value of the i n  re la t ion  
( 8 )  provided m i ( < < l )  i s  constant over the  concentration range and 
t h e  s h e l l  side aqueous stream concentration change along the  extrac- 
tor i s  very small. 
against (l/Q&) and the hollow f i b e r  membrane resis tance determined 
from the  intercept .  

It may be shown t h a t  such an averaged 
KO 

Therefore, the measured KO may be plot ted 

Prasad e t  al. (4) have shown t h a t  KO f o r  a new f l a t  hydropho- 
b i c  membrane can be predicted qui te  well by re la t ion  (1) provided 
ko and kw are  known f o r  the flow geometries and h0 can be 
independently estimated. 
carr ied out i n  reference ( 5 )  f o r  f l a t  hydrophilic membranes. We are  
postponing such an e f f o r t  f o r  hydrophobic hollow f i b e r s  t o  a future  
manuscript. IIowever, the  power v of Qor i n  k, ( r e l a t i o n  ( 8 )  ) 
should correspond t o  t h a t  va l id  f o r  laminar flow ( f o r  example) i n  a 

A similar predictive e f f o r t  has been 
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626 PRASAD AND SIRKAR 

tube f o r  t h e  Graetz number range under cons idera t ion .  Additionally.  
one can es t imate  t h e  length-averaged value of ko by subt rac t ing  
t h e  membrane r e s i s t ance  cont r ibu t ion  from t h e  ove ra l l  r e s i s t ance  
using a length-averaged r e l a t i o n  (8) and check how i t s  v a r i a t i o n  
with t h e  Grae tz  number conforms t o  the  known re l a t ionsh ip  f o r  tube  
flow. 

To check how r e a l i s t i c  t h e  measured value of t h e  membrane 
r e s i s t ance  is  for any of t h e  cases depic ted  i n  Fig.  1, determine 
t h e  value of T M ~  and r y ~  by equations ( l a )  and (3a )  r e spec t ive ly  
f o r  t h e  p a r t i c u l a r  membrane. There a re  independent es t imates  of 
t h e s e  t o r t u o s i t y  f a c t o r s  ava i l ab le  i n  l i t e r a t u r e  t o  f i n d  out how 
c lose  these  a re  t o  t h e  experimentally determined va lues .  Fu r the r ,  
t h e  values of t he  t o r t u o s i t y  f ac to r  f o r  a f i lm  determined by d i f f e r -  
e n t  methods or obtained by us ing  d i f f e r e n t  ex t r ac t ion  systems should 
f a l l  i n  a narrow band i f  t h e  concept of unhindered d i f fus ion  i n  a 
t o r tuous  porous medium is  v a l i d  f o r  t r anspor t  through t h e  micro- 
porous membranes i n  dispersion-free ex t r ac t ion  ( 3 , 4 ) .  

EXPERIMENTAL 

Chemicals and Materials 

The solvent e ld rac t ion  systems used i n  t h i s  study a re  xylene- 
water-acetic ac id ,  MIBK-water-acetic ac id  and NMP-n-heptme-toluene. 
Xylene, MIBK, toluene ( a l l  t h r e e  of c e r t i f i e d  ACS grade) and n- 
heptane (HPLC grade) were obtained from Fischer S c i e n t i f i c ,  Inc . ,  
F a i r  Lawn, N.J. 
from Aldrich Chemicals, Milwaukee, Wisconsin. The membranes used 
i n  f l a t  membrane s t u d i e s  were CELGARD 2400 (Celanese Corporation, 
Summit, N . J . )  and CUPROHAN 150 PM (Enka AG, Wuppertal, FRG). The 
microporous hollow f i b e r s  used were t h e  X-20 type supplied by 
Celanese Corporation, Char lo t te ,  N.C. 

Apparatus and Procedure 

The po la r  organic NMP (HPLC grade) w a s  obtained 

The bas i c  experimental s e t  up f o r  t h e  dispersion-free ex t rac-  
t i o n  i s  shown i n  F ig .  2. It w a s  u t i l i z e d  wi th  e i t h e r  a flow type  
f l a t  membrane t e s t  c e l l  o r  a hollow f i b e r  ex t r ac t ion  module. The 
d e t a i l s  of t h e  l a t t e r  i s  schematically shown i n  Fig. 3. Figure 2 
i n d i c a t e s  a t o p  phase l i n e  and a bottom phase l i n e  unl ike  re ferences  
( 3 , 4 ) .  
f la t  membranes) va r i ed  wi th  t h e  m e m b r a n e  t ype ,  we have sepa ra t e ly  
i d e n t i f i e d  t h e  t o p  phase and t h e  bottom phase f o r  a p a r t i c u l a r  mem- 
brane type i n  Fig.  2 .  For t h e  hydrophobic hollow f i b e r  module, t he  
organic solvent phase at a lower pressure  flowed through t h e  f i b e r  
lumen s ide  while t h e  aqueous phase flowed through t h e  s h e l l  s ide .  

