
CHAPTER VII
SURFACTANT-ENHANCED REGENERATION OF POLYMERIC RESIN IN

A VAPOR-PHASE APPLICATION

7.1 ABSTRACT

S u r f a c t a n t - e n h a n c e d  c a r b o n  r e g e n e r a t i o n  ( S E C R )  w a s  e m p l o y e d  t o  
r e g e n e r a t e  a  p o l y m e r i c  r e s i n  s a t u r a t e d  w i t h  t r i c h l o r o e t h y l e n e  ( T C E ) ,  u s i n g  a n  
a q u e o u s  s o l u t i o n  o f  t h e  a n i o n i c  s u r f a c t a n t  s o d i u m  d o d e c y l  s u l f a t e  ( S D S ) .  M o r e  t h a n  
9 5 %  o f  t h e  s o r b e d  T C E  w a s  r e m o v e d  i n  t h e  d e s o r p t i o n  o p e r a t i o n  w i t h  a  0 . 1  M  S D S  
s o l u t i o n  a t  a  s u p e r f i c i a l  f l o w  r a t e  o f  1  c m / m i n .  T h e  d e s o r p t i o n  r a t e  o f  T C E  f r o m  
p o r e s  o f  t h e  r e s i n  i s  l i m i t e d  b y  t h e  c o n c e n t r a t i o n  o f  S D S  i n  t h e  r e g e n e r a n t  a n d  i t s  
f l o w  r a t e .  F r o m  t h e  b r e a k t h r o u g h  c u r v e  o f  t h e  s u b s e q u e n t  a d s o r p t i o n  c y c l e  w i t h o u t  a  
f l u s h i n g  s t e p  f o l l o w i n g  t h e  d e s o r p t i o n ,  o n l y  4 0 %  o f  t h e  e f f e c t i v e  a d s o r p t i o n  c a p a c i t y  
o f  t h e  v i r g i n  r e s i n  i s  o b s e r v e d  f o r  t h e  r e g e n e r a t e d  r e s i n .  W i t h  a  w a t e r  f l u s h i n g  s t e p  
f o l l o w i n g  t h e  s u r f a c t a n t  r e g e n e r a t i o n  s t e p ,  t h e  e f f e c t i v e  a d s o r p t i o n  c a p a c i t y  i s  
s i g n i f i c a n t l y  i m p r o v e d  t o  a b o u t  6 0 %  o f  t h a t  o f  t h e  v i r g i n  r e s i n .  T h e r m a l  g r a v i m e t r i c  
a n a l y s i s  i n d i c a t e s  t h a t  t h e  r e d u c t i o n  i n  t h e  e f f e c t i v e  a d s o r p t i o n  c a p a c i t y  o f  
r e g e n e r a t e d  r e s i n  r e s u l t e d  f r o m  t h e  r e s i d u a l  S D S  r e m a i n i n g  i n  t h e  p o r e s  o f  t h e  r e s i n .  
T h e  r e g e n e r a t i o n  s t e p  i s  e q u i l i b r i u m  l i m i t e d  w h e r e a s  t h e  w a t e r  f l u s h i n g  s t e p  i s  r a t e  
l i m i t e d  u n d e r  t h e  s t u d i e d  c o n d i t i o n s .  D e s p i t e ,  t h e  l o s s  o f  s u b s e q u e n t  c y c l e  
a d s o r p t i o n  c a p a c i t y ,  S E C R  m a y  s t i l l  b e  e c o n o m i c a l  a s  a n  i n - s i t u ,  l o w  t e m p e r a t u r e  
r e g e n e r a t i o n  m e t h o d .

