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SEPARATION SCIENCE AND TECHNOLOGY, 22(2&3). 819-829,1987 

Study of Operating Condition Affecting Mass Transfer Rate in Liquid 
Surfactant Membrane Process 

XIN-SHENC MA, and YA-JUN SHI 

CHEMICAL ENGINEERING KESEAKCH CENTRE 
EAST CHINA INSTITUTE OF CHEMICAL TECHNOLOGY 
130 MEILONG ROAD 
SHANGHAI 200237, CHINA 

ABSTRACT 

The removal of  a c e t i c  a c i d  from i t s  d i l u t e  s o l u t i o n  
by l i q u i d  s u r f a c t a n t  membrane (LSM) h a s  been i n v e s t i -  
g a t e d  by ba tch  t e s t .  Some impor tan t  f a c t o r s  a f f e c t -  
i n g  t h e  mass t r a n s f e r  ra te ,  such as  s u r f a c t a n t  and 
i t s  c o n t e n t ,  s t i r r i n g  speed ,  r a t i o  of  r e a g e n t s ,  
t r e a t i n g  r a t i o  and volume r a t i o  o f  membrane phase t o  
i n t e r n a l  phase,  have been s t u d i e d .  The breakage and 
t h e  s w e l l i n g  of  t h e  emulsion have a l s o  been i n v e s t i -  
ga ted .  The t r a n s p o r t  mechanism of  HAc a c r o s s  t h e  
membrane i n  t h e  system is r e f e r r e d  t o  as  1-11 
f a c i l i t a t e d  t r a n s p o r t  mechanism. 

I N T R O D U C T I O N  

The LSM method w a s  advanced by N.N. L i  i n  1968(1). Such 
membranes a r e  c h a r a c t e r i z e d  by l a r g e  c o n t a c t  a r e a s ,  f a s t  r a t e  o f  
mass t r a n s f e r  and h igh  e f f i c i e n c y  of  s e p a r a t i o n .  More a t t e n t i o n  
h a s  been p a i d  t o  LSM method which i s  a p p l i c a b l e  f o r  many 
i n d u s t r i a l  p r o c e s s e s  (2 -7) .  However, i t  is a new technique  and 
t h e r e  a r e  s t i l l  many problems wi th  LSM t o  be s t u d i e d .  

I n  t h i s  paper ,  aqueous s o l u t i o n  of  a c e t i c  a c i d  (HAc) was 
used t o  i n v e s t i g a t e  some impor tan t  f a c t o r s  which a f f e c t  t h e  mass 
t r a n s f e r  r a t e  i n  LSM. 
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820 MA AND SHI 

EXPERIMENT A N D  HANDLING OF DATA 

The exper iments  were c a r r i e d  o u t  i n  a n  exper imenta l  s t i r r i n g  
v e s s e l  o f  92 mm d iameter .  
b l a d e  p r o p e l l e r  stirrer of  41 mm d i a m e t e r  and o f  12.5 mm width.  
During t h e  p r o c e s s e s  o f  e m u l s i f y i n g  and e x t r a c t i o n ,  t h e  t o t a l  
volumes o f  t h e  l i q u i d s  were 260 m l  and 480 m l ,  r e s p e c t i v e l y .  

The l i q u i d s  were s t i r r e d  by a f o u r -  

A l l  t e s t s  were under taken  under  t h e  a tmospher ic  p r e s s u r e  a t  
20 OC. The o t h e r  exper imenta l  c o n d i t i o n s  for each t e s t  a r e  shown 
i n  t h e  f i g u r e s .  

NaOH (CP) aqueous s o l u t i o n  w a s  used a s  a n  i n t e r n a l  phase ( I ) .  
N205 - kerosene  w a s  t h e  membrane phase (11) .  Where, N2O5, having  
a n  a v e r a g e  molecular  weight o f  790, is a nonionic  polyamine 
d e r i v a t i v e  (8 ) .  The average  molecular  weight o f  kerosene  is  190. 
An emulsion of t h e  phase (I) and phase (11)  was c r e a t e d  a t  a 
s t i r r i n g  speed o f  1600 rpm for 20 minutes .  Then t h e  emulsion was 
d i s p e r s e d  i n t o  t h e  e x t e r n a l  phase (111) which is a n  HAc s o l u t i o n .  
The samples  of  t h e  e x t e r n a l  phase were p icked  a t  r e g u l a r  i n t e r v a l s  
f o r  t h e  d e t e r m i n a t i o n  of t h e  c o n c e n t r a t i o n s  o f  HAc and sodium ion.  

