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Removal of Acetic Acid from Wastewater with Liquid Surfactant 
Membranes: An External Boundary Layer and Membrane Diffusion 
Controlled Model 

NIAN-XI YAN, SONG-AN HUANG, and YA-JUN SHI 

CHEMICAL ENCINEERINC RESEARCH CENTER 
EAST CHINA INSTITUTE OF CHEMICAL TECHNOLOGY 
130 MKILONC ROAD 
SHANGIIAI 200237,  CHINA 

ABSTRACT 

A new d i f f u s i o n  c o n t r o l l e d  mass t r a n s f e r  model h a s  
been e s t a b l i s h e d  f o r  uniform emulsion g l o b u l e s  
wi thout  r e d i s p e r s i o n  and i n t e r n a l  c i r c u l a t i o n .  
Both t h e  e x t e r n a l  boundary l a y e r  and t h e  membrane 
r e s i s t a n c e  t o  mass t r a n s f e r  are t a k e n  i n t o  account  
and t h e  p e r t u r b a t i o n  s o l u t i o n s  have been obta ined .  
Experimental  d a t a  on t h e  b a t c h  e x t r a c t i o n  of  a c e t i c  
a c i d  from wastewater  a r e  i n  good agreement wi th  
t h e  model p r e d i c t i o n s .  Usual ly ,  t h e  zero-order ,  or 
pseudo-steady s t a t e  s o l u t i o n  a l o n e  can g i v e  a n  
adequate  d e s c r i p t i o n  of t h e  process .  

The s w e l l  of emulsion can be c l a s s i f i e d  i n t o  two 
t y p e s  - permeat ion and en t ra inment .  The s w e l l i n g  
r a t e  by permeat ion o f  water  i n c r e a s e s  wi th  i n c r e a s i n g  
t h e  c o n c e n t r a t i o n  o f  s u r f a c t a n t  and i n t e r n a l  r e a g e n t .  
Repeated r e d i s p e r s i o n  and v igorous  s t i r r i n g  promote 
t h e  s w e l l  due t o  t h e  en t ra inment .  The s w e l l i n g  
mechanism o f  t h e  en t ra inment  h a s  been d i s c u s s e d .  

INTRODUCTION 

The l i q u i d  s u r f a c t a n t  membranes (LSM) as a novel  s e p a r a t i o n  
t e c h n i q u e  i n v e n t e d  by Dr. L i  (1) have been widely used i n  many 
f i e l d s  such  as  t h e  f r a c t i o n a t i o n  of hydrocarbons,  environmental  
e n g i n e e r i n g ,  hydrometa l lurgy ,  n u c l e a r  i n d u s t r y ,  pharmaceut ica l  
and b i o l o g i c a l  e n g i n e e r i n g  (2-7). Recent ly ,  t h e  LSM h a s  demon- 
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802  Y A N ,  HUANG, AND SHI 

s t r a t e d  c o n s i d e r a b l e  p o t e n t i a l  a s  e f f e c t i v e  t o o l s  f o r  t h e  removal 
of  t r a c e  contaminant  from i n d u s t r i a l  e f f l u e n t s .  I n  p r e s e n t  
paper ,  t h e  removal o f  a c e t i c  a c i d  from wastewater  w a s  t e s t e d  and 
s p e c i a l  a t t e n t i o n  h a s  been pa id  t o  t h e  fundamental s t u d i e s .  

From t h e  r e c e n t  l i t e r a t u r e ,  i t  i s  found t h a t  t h e  mass t r a n s -  
f e r  models i n  t h e  LSM can be c l a s s i f i e d  i n t o  two d i s t i n c t  types .  
The f i r s t  i s  t h e  s p h e r i c a l  s h e l l  model i n  which t h e  mass t r a n s f e r  
r e s i s t a n c e  was assumed t o  be c o n c e n t r a t e d  w i t h i n  a f i l m  of f i x e d  
t h i c k n e s s  ( 2 , 8 ) .  The second i s  c a l l e d  t h e  Advancing Front  Model 
t h a t  deemed t h e  membrane r e s i s t a n c e  t o  be a cont inuous  f u n c t i o n  
of e x t r a c t i o n  t ime (9-12). But mass t r a n s f e r  r e s i s t a n c e  i n  t h e  
boundary l a y e r  o f  e x t e r n a l  phase was not  cons idered  i n  e i t h e r  
model and might be impor tan t  a t  t h e  beginning of  e x t r a c t i o n  o r  a t  
t h e  s t a t e  when t h e  c o n c e n t r a t i o n  of  i n t e r n a l  r e a g e n t  w a s  h igh .  
Teramoto e t  a1 (15) e s t a b l i s h e d  a new model by i n c l u d i n g  t h e  
r e s i s t a n c e  i n  t h e  boundary l a y e r  of  t h e  e x t e r n a l  phase and t h e  
chemical  e q u i l i b r i u m ,  but  o n l y  numerical  s o l u t i o n s  can be obta ined  
from such complex equat ions .  I n  t h i s  paper ,  by t a k i n g  both t h e  
r e s i s t a n c e  i n  e x t e r n a l  boundary l a y e r  and membrane phase i n t o  
account  and modifying t h e  Advancing F r o n t  Model, a new mass 
t r a n s f e r  model h a s  been developed. Fur thermore ,  t h e  p e r t u r b a t i o n  
s o l u t i o n s  a r e  o b t a i n e d  and t h e  model p r e d i c t i o n s  can be examined 
by t h e  exper imenta l  d a t a  on t h e  e x t r a c t i o n  o f  a c e t i c  a c i d  from 
wastewater .  