Since t h e  top  phase ( t h e  phase wi th  an excess pressure f o r  

The f l a t  membrane tes t  c e l l  has been described elsewhere ( 3 , 4 ) .  
The hollow f i b e r  u n i t  contained evenly dispersed 114 f i b e r s  of t he  
X-20 type  i n  a 1.27 cm (1/2") s t a i n l e s s  steel pipe. 
for t h e  f i b e r s  was prepared by p l o t t i n g  w i t h  an epoxy r e s i n  ( C - 4  

The tube sheet 
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R E L I E F  
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RESERVOIR 
BOTTOM PHASE 

a .  HYDROPHOBIC FLAT F I L M :  ~ ~ ~ ~ ~ ~ A ~ ~ A ~ ~ ~ u ~ ~ ~ ~ ~ I c  

b. HYDROPHILIC FLAT F I L M :  ~ ~ ~ T ~ ~ ~ ~ A ~ E o ~ G ~ ~ ~ ~ o u ~  

c .  HOLLOW FIBER MODULE (TEST CELL REPLACED BY HF MODULE) : : ~ ~ ~ L s ~ ~ ~ E - - o ~ ~ ~ : $  

Fig. 2. Sc1iei:latic of experimental  setup 

I N L E T t  \ I 
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/ 
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TUBESHEET P I P E  TUBESHEET 

Fig. 3.  Hollow f iber  module - schematic , 
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628 PRASAD AND SIRKAR 

r e s i n  wi th  a c t i v a t o r  D from Armstrong, Warsaw, Indiana) .  
l eng th  ezposed f o r  mass t r a n s f e r  w a s  15.8 cm. 
t r a n s f e r  a r ea  ava i l ab le  was 164.1 cm2 compared t o  an a rca  of 13.37 
cm2 for t h e  f l a t  membrane tes t  c e l l .  

The f i b e r  
The t o t a l  membrane 

The experimental  procedure for t e s t i n g  a f l a t  membrane i s  
described i n  previous s tud ie s  (3 ,4 )  for hydrophobic membranes. For 
a hydrophi l ic  f l a t  membrane, s ince  t h e  organic phase i s  at a h igher  
pressure than  t h e  aqueous phase, t h e  organic phase flow was i n  t h e  
t o p  h a l f  of t h e  flow type  f l a t  membrane c e l l  while t h e  aqueous 
phase flow w a s  i n  t h e  bottom ha l f  of t h e  c e l l .  Thus, t h e  aqueous 
phase flow w a s  influenced by t h e  h ighly  open s t a i n l e s s  steel screen 
supporting t h e  hydrophilic membrane. 
t h e  bottom phase (aqueous) was allowed t o  flow through t h e  bottom 
ha l f  of t h e  c e l l  containing t h e  hydrophilic membrane f i r s t  a f t e r  
which t h e  t o p  phase (organic)  flow was i n i t i a t e d .  
stacked membrane, t h e  procedure corresponded t o  t h a t  of a hydro- 
phobic o r  a hydrophilic membrane depending on whether t he  aqueous 
phase o r  t h e  organic phase w a s  having an excess pressure.  
d e t a i l s  a r e  ava i l ab le  i n  re ference  ( 5 ) .  

A s  with hydrophobic membranes, 

For  a composite 

More 

The experimental procedure adopted f o r  ex t r ac t ion  s tud ie s  wi th  
t h e  hydrophobic hollow f i b e r  u n i t  w a s  as follows. The aqueous solu- 
t i o n  flow "a& s t a r t e d  f i r s t  i n  t h e  s h e l l  s ide  a t  a low pressure 
( %  1.36 x 10  N/m2). 
on t h e  tube  s ide  a t  about 1.36 x l o 4  N/m2.  
of organic flow through t h e  tube  s i d e  t o  ensure uniform wetting of 
a l l  t h e  f i b e r s  with t h e  organic so lven t ,  t h e  aqueous pressure on 
t h e  s h e l l  s i d e  was slowly r a i s e d  t o  t h e  des i r ed  value.  Subsequently 
some time was allowed t o  e lapse  for achieving a steady s t a t e  ( typ i -  
c a l l y ,  10 minutes) when samples of e x i t i n g  aqueous and organic 
streams were co l l ec t ed  f o r  ana lys i s .  

The organic so lvent  flow was i n i t i a t e d  next 
After about 5 minutes 

The m a s s  t r a n s f e r  r a t e  of to luene  i n  t h e  f l a t  membrane tes t  
c e l l  f o r  t h e  NMP-n-heptane-toluene system was determined by  measur- 
i ng  t h e  concentration of to luene  i n  NMP flowing out .  The change i n  
concentration of toluene i n  the  hydrocarbon feed  (50% toluene-50%- 
n-heptane) w a s  very  small. 
po la r  organic ex t r ac t an t  NMP w a s  analyzed using a HP 1090 Liquid 
Chromatograph ( H e w l e t t  Packard, P d o  Al to ,  CA) equipped with a 
f i l t e rpho tomet r i c  de t ec to r ,  The ana lys i s  u t i l i z e d  a C-18 reverse  
phase column while a 70% methanol-water mixture w a s  employed as a 
mobile phase. The d i s t r i b u t i o n  coe f f i c i en t  of to luene  between NMP 
and n-heptane w a s  obtained by contac t ing  100 cm3 of a mixture of n- 
heptane and to luene  of known composition with 100  cm3 of NMP under 
well-mixed condi t ions  f o r  24 hours and analyzing both t h e  phases 
f o r  toluene a f t e r  separa t ion .  Analysis of systems with a c e t i c  ac id  
as a so lu t e  w a s  done according t o  procedures described i n  re ferences  
(3 ,4 ) .  