7.2 INTRODUCTION

A l t h o u g h  a d s o r p t i o n  o n  a c t i v a t e d  c a r b o n  f o r  r e m o v a l  o f  o r g a n i c  c o m p o u n d s  
f r o m  a q u e o u s  s o l u t i o n  a n d  g a s e o u s  s t r e a m  i s  o n e  o f  t h e  m o s t  f r e q u e n t l y  a p p l i e d  
t e c h n i q u e s  [ 1 ,  2 ] ,  a n  i m p o r t a n t  d i s a d v a n t a g e  i s  t h e  d i f f i c u l t y  a n d  e x p e n s e  o f  
r e g e n e r a t i o n  [ 3 - 5 ] .  P o l y m e r i c  a d s o r b e n t s  h a v e  b e e n  w i l d l y  i n v e s t i g a t e d  t o  r e m o v e  
o r g a n i c  c o m p o u n d s  f r o m  a q u e o u s  s o l u t i o n  a n d  g a s e o u s  s t r e a m  a n d  h a v e  b e e n
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e x t e n s i v e l y  u s e d  i n  m a n y  a p p l i c a t i o n s  [ 6 - 2 1 ] ,  M o r e o v e r ,  t h e y  c a n  b e  r e g e n e r a t e d  b y  
a c i d ,  b a s e ,  o r g a n i c  s o l v e n t ,  h o t  g a s  o r  s t e a m  a t  m o d e r a t e  t e m p e r a t u r e s ,  u l t r a s o u n d  
a n d  b i o - r e g e n e r a t i o n  [ 1 4 - 2 1 ] .  I n  t h i s  w o r k ,  s u r f a c t a n t - e n h a n c e d  c a r b o n  r e g e n e r a t i o n  
( S E C R )  w a s  a p p l i e d  t o  r e g e n e r a t e  a  p o l y m e r i c  r e s i n .

T h e  r e s i n  i s  a  r i g i d ,  n o n i o n i c ,  c r o s s  l i n k e d  m a c r o r e t i c u l a r  c o p o l y m e r  o f  
s t y r e n e  a n d  d i v i n y l  b e n z e n e ,  w i t h  h i g h  s u r f a c e  a r e a  a n d  a n  a r o m a t i c  n a t u r e  o f  i t s  
s u r f a c e  [ 2 0 ] .  I t  p o s s e s s e s  e x c e l l e n t  p h y s i c a l ,  c h e m i c a l  a n d  t h e r m a l  s t a b i l i t y  a n d  i t  i s  
a l s o  s t a b l e  o v e r  a  w i d e  p H  r a n g e  i n  a q u e o u s  s o l u t i o n .  I t s  c h a r a c t e r i s t i c  p o r e  s i z e  
d i s t r i b u t i o n  m a k e s  t h i s  r e s i n  a n  e x c e l l e n t  a d s o r b e n t  f o r  o r g a n i c  s u b s t a n c e s  o f  
r e l a t i v e l y  l o w  m o l e c u l a r  w e i g h t .  A  p r i m a r y  r e a s o n  f o r  i t s  u s e  h e r e  i s  t h a t  i t  i s  
e x p e c t e d  t o  h a v e  a  m o r e  h o m o g e n e o u s  d i s t r i b u t i o n  o f  e n e r g i e s  o f  a d s o r p t i o n  s i t e  t h a n  
a c t i v a t e d  c a r b o n ,  t h e  p r e s e n c e  o f  h i g h  e n e r g y  s i t e s  h a v i n g  b e e n  h y p o t h e s i z e d  t o  
a c c o u n t  f o r  t h e  d i f f i c u l t - t o - d e s o r b  h e e l  o f  a d s o r b e d  s u r f a c t a n t  f o l l o w i n g  a p p l i c a t i o n  
o f  S E C R  t o  a c t i v a t e d  c a r b o n  [ 2 2 , 2 5 ]