MASS TRANSFER MODEL 

The assumpt ions  a p p l i e d  f o r  e s t a b l i s h i n g  t h e  model a r e  
g iven  as fo l lows:  

1. 

2 .  

7 .  

4. 

5. 

The s i z e  d i s t r i b u t i o n  o f  emulsion g l o b u l e s  is uniform. No 
c o a l e s c e n c e  and r e d i s p e r s i o n  occur  between t h e  g l o b u l e s  i n  
which t h e  e n c a p s u l a t e d  d r o p l e t s  a r e  uni formly  d i s t r i b u t e d .  

There is no i n t e r n a l  c i r c u l a t i o n  w i t h i n  a l l  emulsion g l o b u l e s  
due t o  t h e  presence  of  s u r f a c t a n t s  and t h e  small dimension of  
t h e  g l o b u l e s .  

The s o l u t e  r e a c t s  wi th  t h e  i n t e r n a l  r e a g e n t  i r r e v e r s i b l y  and 
i n s t a n t a n e o u s l y  a t  t h e  r e a c t i o n  f r o n t .  As t h e  r e a c t i o n  
proceeds ,  t h e  r e a c t i o n  f r o n t  s h r i n k s  towards t h e  c o r e  o f  t h e  
g l o b u l e s .  

Both t h e  impor tan t  e f f e c t s  o f  r e s i s t a n c e  i n  t h e  e x t e r n a l  
boundary l a y e r  and t h e  membrane a r e  t a k e n  i n t o  account  i n  t h e  
model. 

The breakage and t h e  s w e l l  of  t h e  emulsion are n e g l e c t e d .  

A diagram o f  t h e  model showing t h e  above assumpt ions  is  
g iven  i n  F ig .  1. 
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REMOVAL OF A C E T I C  A C I D  FROM WASTEWATER W I T H  LSM 803 

rxcerniu pnase 
External 

boundary l a y e r  lsion globule 

Fig. 1 Schematic diagram of t h e  model 

The r a t e  o f  t h e  s o l u t e  d i f f u s i o n  i n  emulsion g l o b u l e s  can be 
d e s c r i b e d  in t h e  f o l l o w i n g  equat ions :  

The m a t e r i a l  ba lance  f o r  t h e  s o l u t e  i n  t h e  e x t e r n a l  phase i s  

t = 0,  Ce = Ceo 

( 5 )  

(6 )  

The m a t e r i a l  ba lance  f o r  t h e  s o l u t e  a t  t h e  r e a c t i o n  front i s  
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804 Y A N ,  HUANG, A N D  SHI 

The above e q u a t i o n s  can be t ransformed i n t o  d imens ionless  
form by d e f i n i n g  

t h e n  t h e  d i f f u s i o n  e q u a t i o n  becomes 

T = 0 ,  g = o  

? = x *  g = o  

The m a t e r i a l  ba lance  e q u a t i o n  i n  t h e  e x t e r n a l  phase i s  

dh - d? = -* 

The m a t e r i a l  ba lance  e q u a t i o n  a t  t h e  r e a c t i o n  f r o n t  is as 
fo l lows:  

Because t h e s e  e q u a t i o n s  a r e  non- l inear ,  a n a l y t i c a l  s o l u t i o n s  
can  not  be o b t a i n e d .  However, by using t h e  p e r t u r b a t i o n  method 
used i n  t h e  Advancing F r o n t  Model ( I I ) ,  t h e  zero-order  s o l u t i o n s  
a r e  found t o  be 