The concentration of toluene i n  t h e  

All measurements were c a r r i e d  out a t  2 5 O C .  

The po ros i ty  of t h e  hydrophilic CUPROHAN 150 PM membrane used 
i n  our experiments f o r  a c e t i c  ac id  ex t r ac t ion  was determined as 
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MICROPOROUS MEMBRANE SOLVENT EXTRACTION 629  

follows. 
a c e t i c  ac id  so lu t ion .  The swollen membrane w a s  withdrawn and any 
sur face  moisture and drops were c a r e f u l l y  removed. The th ickness  
of t h i s  membrane i n  t h e  w e t  state w a s  measured using a micrometer 
at th ree  d i f f e r e n t  places on t h e  membrane. The average of t h e  t h r e e  
measurements w a s  used as  t h e  wet th ickness .  The weight of t h i s  wet 
membrane was determined after which the  CUPROPHAN membrane w a s  d r i ed  
i n  an oven at 100°C f o r  24 hours. 
membrane w a s  noted. The d i f fe rence  i n  t h e  wet and dry weights of 
t h e  membrane was found. Noting t h a t  t he  dens i ty  of ce l lu lose  i s  
1.52 gm/cm3 (7)  and t h a t  of w a t e r  i s  1 gm/cm3, the  po ros i ty  of t h e  
membrane w a s  determined. 

The membrane w a s  soaked i n  approximately 10% aqueous 

The weight of t h e  d r i ed  and shrunk 

RESULTS AND DISCUSSION 

The re levant  phys ica l  p rope r t i e s  of t h e  hydrophobic CELGfLRD 
2400 membrane, X-20 CELGARD hollow microporous f i b e r s  and t h e  hydro- 
p h i l i c  CUPROHAN 150 PM regenerated ce l lu lose  membrane a r e  given i n  
Table 1. The d i s t r i b u t i o n  coe f f i c i en t  of t h e  s o l u t e  f o r  var ious  
ex t r ac t ion  systems used here  i s  repor ted  i n  Table 2. Note t h a t  only 
t h e  da t a  on NMP-n-heptane-toluene i n  Table 2 a re  new - o the r s  a re  
ava i lab le  from references  (3,4), 

Aromatic Ext rac t ion :  Hydrocarbon-Polar Organic System 

We f i r s t  present  t h e  r e s u l t s  of t h e  NMP-n-heptane-toluene sys- 
t e m  wi th  a hydrophobic f l a t  CELGARD 2400 membrane i n  t h e  aromatic 
ex t r ac t ion  mode. Figure 4 shows the  values of KO f o r  toluene ex- 
t r a c t i o n  from a 50-50 toluene-n-heptane feed i n t o  NMP phase as  a 
func t ion  of t h e  hydrocarbon feed flow rate,  $r,  f o r  a s ing le  
CELGARD 2400 membrane as w e l l  as t h r e e  CELGARD 2400 membranes. The 
behavior here  i s  very similar t o  t h a t  of t he  MIBK-water-acetic ac id  
system s tudied  i n  re ference  ( 4 )  since 
and t h e  NMP phase ( l i k e  t h  water phase i n  reference (4) ) had an ex- 
cess  pressure  of 5.44 x 10 N/m2. It i s  a l s o  obvious t h a t  KO 
reaches a p la teau  value at high Q where KO i s  determined by 
kw and kmo with kw here  r e f e r r i n g  t o  t h e  NMP boundary l a y e r  
coe f f i c i en t .  Therefore,  may be  estimated us ing  equation (5a)  
f o r  any value of high Qor?note, it i s  not necessary t o  have a 
p la teau  f o r  Approach 2 t o  be used ( re ference  (4))). 
ho 
l eads  t o  a va lue  of 
3.2 x 10-5 cm2/sec f o r  d i f fus ion  of toluene through n-heptane ( e s t i -  
mated from Wilke-Chang equation ( 8 ) ) .  

rn: w a s  of t h e  order of 1 

t 
Or 

The value of 
t hus  determined i s  17.7 x 10-4 cm/sec which from equation ( l a )  

T~~ = 2.65 f o r  CELGARD 2400 with a Dio = 

This va lue  of T M ~  
f i lm.  Previous so lvent  ex t r ac t ion  s tud ie s  i n  aqueous-organic sys- 
tems (4) yie lded  a value of 
CELGARD 2400. Independent measurement of T M ~  using gas permeation 
through water immobilized i n  CELGARD 2400 f i lm  y ie lded  
(9) providing confirmation of t h e  es t imate  obtained here .  

i s  qu i t e  r e a l i s t i c  f o r  t h e  CELGARD 2400 

-rM0 i n  t he  range of 2.3-2.64 f o r  

T M ~  = 2.96 
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630 

Extract ion System 
*'R 

Xylene-water MIBK-water NMP-n-heptane 
-ace t ic  ac id  -ace t ic  acid -toluene 

Solute" 0.42 0.56 4.15 1.8 2.8 9.4 
bulk con cent rat ion  
i n  feed  so lu t ion  
103 gm~i /d  