The c o n c e n t r a t i o n  of  HAc w a s  ana lyzed  by t i t r a t i o n .  The 
c o n c e n t r a t i o n  o f  sodium i o n  w a s  determined by means o f  sodium i o n  
e l e c t r o d e .  

The exper imenta l  d a t a  were handled by t h e  f o l l o w i n g  
e q u a t i o n s  : 

car, - cm 
9 =  x loo$ 

C E O  

Cr, ‘VI 
rE = - x 100% 

Cmo ‘VY 

(1) 

where 

7 - removal e f f i c i e n c y  o f  HAc, $ 

Eb - breakage of  t h e  emulsion,  $ 

E, - s w e l l i n g  o f  t h e  emulsion,  $ 

i n  i n t e r n a l  phase ,  M 

HAc i n  t h e  e x t e r n a l  phase,  r e s p e c t i v e l y ,  M 

Cr, - o r i g i n a l  c o n c e n t r a t i o n  o f  NaOH s o l u t i o n  

C m O , C m  - o r i g i n a l  and i n s t a n t a n e o u s  c o n c e n t r a t i o n  of  

(3) 

( 4 )  
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OPERATING CONDITION AFFECTING MASS TRANSFER RATE 821 

[Na+Jx , - c o n c e n t r a t i o n  of  sodium i o n  i n  t h e  i n t e r n a l  
and e x t e r n a l  phases ,  r e s p e c t i v e l y ,  M 

'E - r a t i o  o f  e q u i v a l e n t s  of i n t e r n a l  r e a g e n t  and 
e x t e r n a l  s o l u t e  

phases ,  r e s p e c t i v e l y ,  m 3  

emulsion,  r e s p e c t i v e l y ,  m 3  

V,,V, - volumes of  t h e  i n t e r n a l  and t h e  e x t e r n a l  

Ve,,Ve - o r i g i n a l  and i n s t a n t a n e o u s  volumes of  t h e  

RESULTS A N D  DISCUSSIONS 

The Removal E f f i c i e n c y  of  HAc 

The removal e f f i c i e n c y  of  HAc r e s u l t s  mainly from t h e  r a t i o  
of  r e a g e n t s  ( r E ) ,  t h e  s t i r r i n g  speed (N), t h e  t r e a t i n g  r a t i o  
(Va /V and t h e  volume r a t i o  o f  membrane phase t o  i n t e r n a l  phase 
(VU/VI?. The e f f e c t s  of t h e s e  f a c t o r s  on t h e  removal e f f i c i e n c y  
o f  HAc a r e  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  f i g u r e s .  

It can be s e e n  from Fig .  1 t h a t  t h e  c o n c e n t r a t i o n  o f  HAc i n  
e x t e r n a l  phase d e c r e a s e s  i n t e n s e l y  wi th  t h e  i n c r e a s i n g  of  
s t i r r i n g  speed. The reason  o f  t h i s  phenomenon is t h a t  t h e  t o t a l  
a r e a s  o f  mass t r a n s f e r  i n  t h e  system i n c r e a s e  a t  h igh  s t i r r i n g  
speed ,  whi le  t h e  s i z e  o f  emulsion g l o b u l e s  decreases .  But t h e  
s t a b i l i t y  o f  t h e  emulsion d e c r e a s e s  a t  h igh  s t i r r i n g  speed s i n c e  
t h e  membrane can n o t  s t a n d  t h e  h igh  s h e a r i n g  f o r c e .  Curve B 
shows t h a t  t h e  c o n c e n t r a t i o n  of  sodium i o n  i n  e x t e r n a l  phase 
i n c r e a s e s  w i t h  N, i . a .  t h e  breakage o f  t h e  emulsion i n c r e a s e s  
w i t h  N .  However, when N<350 rpm, t h e  c o n c e n t r a t i o n  o f  N a  i o n  
keeps i n  a low va lue .  

The r a t i o  of  e q u i v a l e n t s  o f  i n t e r n a l  phase r e a g e n t  t o  ex- 
t e r n a l  s o l u t e  (which can be b r i e f l y  c a l l e d  t h e  r a t i o  of  r e a g e n t s )  
is a measure o f  t h e  emulsion c a p a c i t y .  Two groups o f  exper iments  
(A and B) were a r r a n g e d  t o  i n v e s t i g a t e  t h e  e f f e c t  of r E  o n q  . 