E 
3 h, = -(x3 - B 3 )  (18) 

2x+B 2+B ( 1 9 )  
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REMOVAL OF A C E T I C  A C I D  FROM WASTEWATER W I T H  LSM 805 

The first-order terms of the perturbation solution can be 
obt&ined as indicated below: 

I x = l ,  hi = 0 

I x =  1, tq = 0 

where 

1 P =  1 L = -  
aM * (L-1) x-L 

Q = E(2L-71~3 - E(L-l)x4 - ELX2 

( 2 3 )  

(24) 

then, the first-order perturbation solutions are 

where & is a perturbation parameter. The above solutions can be 
simplified for E=3(B=O) o r  L=l. 

The parameter M in the above solutions represents the ratio 
of mass transfer resistance in the external boundary layer to the 
maximum resistance in the emulsion globules. If M equals zero, 
the solutions are the same as those of the Advancing Front Model. 
Because M and other parameters can be calculated o r  estimated by 
using suitable correlations, this model has more advantages over 
those of the Advancing Front Model. 
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The e f f e c t  o f  t h e  p e r t u r b a t i o n  parameter  E on t h e  c a l c u l a t e d  
v a l u e  of  d imens ionless  c o n c e n t r a t i o n  i n  t h e  e x t e r n a l  phase is 
shown i n  F ig .  2. It  i s  found t h a t  ho and h( ’ )a re  convergent .  
When E=2 and E <0.2 ,  t h e  d e v i a t i o n s  between ho and h ( l )  a r e  pro- 
bably  w i t h i n  t h e  bounds of  exper imenta l  error. The t o l e r a n t  
v a l u e  o f  E a t  which h(’) can be r e p l a c e d  by ho i n c r e a s e s  wi th  
i n c r e a s i n g  t h e  v a l u e  o f  E. Usual ly ,  d u r i n g  t h e  p r o c e s s  o f  l i q u i d  
membrane s e p a r a t i o n s ,  r e a g e n t  c o n c e n t r a t i o n  i n  t h e  i n t e r n a l  
phase is h i g h e r  whi le  s o l u t e  c o n c e n t r a t i o n  i n  t h e  e x t e r n a l  phase 
i s  lower,  s o  t h a t  l a r g e r  E and s m a l l e r  E v a l u e s  o c c u r  i n  t h e  
p r o c e s s .  T h e r e f o r e ,  a zero-order ,  o r  pseudo-steady s t a t e  
s o l u t i o n  i s  adequate  t o  d e s c r i b e  t h e  mass t r a n s f e r  process .  

The e f f e c t  o f  t h e  v a l u e  o f  E on mass t r a n s f e r  r a t e  is shown 
i n  Fig.  3 .  The l a r g e r  t h e  v a l u e  of  E ,  t h e  f a s t e r  t h e  m a s s  
t r a n s f e r  r a t e  o f  t h e  d i f f u s i n g  component, but  t h e  e f f e c t  f a l l s  
o f f  when E i n c r e a s e s  t o  a c e r t a i n  va lue .  

Fig.  4 shows t h e  e f f e c t  o f  M on mass t r a n s f e r  r a t e .  The 
mass t r a n s f e r  r a t e  d e c r e a s e s  wi th  t h e  i n c r e a s e  i n  M ,  which 
r e s u l t s  from t h e  i n c r e a s e  i n  t h e  mass t r a n s f e r  r e s i s t a n c e  i n  t h e  
boundary l a y e r  o f  t h e  e x t e r n a l  phase. 

EXPERIMENTAL 

I n  o r d e r  t o  p r e p a r e  water  i n  o i l  (W/O) emulsion,  t h e  sub- 
s t a n c e s  were screened  as  fo l lows:  

E m u l s i f i e r  - nonionic  polyamine E644 

Membrane s o l v e n t  - kerosene  and l i q u i d  p a r a f f i n e  
I n t e r n a l  r e a g e n t  - NaOH 

C a r r i e r  - TBP 

T y p i c a l  i n g r e d i e n t s  of  emulsion are (by weight ) :  8% E644, 
72% kerosene ,  19% l i q u i d  p a r a f f i n e ,  1% TBP and 3M NaOH.  

The W/O emulsion w a s  p repared  a s  fo l lows .  A t  f i r s t ,  t h e  
mixed membrane s o l u t i o n  o f  100 m l  w a s  i n t r o d u c e d  i n t o  a s t i r r e r  
o f  4 60 mm, h 90 mm, w i t h  f o u r  b a f f l e s  and two s i x - b l a d e  
t u r b i n e s ,  t h e n  a t  t h e  speed of  1 ,500 rpm, NaOH s o l u t i o n  o f  50 r n l  
w a s  added i n t o  t h e  s t i r r e r .  A f t e r  s t i r r i n g  f o r  20 minutes ,  
W/O emulsion w a s  o b t a i n e d .  