Solute  0.012 0.012 0.51 0.53 1. 04 1.03  
d i s t r i b u t i o n  
c o e f f i c i e n t ,  m i 

PRASAD AND SIRKAR 

- 

TABLE 1 
t Microporous Membrane Proper t ies  

Membrane Thickness Poros i ty  I n t e r n a l  Pore Mater ia l  
104 cm D i T e t e r  s i z e  

XlO'+ c m  vm 

CELGAFS 2400 25.4 0.38 - 0.02 Polypropylene 

x-20 
Hollow Fiber 25.4 0 . 4  240 0.035 Polypropylene 

CUPROPHAN 22.1 0.59 - - Regenerated 
150 I'M Cellulose 

tInformation supplied by manufacturer un less  otherwise ind ica ted  

* t* 

* 
** Determined i n  t h e  w e t  state wi th  feed  aqueous so lu t ion  i n  t h e  pores 

See experimental procedure f o r  method of determination 
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PRESSURE EFFECT FOR Qor = 0.133 CM3/SEC 

J 
- 7  

5 
A P  = 0 . 5 4 ~ 1 0  KPa 

+ 0 1 MEMBRANE 

+ 3 MEMBRANES 
' 3  

3 b Q,, = 0.27 CM 15EC;  C i o  = 9.4  x 1 0 - 3 M O L / C M 3  

HYDROPHOBIC CELGARD 2400; NMP-WHEPTANE T O L U E N E  

Fi.g. 4. Effect of hydrocarbon flow r a t e  and AP on Xo f o r  
NMP-n-heptane-toluene system wi th  CELGARD 2400 
f l a t  film. 

Figure 4 a l so  shows the values of  KO for a s ingle  CELGARD 
2400 membrane with the NMP phas g a t  t h ree  othec d i f f e ren t  excess 
pressures,  6.8 x l o 4 ,  10.2 x 10 N/m2 (10, 15 and 
20 p s i )  a t  t h e  indicated NMP nd hydrocarb n phase flow rates. We 

not influence KO. 
ments of KO 
AP w a s  much s m a l l e r  than the  breakthrough pressure (which i s  quite 
high f o r  t he  very small pore CELGARD 2400 membrane). Thus, disper- 
sion-free solvent extract ion behavior of aromatics from a hydrocar- 
bon feed by a polar organic solvent l i k e  NMP through a hydrophobic 
CELGARD 2400 membrane i s  e s sen t i a l ly  similar t o  t h a t  with aqueous- 
organic systems previously studied (3,4) .  

and 13.6 x 10 

f ind t h a t  the range 5.44 x lof - 13.6 x 10 8 N/m2 (8-20 p s i )  does 

This was expected i n  view of our e a r l i e r  measure- 
with aqueous-organic systems as  long as the excess 

We have previously indicated t h a t  t he  polar organic MMP does 
not p re fe ren t i a l ly  wet t he  hydrophobic CELGARD 2400 membrane i n  the  
presence of a hydrocarbon feed stock. 
i s  kept i m e r s e d  in  NMP, there i s  a slow imbibation of NMP, t he  
i n t e r f a c i a l  tension of WP being only marginally l a rge r  than  the 
c r i t i c a l  surface tension of CZLGARD 2400 makerial (1.35 d>nes/cm). 
This  membrane is however readi ly  and p re fe ren t i a l ly  wetted by the 

Actually, i f  t he  dry membrane 
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632 PRASAD AND SIRKAR 

hydrocarbons which cannot be displaced by NMP unless  t h e  l a t t e r  
phase has a very  l a r g e  va lue  of excess pressure.  
pressure of NMP requi red  t o  d isp lace  t h e  hydrocarbon i n  the  pores of 
CELGmD 2400 f i lm  could not be determined as t h e  apparatus could 
not be operated s a f e l y  beyond 5.44 x lo5 N/m2. 
pressure i s  c e r t a i n l y  g r e a t e r  than  t h i s  value.  

This excess 

Thus t h e  breakthrough 

Hydrophilic Membrane Ext rac t ion :  CUPROPHAN Film 

We next consider t h e  r e s u l t s  of dispersion-free e x t r a c t i o n  
through a f l a t  regenerated ce l lu lose  hydrophilic membrane CUPROPHAN 
widely used i n  d i a l y s i s  s t u d i e s  (10) f o r  a r t i f i c i a l  kidney. The 
t r a n s f e r  of a c e t i c  ac id  from water t o  MIBK through t h e  membrane 
wetted by t h e  aqueous so lu t ion  was c a r r i e d  out a t  an excess MIBK 
phase pressure  of 6.8 x lo4 N/m2 ($10 p s i ) .  Figure 5 shows t h e  
values of KO as a func t ion  of QOr for a s ing le  CUPROPHAN 150 PM 
f i l m  as w e l l  as 2 CUPROPHAN 150 PM f i lms  stacked toge ther .  For such 
a system ( m i  =I 0.5), KO depends on ko , hV , and m i  by 
equation ( 3 )  till t h e  p la teau  i s  reached a t  high Qor where ko 
no longer inf luences  K, . To determine km , u t i l i z e  equation ( 6 )  
a t  t h e  same Qas and Qr . For any high Qr i n  the  p la teau  
reg ion ,  we f i n d  kmw t o  be 12.3 x 10-4 cm/sec. 