It can be found from F i g .  2 ,  

1. t h e  e f f e c t s  o f  rE  on q can be d i v i d e d  i n t o  two s e c t i o n s ,  when 
q < 5 ,  t h e  t r a n s p o r t  o f  HAc is  g r e a t l y  promoted by i n c r e a s i n g  
rE ,  when r ~ 7 5 ,  t h e  e f f e c t  o f  rE  on 7 is n o t  a p p r e c i a b l e .  

2. comparing t h e  curve  o f  I 0  minutes  with t h e  curve  o f  5 minutes, 
i t  i s  obvious t h a t  t h e  i n c r e a s i n g  e f f e c t  of  r E  on mass t r a n s -  
f e r  r a t e  i n  l o n g  e x t r a c t i o n  t ime is  more s i g n i f i c a n t  t h a n  
t h a t  i n  s h o r t  e x t r a c t i o n  t ime.  

The e f f e c t  o f  t h e  t r e a t i n g  r a t i o  (V,/Ve) on rl i s  
i l l u s t r a t e d  i n  F ig .  3. The removal e f f i c i e n c y  of  HAc d e c r e a s e s  
w i t h  t h e  i n c r e a s i n g  of t h e  t r e a t i n g  r a t i o  owing t o  t h e  f a c t  
t h a t  t h e  h i g h e r  t h e  t r e a t i n g  r a t i o ,  t h e  l e s s  t h e  volume o f  
emulsion i n  u n i t  volume o f  e x t e r n a l  phase,  consequent ly  t h e  
l ess  t h e  mass t r a n s f e r  areas. 
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a 2 2  MA AND SHI 

h 

v 
x 
F 

100- 

6 -I 

A : CIIl,, =0.0865M 
B: cI, =4.63M B 

0 Concentration of HAc 

x Concentration of Na' 

200 300 400 500 600 

Stirring speed, N (rpm) 

Fig. 1 Relationships of N to concentrations 
of HAc and Na+ in external phase 

o Test A at 5 min. x Test B at 5 min. 
0 Test A at 10 min. A Test B at 10 min. 

Fig. 2 Effect of rE o n q  
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OPERATING CONDITION AFFECTING MASS TRANSFER RATE 

80 - 

60 - 

40- 

20 - 

8 2 3  

r( I 
(d I I I I I I 

2 Treat ratio, Vrrl/Ve 

2 4 6 8 10 12 * 
0 
6 

Fig. 3 Effect of treat ratio on q 

Fig. 4 shows that the effect of the volume ratio of membrane 
phase to internal phase (Vx/V*) on the removal efficiency of HAc 
is not as appreciable as the other factors aforementioned. In 
the range of V,/V,=O.8 to 2, the removal efficiency of HAc remains 
nearly the same. When Vn/V172, the removal efficiency reduces 
with the increasing of V,/V, slightly. 

The Breakage and SwellinE of the Emulsion 

The separation efficiency in LSM process will be much reduced 
because of the breakage of the emulsion. It can be seen that the 
rate of the emulsion breakage is related to the concentration of 
NaOH solution in internal phase. The higher the concentration, 
the more the breakage of the emulsion. The emulsion breakage 
increases with the stirring time. But the breakage of the 
emulsion is less than 2% within 60 minutes dispite the concentra- 
tion of NaOB solution is as high as 6M (see Fig. 5). 
results confirm that this type of emulsion is stable enough for 
a lot of industrial application. 

These 

The breakage of the emulsion can be reduced by increasing 
the surfactant content in the membrane phase. In this paper, 
N 205 was used as a surfactant. The effect of the concentration 
of N2O5 on Eb is shown in Fig. 6. The emulsion breakage 
decreases with the increasing of N205 concentration and levels 
off when the N2O5 concentration is above 6% (by weight). 

The swelling of the emulsion can also reduce the concentra- 
tion efficiency of the LSM process. On the other hand, swelling 
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8 2 4  MA AND SHI 

10 min. 

8o N-205: 8%; CIrI,=0.0865M; 

Fig. 4 Effect of V,,/V, on 11 

P w 
k 

abp 

- 3.0 
O -  

3 * 2.0 
b D v  

( d o  a *A 
kUI 

$ 
B 
0 

m d  1.0 

0 10 20 30 40 50 60 70 80 
S t i r r i n g  time, t (min.) 