Mass t r a n s f e r  experiments  were c a r r i e d  o u t  i n  a s t i r r e r  o f  
Q 90 m m ,  h 150 m m ,  w i t h  a s i x - b l a d e  t u r b i n e  and a t h e r m o s t a t i c  

water  j a c k e t .  
f i r s t  p laced  i n  t h e  stirrer, t h e n  t h e  above mentioned emulsion 
o f  135 m l  was d i s p e r s e d  i n  t h e  s o l u t i o n  by a g i t a t i o n .  Samples 
f o r  a n a l y z i n g  a c e t i c  a c i d  c o n c e n t r a t i o n  i n  t h e  e x t e r n a l  phase 
were p e r i o d i c a l l y  removed from t h e  bottom o f  t h e  s t i r r e r  and 
ana lyzed  by t i t r a t i o n .  The tempera ture  w a s  298 K .  

A 0.0861M a c e t i c  a c i d  s o l u t i o n  o f  405 m l  was 
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Fig. 2 The e f f e c t  of E on the  dimensionless  
external  phase concentration (MzO.1) 
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Fig. 1, The effect of E on the dimensionless 
external phase concentration 
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Fig. 4 The effect of M on the dimensionless 
external phase concentration 
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REMOVAL OF ACETIC ACID FROM WASTEWATER WITH LSM 8 0 9  

E X A M I N A T I O N  OF THE MASS TRANSFER MODEL 

I n  o r d e r  t o  compare t h e  exper imenta l  d a t a  w i t h  model pre-  
d i c t i o n s ,  t h e  mass t r a n s f e r  c o e f f i c i e n t ,  K ,  of  a c e t i c  a c i d  i n  
t h e  boundary l a y e r  of  t h e  e x t e r n a l  phase,  t h e  d i s t r i b u t i o n  
c o e f f i c i e n t ,  a ' ,  between t h e  e x t e r n a l  and membrane phase ,  t h e  
e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t ,  D e ,  o f  a c e t i c  a c i d  i n  t h e  
s a t u r a t e d  zone o f  t h e  emulsion g l o b u l e ,  and t h e  mean d i a m e t e r ,  
d32, of t h e  emulsion g l o b u l e  should  be determined r e s p e c t i v e l y .  

1. 

2 .  

3. 

4. 

D i s t r i b u t i o n  C o e f f i c i e n t ,  a ' :  

Because t h e  membrane phase c o n t a i n s  e m u l s i f i e r ,  v i o l e n t  
v i b r a t i o n s  should  be avoided  whi le  measuring a ' .  I n  t h i s  
c a s e ,  both t h e  aqueous and t h e  membrane phases  were mixed 
a t  100 rpm u n t i l  t h e  e q u i l i b r i u m  w a s  reached.  A f t e r  
s e t t l i n g ,  a '  was c a l c u l a t e d  t o  be 0.266 by measuring t h e  
c o n c e n t r a t i o n  of  a c e t i c  a c i d  i n  aqueous phase. 

E f f e c t i v e  D i f f u s i v i t y ,  De: 

The De of  a c e t i c  a c i d  i n  t h e  s a t u r a t e d  zone of  t h e  emulsion 
g l o b u l e  was e s t i m a t e d  from t h e  Jefferson-Witzell-Sibbett 
e q u a t i o n  (1  1 ) . 
The v i s c o s i t y  of  t h e  membrane phase w a s  3.53 x 10-3 N s / m 2  
(298 K )  and t h e  molar volume of  a c e t i c  a c i d  a t  i ts  normal 
b o i l i n g  p o i n t  w a s  64.1 x 10-3 m3/kmol. 
298 K ,  De = 5.43 x 

S a u t e r  Diameter ,  d32, o f  t h e  Emulsion Globule:  

Adpoting t h e  photographic  t e c h n i q u e  and u s i n g  t h e  e q u a t i o n  

d32 = - 
and 0.90 m m ,  r e s p e c t i v e l y .  