To obta in  an estimate of T~~ from t h i s  value of kmw , u t i -  
l i z e  t h e  va lue  of 
for a swollen membrane th ickness  of 0.0022 cm and obtain T~~ = 2.68 
when Diw = 1.24 x 10-5 cm2/sec for a c e t i c  ac id  i n  water (Per ry  (11)). 
This value of T~~ appears t o  be r e a l i s t i c  s ince  Colton e t  a l .  (10) 
had suggested a va lue  of 2.77 for t h e  t o r t u o s i t y  of t he  swollen f i lm.  
There then  appears t o  be e s s e n t i a l l y  unhindered d i f fus ion  of so lu t e  
ace t i c  ac id  through t h e  very narrow aqueous so lu t ion  f i l l e d  pores of 
CUPR0PHA.N 150 PM, 
longer poss ib le  ( 5 ) .  

cMW for t h i s  membrane from Table 1, namely 0.58 

With l a r g e r  s o l u t e s ,  unhindered d i f fus ion  i s  no 

Figure 5 a l s o  shows t h e  values of KO at seve ra l  va lues  of 
excess aqueous phase pressure at  a p a r t i c u l a r  value of 
being 10 cm3/min. W e  f i n d  t h a t  KO i s  independent of AP i n  t h e  
range of 5 .44  x lo4 - 27.2 x lo4 N/m2 ( t h e  pressure for breakthrough 
of MIBK i n t o  t h e  aqueous phase through t h e  CUPROPHAN f i l m  w a s  found 
t o  be around 4.08 x lo5  N/m2) .  Thus, t h e  absence of any e f f e c t  of 
t h e  excess aqueous phase pressure on KO through hydrophobic mem- 
branes observed e a r l i e r  ( 3 , 4 ) ,  i s  &so found t o  be true for t h e  
hydrophilic CUPROPHAN membrane subjec ted  t o  an excess organic phase 
pressure.  Therefore,  t h e  desc r ip t ion  of  mass t r a n s f e r  i n  d ispers ion-  
f r e e  so lvent  ex t r ac t ion  wi th  hydrophilic membranes r equ i r e s  only t h e  
concentration dr iv ing  forces .  

, Qaq 

Solvent Ext rac t ion  with a Composite Hydrophobic-Hydrophilic Membrane 

Consider a stacked composite of a hydrophobic CELGARD 2400 f la t  
f i lm  and a hydrophilic CUPROPHAN150 PM regenerated ce l lu lose  f l a t  
f i lm  as shown i n  Fig. l c  wi th  t h e  organic so lvent  phase flowing on 
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FiG. 5. Elrect. c.f  oi’k;janic flow r a t e  arid OP on KO f o r  
h11BK-water-IIAc system w i t h  CUPROPHAii 150 P:,I f l a t  f i lm. 

t he  hydrophobic s ide  and the  aqueous sclut ion flowing on t h e  hydro- 
p h i l i c  side.  The values of KO obtained with MIBK-water-acetic 
acid system as ace t i c  acid w a s  t ransferred from the aqueous solu- 
t i o n  t o  the  MIBK phase are  shown i n  Fig. 6 against  various va.lues of 
Qor These include: o N/m2 
corresponding t o  the  same pressure i n  both the organic and the 
aqueous p ase,  t he  aqueous phase having an excess pressure of 
5.44 x 10 N m2 (8  p s i )  and the  MIBK phase having an excess pressure 

under a l l  t h ree  pressure conditions. Thus, a composite hydrophobic- 
hydrophilic membrane can be operated with or without an excess 
pressure i n  e i t h e r  phase t o  maintain dispersion-free extract ion.  

f o r  a v a r i e t y  of excess phase pressures. 

of 5 .44  x e$ 10  N/m2 ( 8  p s i ) .  Dispersion-free extract ion was achieved 

Observe fu r the r  i n  Fig.  6 t h a t  t he  values of 
Q,, are  e s sen t i a l ly  unaffected by the  presence o r  absence of an 
excess pressure i n  e i t h e r  phase. 
KO 
phobic f i l m  (3 ,4)  o r  a hydrophilic film (see the  previous sect ion 
r e s u l t s ) .  However, it i s  expected t h a t  t he re  may be an e f f ec t  of 
t he  excess phase pressure i f  t h e  la t ter  is close t o  t h e  break-through 
pressure for the  pa r t i cu la r  section of the membrane, 

KO 

Such a behavior w a s  expected since 

f o r  any 

i s  not affected by an excess phase pressure fo r  e i t h e r  a hydro- 

To convey how the extract ion r a t e s  are  influenced by a composite 
film, we have also plot ted i n  Fig.  6 the  values of KO for various 
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AP = 1.36 x 103KPa 
0 

n 
CELGARD 2400 - 

4- 

AP 
COMPOSITE MEMBRANE 
CELGARD 2400-CUPROPHAN 150 PH + 

HYDROPHOBIC-HYDROPHILIC 
A 0 . 5 4  x 1 0 5  KPa ORGANIC 

'0 0.54 x lo5 KPa AQUEOUS + 

paq = 0.15 C$/SEC; MIBK-H~O-HA~; c& = 2.3 x 10-3 MOL/C$ 

0.1 0.2 0 . 3  0.4 0.5 0.6 0.7 

Q,, d / S E C  

F ig .  6 .  Ef fec t  of  organic flow r a t e  on KO for MIBK-water-I!Ac system 
f o r  a composite hydropho'o i c -hyd r oph i l i c  membrane. 