N205 - 8 % ( w t . )  
CIIIo = 0.0865~ v,,/v, = 2 

v,/v, = 3 N = 300 rpm 

Fig. 5 R e l a t i o n  of Eb t o  s t i r r i n g  t ime 
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OPERATING CONDITION AFFECTING MASS TRANSFER RATE 82 5 

0 
M 
3 ld rd 0 Iomm 2 4 6 8 I 0  12 

k 
m C o n c e n t r a t i o n  of N-205 (wt. %> 

E f f e c t  of N2O5 content On Eb Pig. 6 

makes t h e  membrane t h i n n e r  t h e r e b y  t h e  emulsion l e s s  s t a b l e .  t h e  
v a l u e  o f  t h e  s w e l l i n g  o f  emulsion i s  d e f i n e d  as  t h e  r a t i o  of  t h e  
volume increment  t o  t h e  o r i g i n a l  volume of  t h e  emulsion ( s e e  
Eq. 3 ) .  

Two r e a s o n s  for s w e l l i n g  have been proposed by T e r r y  e t  
a1 (71, 

1. s w e l l i n g  owing t o  osmotic  p r e s s u r e ,  

2. s w e l l i n g  caused by t h e  "entrainment"  of  a d d i t i o n  water  
d u r i n g  t h e  d i s p e r s i o n  process .  

The r e s u l t s  o f  p r e s e n t  experiment i n d i c a t e  t h a t  d u r i n g  t h e  
c o n t a c t i n g  p r o c e s s  o f  emulsion and e x t e r n a l  phase ,  t h e  s w e l l i n g  
of t h e  emulsion is  caused by t h e  osmotic  p r e s s u r e  on two s i d e s  o f  
t h e  membrane i f  t h e r e  is no r e d i s p e r s i o n  o f  t h e  emulsion. But i f  
t h e  emulsion phase is  r e d i s p e r s e d  a f t e r  coa lescence ,  t h e  s w e l l i n g  
w i l l  i n c r e a s e  i n t e n s e l y .  The exper imenta l  r e s u l t s  a r e  l i s t e d  i n  
t h e  f o l l o w i n g  t a b l e s .  The c o n d i t i o n s  of  t h e s e  t e s t s  a r e  as 
fo l lows:  

Vee = 50 m l  v,/ve = 3 
v,/v: = 2 N = 300 rpm 

~ 2 0 5  - 8% (wt.1 

s t i r r i n g  t ime = 30 min. 

Table  1 shows t h a t  i f  t h e r e  is no osmotic  p r e s s u r e  and 
coa lescence  o f  emulsion,  t h e  e f f e c t  o f  "entrainment"  o f  water  on 
s w e l l i n g  is  n e g l i g i b l e  ( t h e s e  v a l u e s  a r e  w i t h i n  t h e  bounds o f  
exper imenta l  e r r o r ) .  
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8 2 6  MA AND S H I  

TABLE 1 
E f f e c t  o f  "Entrainment" of  Water d u r i n g  Mixing P r o c e s s  

No. I n t e r n a l  phase E x t e r n a l  phaae Es (%) 

1 2M NaOH 2M NaOH 0.4 
2 2M N a C l  2M N a C l  0 

3 0.1M N a C l  0.1M N a C l  -0.6 
4 H 20 H 20 0.2 

The d a t a  i n  Table  2 were o b t a i n e d  by s t o p p i n g  t h e  s t i r r i n g  
of  t h e  emulsion which w a s  r e d i s p e r s e d  whi le  t h e  emulsion g l o b u l e s  
have coa lesced .  The r e s u l t  shows t h a t  t h e  more t imes  t h e  
emulsion is  d i s p e r s e d ,  t h e  l a r g e r  t h e  s w e l l i n g  o f  t h e  emulsion. 
For  t h i s  reason ,  t h e  a p p l i c a t i o n  o f  m u l t i p l e  m i x i n g - s e t t l e r s  is 
not  a p p r e c i a t e d .  

Table  3 shows t h a t  t h e  s w e l l i n g  o f  emulsion is p r o p o r t i o n a l  
t o  t h e  osmotic  p r e s s u r e  between t h e  i n t e r n a l  phase and t h e  
e x t e r n a l  phase. 

However, t h e  emulsion s w e l l i n g  can be reduced by i n c r e a s i n g  
t h e  volume r a t i o  o f  membrane phase t o  i n t e r n a l  phase ,  s i n c e  such  
i n c r e a s i n g  h a s  not  much e f f e c t  on t h e  removal e f f i c i e n c y  o f  HAc. 
F ig .  7 i l l u s t r a t e s  t h a t  t h e  emulsion s w e l l i n g  d e c r e a s e s  w i t h  t h e  
i n c r e a s i n g  of  V,/V, d e s p i t e  t h e  h igh  osmotic  p r e s s u r e  on both  
s i d e s  o f  t h e  membrane a t t r i b u t e d  t o  t h e  h i g h  c o n c e n t r a t i o n  o f  
N a O H  s o l u t i o n  i n  t h i s  t e s t .  