Mass T r a n s f e r  C o e f f i c i e n t ,  K ,  i n  E x t e r n a l  Boundary Layer: 

S k e l l a n d  e t  a1 (14)  sugges ted  a c o r r e l a t i v e  e q u a t i o n  of a 
cont inuous  phase under  t h e  c o n d i t i o n s  o f  lower i n t e r f a c i a l  
t e n s i o n  a s  w e l l  as t h e  l i q u i d  depth  being e q u a l  t o  t h e  
d i a m e t e r  of  s t i r r e r ,  a f t e r  s t u d y i n g  t h e  v a l u e  o f  K of 
c a r b o x y l i c  a c i d  i n  t h e  aqueous phase. 

T h e r e f o r e ,  a t  
m 2 / s .  

r n i d i  3 
t h e  d32 a t  400 and 500 rpm w a s  found t o  be 1.08 

E n i d i 2  ' 

K i s  c a l c u l a t e d  t o  be 1.38 x 10-5 and 2.01 x 10-5 m / s  a t  400 
and 500 rpm, r e s p e c t i v e l y .  The v a l u e  o f  M is ,  t h e r e f o r e ,  
0.0730 and 0.0601, r e s p e c t i v e l y .  
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810 Y A N ,  HUANG, AND S H I  

Making a comparison between model p r e d i c t i o n 6  and e x p e r i -  
menta l  d a t a  i n  F i g .  5, it is a p p a r e n t  t h a t  when H e q u a l s  z e r o ,  
t h a t  is t o  s a y ,  mass t r a n s f e r  r e s i s t a n c e  i n  t h e  boundary l a y e r  
of  t h e  e x t e r n a l  phase is  n e g l e c t e d  and t h e  p r e d i c t i o n s  are  
c a l c u l a t e d  from t h e  Advancing Front  Model, t h e  d e v i a t i o n  between 
t h e  p r e d i c t i o n 6  and t h e  exper imenta l  d a t a  is a p p r e c i a b l y  l a r g e r .  
When t h e  mass t r a n s f e r  r e s i s t a n c e  i n  t h e  boundary l a y e r  of  t h e  
e x t e r n a l  phase is taken  i n t o  account ,  t h e  c a l c u l a t e d  v a l u e s  a r e  
i n  good agreement w i t h  t h e  exper imenta l  d a t a  on ba tch  e x t r a c t i o n  
o f  a c e t i c  a c i d  from wastewater. 

THE SWELL OF EMULSION 

Swel l  phenomenon i m p l i e s  t h e  g r e a t e r  change of  emulsion 
volume whi le  t h e  emulsion is be ing  a g i t a t e d  i n  t h e  e x t e r n a l  
phase. The s w e l l  56 harmful  t o  t h e  LSM i n  two a e p e c t s .  
F i r s t l y ,  it d i l u t e s  t h e  i n t e r n a l  phase and makes t h e  r e c y c l e  o f  
t h e  emulsion d i f f i c u l t .  Secondly,  i t  changes t h e  hydrodynamic 
p r o p e r t i e s  of t h e  emulsion so t h a t  t h e  d e s i g n  of  equipment 
become6 d i f f i c u l t .  The s w e l l  i s  caused by two f a c t o r s ,  one is 
ent ra inment  d u r i n g  mixing, t h e  o t h e r  is  water  permeat ion from 
e x t e r n a l  t o  i n t e r n a l  due t o  t h e  osmotic  p r e s s u r e  d i f f e r e n c e .  
I n  t h i s  paper ,  t h e  f a c t o r s a f f e c t i n g  swell  and t h e  s w e l l i n g  
mechanism of  en t ra inment  have been s t u d i e d .  

100.0 

3? 
a: 
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.. 
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ld 
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c 
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0 Experimental data  

Model pred ic t ions  

I I I I 
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R = ~ . ~ ~ I N I I  

0 Experimental da ta  

Model predict ion6 

0 5 10 15 
t (min.) 

F i g .  5 Comparison of  model p r e d i c t i o n 6  wi th  exper imenta l  
d a t a  f o r  t h e  removal of  a c e t i c  a c i d  
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REMOVAL OF A C E T I C  ACID FROM WASTEWATER WITH LSM 813 

The Effect of Entrainment 

Deionized water or equal concentration of NaCl solution was 
used as both internal and external phases. The results obtained 
are plotted in line b of Fig. 6. It is obvious that the entrain- 
ment swell is proportional to the mixing time, but even after 
stirring for 60 min, the percentage swell is still below 8%. 
This shows that the effect of entrainment on swell is fairly 
small compared to other effects described below. 

The Effect of Osmotic Pressure Difference 

The experiments were carried out under the following two 
conditions, 3M NaCl or 3M NaOH solution was used as internal 

Internal External 

HpO 3M NaOH 
0 % NaCl 3M NaCl 

0 3M NaOH HAc 

Re, = 1/5 

N = 500 

R0- i  = 2 

b -  
t3 
I I 

I I I I I I 
o 10 20 30 40 50 60 

t (min.) 