Qos-s when a s i n g l e  CELGARD 2400 hydrophobic f i lm  i s  u t i l i z e d .  
high values of Qor, we observe t h a t  KO achieves a p la teau  i n  
both cases.  
(1). Since t h e  aqueous boundary l a y e r  r e s i s t ance  i n  both cases i s  
t h e  same f o r  a given 
hW. W e  f i n d  thereby t h 8  value of hW t o  be 1 4 . 1  x cm/sec. 
This value f o r  t h e  CUPROPHAN f i l m  i n  t he  CELGARD-CUPROPHAN composite 
i s  only s l i g h t l y  h igher  than  t h e  value determined earlier i n  t h e  
sec t ion  on hydrophi l ic  membrane ex t r ac t ion .  The corresponding 
es t imate  of T i s  2.33. 

A t  

This i s  expected from equation (4) as we l l  as equation 

Qa , equation ( 7 )  may be used t o  determine 

Mw 

Thus, except f o r  ex t r ac t ion  systems with m i < < l  , t h e  r e s i s -  
t ance  of a composite hydrophobic-hydrophilic microporous so lvent  
e x t r a c t i o n  membrane w i l l  always be l a r g e r  than t h a t  of e i t h e r  a 
hydrophobic or a hydrophilic membrane. The d i f fe rences  can be 
minimized by d r a s t i c a l l y  reducing the  th ickness  of one of the two 
l aye r s  of t h e  composite f i lm.  However, t he  composite membrane sys- 
tem has t h e  advantage of being ab le  t o  opera te  dispersion-free 
r ega rd le s s  of t h e  pressure  of e i t h e r  phase as long as immiscible 
displacement through any one of t h e  membranes i s  not i n i t i a t e d .  

Solvent Ext rac t ion  with a Hydrophobic Hollow Fiber Module 
- 

The average value KO over t h e  whole module of the o v e r a l l  
organic-phase-based mass t r a n s f e r  coe f f i c i en t  f o r  a c e t i c  ac id  ex- 
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MICROPOROUS MEMBRANE SOLVENT EXTRACTION 635 

t r a c t i o n  i n t o  xylene i s  p lo t ted- in  Fig.  7 as ( l / E o )  aga ins t  (l/Q&) 
with v = 0.34. The value of KO was determined using t h e  following 
o v e r a l l  so lu t e  mass balance f o r  N hollow f i b e r s  o f  l ength  L with 
an i n t e r f a c i a l  a r e a  based on t h e  outs ide  diameter of t h e  f i b e r  s ince  
t h e  i n t e r f a c e  w a s  a t  
t h e  pores:  do 

wi th  t h e  organic phase i n  t h e  lumen and 

= i? (IT doNL) A Cio b 

Qor 'iol exit 
( 9 )  

Note t h a t  pure organic phase entered t h e  module. The da ta  displayed 
t h e  bes t  P i t  with t h e  value of v ind ica ted  above. 

Consider a length-averaged vers ion  of equation ( 8 ) ,  v a l i d  f o r  
a m . < < l  system: 

The in t e rcep t  of t he  p l o t  of ( l /zo)  aga ins t  Qo;0'34 f o r  t h e  very 
low m i  system, xylene-water-acetic ac id ,  y i e l d s  ( l/kmo) ( do/dkm) i n  
Fig. 7 from which we f i n d  kmo = 17.79 x cm/sec. Using equa- 
t i o n  (2a )  , t h i s  y i e l d s  
f o r  a c e t i c  ac id  d i f fus ion  i n  xylene ( 3 , 8 ) .  
T M ~  for t h e  X-20 f i b e r s  using N2 permeation through water immo- 
b i l i z e d  i n  X-20 f i b e r  pores y ie lded  a value of 2 .2 .  Therefore t h e  
estimate of 
D e t a i l s  of t h i s  gas permeation technique are given elsewhere (12). 

T M ~  = 2.47 w i t h  D i o  = 2.76 x 10-5 cm2/sec 
An independent es t imate  of 

T M ~  2 2.47 f o r  X-20 appears t o  be qu i t e  reasonable.  