S u r f a c t a n t - e n h a n c e d  c a r b o n  r e g e n e r a t i o n  ( S E C R )  i s  a n  i n - s i t u  r e g e n e r a t i o n  
t e c h n i q u e  i n  w h i c h  a  s u r f a c t a n t  s o l u t i o n  a t  s u r f a c t a n t  c o n c e n t r a t i o n s  w e l l  a b o v e  t h e  
c r i t i c a l  m i c e l l e  c o n c e n t r a t i o n  ( C M C )  i s  p a s s e d  t h r o u g h  t h e  s p e n t  r e s i n .  T h e  s o r b a t e  
d e s o r b s  a n d  s o l u b i l i z e s  i n t o  m i c e l l e s  w h i c h  i n c r e a s e  t o t a l  s o r b a t e  s o l u b i l i t y  i n t o  t h e  
a q u e o u s  s o l u t i o n .  F o l l o w i n g  t h i s  s o r b a t e  d e s o r p t i o n  s t e p ,  r e s i d u a l  a d s o r b e d  s u r f a c t a n t  
c a n  b e  f l u s h e d  f r o m  t h e  r e s i n  u s i n g  w a t e r .  T h e  b e d  c a n  t h e n  b e  d r i e d  w i t h  w a r m  a i r .  
T h i s  t e c h n i q u e  i s  w e l l  d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  [ 2 2 ] .

T h e  o b j e c t i v e  o f  t h i s  w o r k  w a s  t o  i n v e s t i g a t e  t h e  r e g e n e r a t i o n  o f  r e s i n  
s a t u r a t e d  w i t h  t r i c h l o r o e t h y l e n e  ( T C E )  u s i n g  t h e  S E C R  t e c h n i q u e  a n d  m e a s u r e  
a d s o r p t i o n  c a p a c i t i e s  o f  r e g e n e r a t e d  r e s i n  i n  a  f i x e d - b e d  a d s o r b e r  i n  c o m p a r i s o n  t o  
v i r g i n  r e s i n .



8 8

7.3 MATERIALS AND EXPERIMENTAL SECTION 

Materials

A  p o l y m e r i c  r e s i n  X A D - 4  s u p p l i e d  b y  R o h m  a n d  H a a s  C o m p a n y  
( P h i l a d e l p h i a ,  U S A ) ,  w a s  u s e d  i n  t h e  a d s o r p t i o n  e x p e r i m e n t .  T h e  r e p o r t e d  B E T  
s u r f a c e  a r e a  a n d  a p p a r e n t  d e n s i t y  o f  r e s i n  a r e  7 5 0  m 2 / g  a n d  1 . 0 1  g / c m 3 ,  r e s p e c t i v e l y .  
T h e  a v e r a g e  p o r e  s i z e  o f  t h e  r e s i n  i s  r e p o r t e d  a s  5 . 1  n m  [ 1 6 - 1 8 ] ,  T h e  r e s i n  w a s  
p r e t r e a t e d  b y  e x t r a c t i n g  w i t h  m e t h a n o l  f o r  r e m o v a l  o f  t h e  r e s i d u a l  m o n o m e r  
r e m a i n i n g  t r a p p e d  w i t h i n  t h e  p o r e  s t r u c t u r e  a f t e r  p o l y m e r i z a t i o n .  T h e  r e s i n  w a s  t h e n  
r i n s e d  w i t h  d e i o n i z e d  w a t e r  3  t i m e s  t o  e l i m i n a t e  r e s i d u a l  m e t h a n o l  a n d  w a t e r  s o l u b l e  
m a t t e r ,  t h e n  d r i e d  i n  a n  o v e n  a t  6 0 ° c  f o r  2 4  h  a n d  w a s  k e p t  i n  a  d e s i c c a t o r .  
A n a l y t i c a l  g r a d e  9 9 %  p u r i t y  t r i c h l o r o e t h y l e n e  ( T C E )  f r o m  L a b - S c a n  A n a l y t i c a l  
S c i e n c e s  ( D u b l i n ,  I r e l a n d )  w a s  c h o s e n  a s  t h e  m o d e l  g a s - p h a s e  a d s o r b a t e .  T h e  
s u r f a c t a n t  u s e d  a s  t h e  r e g e n e r a n t  w a s  a n  a n i o n i c  s u r f a c t a n t ,  c h e m i c a l  g r a d e  9 5 %  
p u r i t y  s o d i u m  d o d e c y l  s u l f a t e  ( S D S )  s u p p l i e d  b y  A P S  A j a x  F i n e c h e m  ( A u b u r n ,  
N S W ,  A u s t r a l i a ) .  W a t e r  f o r  r e g e n e r a n t  p r e p a r a t i o n  a n d  f l u s h i n g  w a s  d e i o n i z e d  w a t e r .