Fig. 6 Swel l  of emulsion at 
various conditions 
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812 Y A N ,  HUANG, AND S H I  

phase, while deionized water was used as the external phase in 
both cases. The data illustrated in line c of Fig. 6 represent 
the summation of the effects of entrainment and water permeation. 
It may be seen by comparing line b with line c that water per- 
meation influences the swell more than entrainment does. 

When the experimental condition is inversed, namely, 
deionized water aa internal and 3M NaCl solution as external, 
water will be transferred from internal phase to external phase 
as shown in line a of Fig. 6 .  

Increasing the NaOH concentration in the internal phase 
results in increasing the osmotic pressure difference between 
the internal and external phase, as well as raising the swelling 
rates. It is found from Fig. 7 that the percentage swell varies 
with the NaOH concentration in the internal phase. 

The Effect of Mass Transfer of Acetic Acid 

By comparing curve d in Fig. 6 ,  where 3H NaOH was used as 
internal and 0.0861N HAc as external, with curve c, where 
deionized water as external, it is evident that in the case of 
mass transfer of acetic acid, the swell of emulsion increases, 
especially at the beginning of stirring. The reason mag be that 

5 30.04 / 

0 N = 500 rpm. k 
QJ n 

0 1.0 2.0 3.0 4.0 

Cio 

External phase: Deionized water 

Fig. 7 The effect of internal NaOH 
concentration on swell 
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REMOVAL O F  A C E T I C  A C I D  FROM WASTEWATER W I T H  LSM 813 

t h e  h i g h e r  c o n c e n t r a t i o n  of  a c e t i c  a c i d  i n  t h e  e x t e r n a l  phase 
r e s u l t s  i n  a h i g h e r  e q u i l i b r i u m  c o n c e n t r a t i o n  i n  t h e  membrane 
phase,  and a n  increment  of  p o l a r  m a t t e r  i n  t h e  membrane r e s u l t s  
i n  a n  i n c r e a s e  i n  t h e  s o l u b i l i t y  o f  water ,  so t h e  t r a n s f e r  rate 
o f  water  towards t h e  i n t e r n a l  phase becomes more r a p i d .  

The E f f e c t  o f  S u r f a c t a n t  and C a r r i e r  A d d i t i v e s  

Table  1 shows t h a t  t h e  h i g h e r  t h e  c o n c e n t r a t i o n  of  sur- 
f a c t a n t ,  t h e  more t h e  swell. of  emulsion. Because t h e  s o l u b i l i z a -  
t i o n  o f  s u r f a c t a n t  r e s u l t s  i n  i n c r e a s i n g  t h e  s o l u b i l i t y  of  water  
i n  t h e  membrane phase,  t h e  t r a n s f e r  of  water  can be a c c e l e r a t e d ,  
t h u s  t h e  s w e l l  i n c r e a s e s .  The a d d i t i o n  of  c a r r i e r  TBP i n  t h e  
membrane a l s o  promotes t h e  s w e l l  as  shown i n  Table  1. 

The E f f e c t  of  Redispers ion  and S t i r r i n g  Speed 

When s t i r r i n g  speed reached  3 ,  5 and 10 minutes ,  s t i r r i n g  
paused f o r  one minute so t h a t  t h e  emulsion and t h e  e x t e r n a l  phase 
could  be s e p a r a t e d  and t h e n  s t i r r e d  aga in .  It was found from 
Table  1 t h a t ,  a f t e r  c o a l e s c e n c e  and r e d i s p e r s i o n  took p l a c e  t h r e e  
t i m e s ,  t h e  s w e l l  o f  t h e  emulsion i n c r e a s e d  and t h e  e x t e r n a l  phase 
w a t e r  d i s a p p e a r e d  whi le  mass t r a n s f e r  of a c e t i c  a c i d  occurred .  
I t ,  t h e r e f o r e ,  seems t h a t  a m u l t i s t a g e  m i x e r - s e t t l e r  is u n s u i t a b l e  
f o r  l i q u i d  membrane o p e r a t i o n .  