Figure 7 a l s o  shows a p l  t o f  t h e  da t a  f o r  t h e  MIBK-water-acetic 
a c i d  system a t  AP = 6.8 x 10 e N/m2 (10 p s i ) .  Since t h e  contribu- 
t i o n  of t h e  length-averaged form of t h e  term ( m i / k s 0 )  i n  equation 
( 2 )  i s  merely an add i t ive  constant i n  a p l o t  of ( l / K o )  versus 
(l/Q&.), we f ind  t h a t  a value of 
fit  _Of d a t a  for t h i s  system with m i  of t h e  order of 1. The e f f e c t  
on KO of a v a r i a t i o n  i n  AP f o r  a p a r t i c u l a r  set of values of 
Qor and Qaq i s  indica ted  i n  Fig.  7 wi th  d i f f e r e n  axes. The 

p s i ) .  We f i n d  no e f f e c t  of a AP v a r i a t i o n  a t  these  low l e v e l s  of 
AP, a behavior also observed with f l a t  hydrophobic fi lms ( 3 , b ) .  

v = 0.34 a l s o  provides t h e  bes t  

value of AP va r i ed  between 3.4 x l o 4  t o  10.2 x 1 0  t N/m2 (5 t o  15  

A comment about t h e  va lue  of v , t h e  exponent of Qor , t h e  
organic flow r a t e  through f i b e r  lumen i s  use fu l  here.  The value o r  
v = 0.34 would suggest t h a t  
so lu t ion  i n  t h e  f i b e r  lumen (see Skelland (13) f o r  d e t a i l s ) .  Qi and 
Cuss le r  (14) have a l s o  experimentally obtained a value of 
f o r  t h e  v a r i a t i o n  of lumen s ide  mass t r a n s f e r  coe f f i c i en t  with l i q u i d  
v e l o c i t y  for gas absorption using microporous CELGARD hollow f i b e r s .  
The value of t h i s  exponent, however, depends a l s o  on the  f i b e r  l eng th  
through Graetz number. 

ko may be described by the  Leveque 

v = 1/3 
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-5 

0 0.5 1 1 .5  

AP x 10 KPa 

5000 3 
4000 . 

3000 . 

SEU C M  
KO 

2000 ,, PRESSURE EFFECT 

Qor = 0.166 Cb?PEC 
MIBK-H20-HAc 

FOR 

AP.O.68 x 0 MIBK-H20-HAC 

l o 5  kPa A XYLENE-H20-HAc 
CM 3 /SEC;Ci,=6 b x 

MOL/CM 
X-20 CELGARD HOLLOW FIBERS 

U I z 
-0.34 

Qor 

Fig. 7. Extraction behavior of hydrophobic 
X-20 CELGARD hollow f i b e r  for MIBK- 
water-HAc and Xylene-water-HAc. 

3 
&i and Cussler (14) had observed a pressure drop of 

The pressure drop along the bulk flow direct ion i n  the f i b e r  
lumen a t  the highest flow r a t e  was found t o  be l e s s  than 6.8 x 10 
N/m2 (1 p s i ) .  
l e s s  than 1.02 x l o 4  N/m2 (1.5 p s i )  for t h e i r  hollow f i b e r  module 
at t h e i r  highest flow ra t e s .  
c lose t o  t h a t  of t h e  present study. 

Their module was 18 cm long, qui te  

K i m  (15) has reported the  performance of hydrophobic microporous 
hollow fiber-based extract ion of copper using LIX reagents. 
d i f f e r e n t i a l  pressure conditions a t  the two ends of h i s  hollow f i b e r  
extractor  w e r e  reversed. Consequently, he could not prevent disper- 

The 
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MICROPOROUS MEMBRANE SOLVENT EXTRACTION 637 

s ion  and needed an aqueous-organic separa tor  i n  addi t ion .  By main- 
t a i n i n g  the  proper phase pressure condi t ions ,  we have avoided d i s -  
pers ion  completely. Fu r the r ,  by s t a r t i n g  aqueous f l o w  on t h e  s h e l l  
s i d e  a t  a small pos i t i ve  pressure followed by lumen s i d e  organic 
flow at  a similar but lower pressure ,  t h e  p o s s i b i l i t y  of a small 
d i spers ion  during start up has also been eliminated ( 3 ) .  
no te  t h a t  t h e  use of a porous p a r t i t i o n  f o r  solvent ex t r ac t ion  i s  
b r i e f l y  mentioned i n  two pa ten t s  (16,17) deal ing  exc lus ive ly  wi th  
so lvent  ex t r ac t ion  using solvent-swollen polymeric membranes. How- 
eve r ,  proper phase pressure  conditions and o ther  i n t r i n s i c  require- 
ments f o r  using a porous p a r t i t i o n  were not i d e n t i f i e d .  

We should 

A Perspective on the Technique 

Dispersion-free so lvent  ex t r ac t ion  may be e a s i l y  ca r r i ed  out 
us ing  microporous membranes. The technique has numerous advantages 
over conventional dispersion-based processes f o r  l a rge  sca l e  applica- 
t i o n s .  For l abo ra to ry  s t u d i e s ,  t h e  known i n t e r f a c i a l  a r e a  would be 
a g rea t  boon t o  charac te r iza t ion .  The necess i ty  of an independent 
es t imate  of , "a", the  i n t e r f a c i a l  a r ea  per u n i t  e x t r a c t o r  volume 
t o  determine kL from t h e  ubiquitous "kLatt i s  eliminated. The 
tyranny of t h e  l i m i t a t i o n s  on independent phase flow rate v a r i a t i o n s ,  
t he  necess i ty  of an adequate dens i ty  d i f fe rence  and the  vagar ies  of 
coalescence endemic i n  dispersion-based processes a re  absent i n  t h e  
new technique. 