Methods

T h e  a d s o r p t i o n  a n d  t h e  r e g e n e r a t i o n  e x p e r i m e n t s  w e r e  p e r f o r m e d  i n  a  2 . 5  c m  
I D  g l a s s  j a c k e t e d  c o l u m n  p a c k e d  w i t h  t h e  X A D - 4  r e s i n .  D y n a m i c  a d s o r p t i o n  
i s o t h e r m s  o f  T C E  w e r e  o b t a i n e d  b y  u s i n g  1 3 . 2  g  o f  t h e  r e s i n  ( c o r r e s p o n d i n g  t o  t h e  
b e d  h e i g h t  o f  7 . 2  c m ) .  T h e  c a l c u l a t e d  s u r f a c e  a r e a  o f  t h e  s o r b e n t  i s  e q u i v a l e n t  t o  t h a t  
o f  9  g  o f  g r a n u l a r  a c t i v a t e d  c a r b o n  ( G A C )  u s e d  i n  o u r  p r e v i o u s  w o r k  [ 2 2 ] .  T h e  
h e i g h t  o f  t h e  b e d  w a s  f i x e d  b y  a n  a d j u s t a b l e  p l u n g e r  t o  m i n i m i z e  t h e  v o i d  v o l u m e  i n  
t h e  b e d .  T h e  b r e a k t h r o u g h  c u r v e  e f f l u e n t  c o n c e n t r a t i o n  o f  T C E  f r o m  a n  a i r  s t r e a m  o n  
t h e  r e s i n  a t  30°c w a s  m e a s u r e d  a n d  a d s o r p t i o n  c a p a c i t y  c a l c u l a t e d  f r o m  i t .  T h e  
t e m p e r a t u r e  o f  t h e  c o l u m n  w a s  m a i n t a i n e d  a t  30°c b y  c i r c u l a t i n g  w a t e r  f r o m  t h e  
t e m p e r a t u r e  c o n t r o l l e d  w a t e r  b a t h  t o  t h e  j a c k e t  o f  t h e  c o l u m n .  A  c o n t i n u o u s  f e e d  
c o n c e n t r a t i o n  o f  T C E  i n  t h e  s i m u l a t e d  T C E  c o n t a m i n a t e d  a i r  w a s  g e n e r a t e d  b y
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c o n t i n u o u s  b u b b l i n g  a n  a i r  s t r e a m  i n t o  a  t e m p e r a t u r e  c o n t r o l l e d  s a t u r a t o r  b e f o r e  
m i x i n g  t h i s  T C E - s a t u r a t e d  a i r  s t r e a m  w i t h  t h e  m a i n  a i r  s t r e a m  i n  a  m i x i n g  c h a m b e r  
a t  a  p r e - c a l c u l a t e d  r a t i o .  A  s i m p l i f i e d  f l o w  s c h e m e  o f  t h e  e x p e r i m e n t a l  s e t u p  i s  
s h o w n  i n  F i g .  7 . 1 .

B e f o r e  e a c h  d y n a m i c  a d s o r p t i o n  e x p e r i m e n t ,  t h e  f r e s h  r e s i n  w a s  d r i e d  w i t h  
w a r m  a i r .  A  s i m u l a t e d  c o n t a m i n a t e d  a i r  s t r e a m  c o n t a i n i n g  1 , 0 3 0  p p m v  T C E  w a s  
t h e n  f e d  t o  t h e  b e d  o f  r e s i n  a t  a  f l o w  r a t e  o f  4 5 0  m L / m i n .  T h e  T C E  c o n c e n t r a t i o n  i n  
t h e  i n l e t  a i r  s t r e a m  a n d  i n  t h e  e f f l u e n t  a i r  s t r e a m  f r o m  t h e  c o l u m n  o f  r e s i n  w e r e  
a n a l y z e d  u s i n g  a  g a s  c h r o m a t o g r a p h  ( P e r k i n  E l m e r  M o d e l  A u t o S y s t e m  X L )  
e q u i p p e d  w i t h  a  C a r b o w a x  c o l u m n  a n d  a  t h e r m a l  c o n d u c t i v i t y  d e t e c t o r  ( T C D ) .