F ig .  8 shows t h a t  t h e  s w e l l  r a p i d l y  i n c r e a s e s  wi th  s t i r r i n g  
speed.  These r e s u l t s  can be e x p l a i n e d  a s  fo l lows:  because a n  
e x c e s s  of  s u r f a c t a n t  e x i s t s  i n  t h e  membrane, a n  a d s o r b i n g  l a y e r  
o f  s u r f a c t a n t  is formed on t h e  curved s u r f a c e  where t h e  membrane 
phase c o n t a c t s  e n t r a i n e d  water  d r o p l e t s  t o  reduce t h e  i n t e r f a c i a l  
t e n s i o n .  T h i s  procedure  i s  shown g r a p h i c a l l y  i n  F ig .  9. 

TABLE 1 
The E f f e c t  of S u r f a c t a n t  and C a r r i e r  on t h e  Emulsion Swel l  

I n t e r n a l  
'8 (%) phase 

E x t e r n a l  s(%) 
phase Notes  

3.0 3.OjM NaOH H20 18.5 
5.0 3.03M N a O H  H20 23.0 

7.0 3.0jM NaOH H20 26.6 
8.7 3.03M NaOH H2O 27.4 

8.7 3.03M NaOH H20 
Coalescence and  

t i m e s  
40.7 r e d i s p e r s i o n  t h r e e  

8.7 3.OOM N a C l  H20 29.6 
8.7 3.03M NaOH 0.0861M HAc 42.2 

8.7 j.03N NaOH 0.0861~ HAc 46.7 1% TBP i n  membrane 

Raw = ?/3, R o i  = 2, N = 500 rpm, t = 30 min. 
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814 Y A N ,  H U A N G ,  AND SHI 

350 400 450 500 550 600 

N (rpm) 

Fig .  8 The e f f e c t  o f  s t i r r i n g  speed 
on the  emulsion swel l  

Dnulsion globule 

Before coalescence  After coalescence  

Surf ac tant  - 
Hydrophobic Hydrophilic 

F i g .  9 Swel l ing  mechanism of entrainment 
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REMOVAL OF ACETIC A C I D  FROM WASTEWATER WITH LSM 815 

According t o  S t o k e s '  l a w ,  t h e  subs idency  v e l o c i t y  of  r i g i d  
d r o p l e t s  i n  v i s c o u s  f l u i d  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  
drop  d iameter .  The b i g g e r  e n t r a i n e d  d r o p l e t s  a r e  enough t o  
s e t t l e  from t h e  emulsion by g r a v i t y  f o r c e ,  but  t h e  smaller drop- 
l e t s  a r e  s t i l l  l e f t - i n - p l a c e  so t h a t  t h e  volume o f  t h e  emulsion 
expands. The more t h e  r e p e t i t i o n  of coa lescence  and r e d i s p e r s i o n ,  
t h e  more t h e  e n t r a i n e d  d r o p l e t s  and s w e l l .  

I n  a n  a g i t a t e d  v e s s e l ,  t h e  emulsion g l o b u l e s  a r e  broken n e a r  
t h e  t i p  o f  t h e  i m p e l l e r  b l a d e s  and a r e  swept away r a p i d l y  t o  p a r t s  
o f  t h e  v e s s e l  away from t h e  i m p e l l e r  where t h e y  tend  t o  c o a l e s c e .  
Hence, t h e  emulsion g l o b u l e  s i z e  d i s t r i b u t i o n  a t  a g iven  c o n d i t i o n  
is caused by t h e  dynamic ba lance  o f  c o a l e s c e n c e - r e d i s p e r s i o n  (15). 
and t h e  f r e q u e n c i e s  of  c o a l e s c e n c e - r e d i s p e r s i o n  would be h i g h e r  
and t h e  g l o b u l e s  would be smaller when t h e  s t i r r i n g  speed is  
f a s t e r  ( 7 6 ) .  A s  t h e  g l o b u l e  s i z e  d e c r e a s e s ,  t h e  e n t r a i n e d  drop- 
l e t s  become t o o  small t o  be s e t t l e d  from t h e  emulsion,  t h e n  t h e  
s w e l l  o f  emulsion r a p i d l y  i n c r e a s e s .  