K i m i  e t  a l .  (3)  had compared t h e  value of Koa i n  t h e  present  
technique wi th  t h a t  from dispersion-based processes (Treybal_(  18) ) 
for t h e  MIBX-water-acetic ac id  system. 

t i c  estimate of "a" for wel l  packed hollow f i b e r  systems. We note  
here  t h a t ,  f o r  t h e  same ex t r ac t ion  system,-the present hydrophobic 
hollow f i b e r  s tud ie s  provide e a s i l y  a KO = 3.4 x lo-'+ cm/sec at 
very  low organic and aqueous phase v e l o c i t i e s .  Fur ther  a t  these  
flow v e l o c i t i e s ,  t he  flow pressure drop i n  e i t h e r  phase i s  qu i t e  
s m a l l .  I n  i n d u s t r i a l  hollow f i b e r  modules t h a t  are, say ,  t e n  t i m e s  
longer  than our labora tory  module, t h e  flow pressure drop would s t i l l  
be reasonably low. Thus, energy requirements i n  t h e  new technique 
are l i k e l y  t o  be r e l a t i v e l y  modest. 

They had used a KO = 4 x 
cm/sec from t h e i r  CELGARD 2400 f l a t  f i l m  d a t a  and used a realis- 

The development of a composite hydrophobic-hydrophilic f i l m  with 
asymmetric wetting p rope r t i e s  provides t h e  new technique wi th  ex t ra -  
ord inary  f l e x i b i l i t y  vis-a-vis t h e  phase pressure conditions.  This i s  
a t  t h e  expense of an increased membrane res i s tance ,  I n  t h e  same con- 
text,  we should recognize t h a t ,  f o r  ex t r ac t ion  systems m t h  
t h e  order  of 
tage  over a p l a in  hydrophobic system for comparable values of 
and Go . For m i > > l ,  a hydrophilic system would have a much 
higher r e s i s t ance .  
study of  a wider v a r i e t y  of membranes under more genera l  conditions 

m i  of 
I, t h e  p l a in  hydrophilic system holds no g rea t  advan- 

hW 
A more d e t a i l e d  comparison would,require a 

( 5 ) .  
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638 PRASAD AND SIRKAR 

SYMBOLS 

i 
concentration of i i n  membrane a t  t h e  aqueous-organic 

concentration of i i n  h drophobic membrane a t  membrane- 

bulk concentration of i i n  organic phase, mol/cm 

CiM phase i n t e r f a c e ,  mol/cm3 

s C? 
lM support i n t e r f a c e ,  mol/cm 
b 

‘io 
3 

i 
‘io 

‘iw 
b 

‘iw 
i C. 1w 

d.  ,do 

dkm 

kO 

kW 

KO 

KO 

- 

L 
rn. 

N 

AP 

organic phase concentration of i a t  organic-hydrophilic 
membrane i n t e r f a c e ,  mol/cm3 

concentration of i i n  aqueous phase, mol/cm 

bulk concentration of i i n  t h e  aqueous phase, mol/cm 

3 

3 

aqueous phase concentration of i a t  water-membrane 
i n t e r f a c e  , m~1/cm3 

ins ide  and outs ide  diameter of microporous hollow f i b e r ,  cm 

logarithmic mean diameter of microporous hollow f i b e r ,  
(do-di)/!2n(do/di) , cm 

d i f fus ion  coe f f i c i en t  of i i n  organic so lven t ,  cm /sec 

d i f fus ion  coe f f i c i en t  of i i n  aqueous so lu t ion ,  cm /sec 

membrane  t r a n s f e r  coe f f i c i en t  of spec ies  i through 
organic-wetted membrane, equation ( l a )  , cm/sec 

membrane t r a n s f e r  coe f f i c i en t  of spec ies  i through hydro- 
p h i l i c  membrane, equation (3a)  , cm/sec 

organic boundary l aye r  t r a n s f e r  coe f f i c i en t  of spec ies  i ,  
cm/sec 

aqueous boundary l a y e r  t r a n s f e r  coe f f i c i en t  of spec ies  i ,  
cm/sec 

o v e r a l l  organic phase-based t r a n s f e r  coe f f i c i en t  of 
spec ies  i ,  cm/sec 

value of KO 
cm/sec 

a c t i v e  l eng th  of microporous hollow f i b e r ,  cm 

d i s t r i b u t i o n  coe f f i c i en t  of  species i , organic phase 
concentration over aqueous phase concentration 

number of hollow f i b e r s  i n  t h e  module 

pressure of aqueous phase, N/m 

pressure of organic phase, N/m 

excess phase pressure ;  f o r  hydrophobic membranes P -P * 
aq 0’ f o r  hydrophilic membranes p0-paq, N/m2 

2 

2 

for a hollow f i b e r  module , equation ( 9 ) ,  

2 

2 
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Qaq,QOr 

tMo,tMw 

flow rate of aqueous and organic phase respectively, 
cm3/sec 

thickness of hydrophobic and hydrophilic membranes, 
respectively, cm 

Greek Letters 

E ~ ~ , E ~ ~  porosity of hydrophobic and hydrophilic membranes, 
respectively 

T Mo,~Mw tortuosity factor of hydrophobic and hydrophilic membranes, respectively 

power of Qor in the variation of V ko with ‘or 
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