The T r a n s p o r t  Mechanism of  HAc Across  t h e  Membrane 

It h a s  been known t h a t  HAc a s  a weak a c i d  h a s  a low but  
s i g n i f i c a n t  s o l u b i l i t y  i n  kerosene ,  so i t  can  permeate through 
t h e  membrane made by kerosene  a lone .  I n  a d d i t i o n ,  N2O5 was added 
t o  kerosene  f o r  t h e s e  experiments  and i t  can r e a c t  with HAc due 
t o  i t s  t h r e e  -A- f u n c t i o n a l  groups. T h e r e f o r e ,  N205 a c t s  as  both 
a n  e m u l s i f i e r  and a c a r r i e r  i n  t h e  system. The t r a n s p o r t  
mechanism o f  HAc a c r o s s  t h e  membrane may be i l l u s t r a t e d  schema- 
t i c a l l y  i n  F ig .  8 ,  where a c e t i c  a c i d  is t r a n s p o r t e d  a c r o s s  t h e  
membrane i n  two ways: 

1. The molecular  of a c e t i c  a c i d  permeates  through t h e  membrane 
as  a s o l u t e  o f  kerosene  based on t h e  p o t e n t i a l  d i f f e r e n c e  of  
i t s  c o n c e n t r a t i o n  a c r o s s  t h e  membrane. 

2. It t r a n s f e r s  a s  a n  e x t r a c t i o n  complex w i t h  N2O5. 
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OPERATING CONDITION AFFECTING MASS TRANSFER RATE 
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827 

60 min. The same condit ions  
as Fig. 4 

I I 1 

TABLE 2 
Effect  of  Coalescence and Redispersion of Ernulaion 

~~ ~~ ~ 

E,(%) Internal Ex t erna 1 Redispersion 
phase phase times (number) No. 

1 2M NaCl H20 
2 2M NaCl H20 
3 2M NaCl H 20 

0 12 

2 18.6 
5 35.0 

TABLE 3 
Effect  of Osmotic Pressure 

~~~ ~ ~ 

No. Internal phase External phase E, (%I 

1 2M NaCl 2M NaCl 0 

2 2M N a C l  0.1M NaCl 10 

3 2M NaCl H20 12 

4 H20 
5 H20 

H20 0.2 
0. IM NaCl -2 

6 H2O 2M NaCl -10 

Fig. 7 Effect Of Vp/Vj  On E8 
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80 - 

60 - 

40 - 

20 - 

MA AND SHI 

III/II II/I 

(111) (11) (I) 

External  Membrane Internal. 
phase phase phase 

N a +  

OH- 

HAC 

HAc+NaOH 
=NaAc +H20 

Fig. 8 Schematic diagram of mechanism of HAc 
transporting across the membrane 

min. 
The same conditions as Fig.6 

LI 4:: 
5 X/x -/ 

" 0 0 

I 
I I I I I I 1 

0 2 4 6 8 1 0 1 2 1 4  

Concentration of N-205 

Fig. 9 Effect of N2O5 content o n 7  
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OPERATING CONDITION AFFECTING MASS TRANSFER RATE 829 

These two forms of  mass t r a n s p o r t  were d e f i n e d  a s  t y p e  I and t y p e  
I1 f a c i l i t a t e d  t r a n s p o r t  mechanism r e s p e c t i v e l y  by M a t u l e v i c i u s  
e t  a l ( 2 ) .  
membrane is r e f e r r e d  t o  as  1-11 f a c i l i t a t e d  t r a n s p o r t  mechanism. 

I n  t h i s  paper ,  t h e  mechanism o f  BAc through t h e  

The f a c i l i t a t i n g  e f f e c t  of N2O5 on t h e  t r a n s p o r t  of  a c e t i c  
a c i d  is shown i n  Fig.  9. The removal e f f i c i e n c y  of  HAc i n c r e a s e s  
wi th  t h e  c o n c e n t r a t i o n  o f  N205. 

CONCLUSION 

The s t i r r i n g  speed ,  t h e  r a t i o  of r e a g e n t s  and t h e  t r e a t i n g  
r a t i o  have e v i d e n t  e f f e c t s  on t h e  r a t e  o f  mass t r a n s f e r  i n  t h e  
LSM s e p a r a t i o n .  The s w e l l i n g  o f  emulsion is mainly caused by 
both  t h e  coa lescence  and r e d i s p e r s i o n  of  emulsion and t h e  osmotic  
p r e s s u r e  o f  t h e  system. 
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