CONCLUSIONS 

A new d i f f u s i o n  c o n t r o l l e d  mass t r a n s f e r  model i n  t h e  LSM h a s  
been developed. R e s i s t a n c e  i n  both  t h e  e x t e r n a l  boundary l a y e r  
and t h e  membrane a r e  cons idered  s imul taneous ly .  Approximate 
a n a l y t i c a l  s o l u t i o n s  of non- l inear  e q u a t i o n s  have been o b t a i n e d  
by t h e  p e r t u r b a t i o n  method. The parameter  M ,  i n c l u d e d  i n  t h e  
s o l u t i o n s ,  r e p r e s e n t s  t h e  r a t i o  o f  r e s i s t a n c e  i n  e x t e r n a l  boundary 
l a y e r  t o  maximum r e s i s t a n c e  i n  emulsion g lobules .  I f  M e q u a l s  
z e r o ,  t h e  s o l u t i o n s  a r e  t h e  same as t h o s e  of  t h e  Advancing F r o n t  
Model. Experimental  d a t a  on b a t c h  e x t r a c t i o n  of  a c e t i c  a c i d  are  
i n  good agreement w i t h  t h e  model p r e d i c t i o n s .  Usual ly ,  t h e  zero-  
o r d e r ,  or pseudo-steady s t a t e  s o l u t i o n  a l o n e  can be a p p l i e d  t o  
d e s c r i b e  t h e  mas6 t r a n s f e r  p r o c e s s  i n  t h e  l i q u i d  membrane. 

The s w e l l  o f  emulsion can be c l a s s i f i e d  i n t o  two t y p e s  - 
permeat ion and en t ra inment .  I n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  
i n t e r n a l  r e a g e n t  and s u r f a c t a n t  r e s u l t s  i n  t h e  i n c r e a s e  of  s w e l l -  
i n g  r a t e .  When t h e  c o n c e n t r a t i o n  o f  t h e  i n t e r n a l  r e a g e n t  is 
h i g h e r ,  t h e  e f f e c t  o f  water permeat ion is  more t h a n  t h a t  o f  
en t ra inment  on s w e l l .  

Repeated coa lescence  and r e d i s p e r s i o n ,  as  well as  v igorous  
s t i r r i n g ,  w i l l  r a i s e  t h e  s w e l l  due t o  en t ra inment .  So i t  seems 
t h a t  t h e  m u l t i s t a g e  m i x e r - s e t t l e r  is u n s u i t a b l e  f o r  l i q u i d  
membrane o p e r a t i o n .  

NOTATION 

B = (1-3/E)'/3 
C - HAc c o n c e n t r a t i o n  i n  s a t u r a t e d  zone o f  emulsion 

g l o b u l e s ,  mol/l 

C i 0  - i n i t i a l  NaOH c o n c e n t r a t i o n  i n  i n t e r n a l  phase ,  mol/l 
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816 Y A N ,  HUANG,  AND SHI 

D W  

E 

L 

M 

X 

- BAc c o n c e n t r a t i o n  i n  e x t e r n a l  phase ,  mol/l 

- i n i t i a l  HAc c o n c e n t r a t i o n  i n  e x t e r n a l  phase,  mol/l 

- s u r f a c t a n t  c o n c e n t r a t i o n  i n  membrane (wt.%) 

- S a u t e r  d iameter  of  emulsion g l o b u l e s ,  m 
- i m p e l l e r  d iameter ,  m 
- e f f e c t i v e  d i f f u s i v i t y  i n  s a t u r a t e d  zone o f  emulsion 

g l o b u l e s ,  m 2 / s  

d i f f u s i v i t y  i n  e x t e r n a l  phase,  m2/s - 

ce - -  
- Ceo 
- z e r o  and f i r s t - o r d e r  terms i n  p e r t u r b a t i o n  expansion 

= ho + & h i ,  f i r s t - o r d e r  p e r t u r b a t i o n  s o l u t i o n  f o r  h 

= mass t r a n s f e r  c o e f f i c i e n t  of  a c e t i c  a c i d  i n  e x t e r n a l  

f o r  h 

boundary l a y e r ,  m/s 
1 
U M  

KR 

= -  

De = -  

- s t i r r i n g  speed ,  r p e  

- s t i r r i n g  speed,  rpm 
= 

= n2D3Pc/a, Weber number 

- r a d i a l  c o o r d i n a t e  i n  emulsion g l o b u l e s ,  m 

- r a d i u s  of  emulsion g l o b u l e s ,  m 
- volume r a t i o  o f  emulsion phase t o  e x t e r n a l  phase 

- r e a c t i o n  f r o n t  p o s i t i o n ,  m 
- volume r a t i o  o f  membrane phase t o  i n t e r n a l  phase 

- t ime,  min 

- d i a m e t e r  of  a g i t a t i o n  v e s s e l ,  m 

- volume of  emulsion phase,  1 
- volume of  i n t e r n a l ,  membrane and e x t e r n a l  phase,  

nD2 Pc/,uc, a g i t a t i o n  Reynolds number 

r e s p e c t i v e l y ,  1 

Rf - -  
R 
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Greek Letters 

a =  

a' = 

E -  

4 =  

pc - 
u -  
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