T h e  e n t i r e  r e g e n e r a t i o n  c y c l e  s t a r t e d  w i t h  d e s o r p t i o n  o f  T C E ,  r e m o v a l  o f  t h e  
e x c e s s  s u r f a c t a n t  b y  a  w a s h i n g  o r  w a t e r  f l u s h  s t e p ,  a n d  d r y i n g  t h e  b e d  o f  r e s i n .  T h e  
d e s o r p t i o n  o f  s o r b e d  T C E  f r o m  t h e  T C E - s a t u r a t e d  r e s i n  w a s  p e r f o r m e d  b y  p u m p i n g  
t h e  s u r f a c t a n t  s o l u t i o n  t h r o u g h  t h e  a d s o r p t i o n  c o l u m n  a s  s h o w n  i n  F i g .  7 . 1 .  T h e  
t e m p e r a t u r e  o f  t h e  b e d  o f  r e s i n  w a s  k e p t  a t  3 0 ° c .  A  s o l u t i o n  o f  S D S  a t  t h e  d e s i r e d  
c o n c e n t r a t i o n  ( 0 . 1 - 0 . 2  M )  w a s  f e d  u p w a r d  i n t o  t h e  T C E - s a t u r a t e d  r e s i n  c o l u m n  a t  t h e  
d e s i r e d  f l o w  r a t e  ( 5 - 1 5  m L / m i n ) .  T h e  f r a c t i o n s  o f  e f f l u e n t  s o l u t i o n  w e r e  p e r i o d i c a l l y  
c o l l e c t e d  a n d  a n a l y z e d  b y  a  P e r k i n  E l m e r  g a s  c h r o m a t o g r a p h  w i t h  a  H e a d s p a c e  
S a m p l e r  e q u i p p e d  w i t h  a  C a r b o w a x  c o l u m n  a n d  a  f l a m e  i o n i z a t i o n  d e t e c t o r  ( F I D ) .  
D e i o n i z e d  w a t e r  a t  a m b i e n t  t e m p e r a t u r e  ( 3 0 ° C )  w a s  f e d  u p w a r d  a t  a  d e s i r e d  f l o w  r a t e  
( 5 - 1 5  m L / m i n )  t o  f l u s h  o u t  e x c e s s  s u r f a c t a n t .  T h e  f r a c t i o n s  o f  e f f l u e n t  w a t e r  w e r e  
c o l l e c t e d  a n d  a n a l y z e d  b y  a  S h i m a d z u  t o t a l  o r g a n i c  c a r b o n  a n a l y z e r .  A f t e r  t h e  
f l u s h i n g  s t e p  ( o r  a f t e r  t h e  d e s o r p t i o n  s t e p ) ,  t h e  b e d  o f  r e s i n  w a s  d r a i n e d  a n d  d r i e d  
w i t h  h e a t e d  a i r  s t r e a m  ( 5 0 ° C )  u n t i l  t h e  m o i s t u r e  i n  t h e  e f f l u e n t  a i r  w a s  l e s s  t h a n  2 %  
r e l a t i v e  h u m i d i t y .

I n  o r d e r  t o  c o n f i r m  w h e t h e r  r e s i d u a l  S D S  r e m a i n e d  o n  t h e  s u r f a c e  o f  
r e g e n e r a t e d  r e s i n ,  t h e r m a l  g r a v i m e t r i c  a n a l y s i s  ( T G A ,  T G  5 0  M e t i e r )  w i t h  a  h e a t i n g  
r a t e  o f  5 ° c / m i n  w a s  u s e d .
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7.4 R E S U L T S  A N D  D ISC U SSIO N

B reakthrough  curve for  T C E  from  air

The adsorption experiment in the packed bed column containing 13.2 g of 
fresh resin reached the saturation (effluent TCE concentration reaches inlet TCE 
concentration) at around 400 min (equivalent to 15,000 pore volumes) as shown in 
Fig. 7.2a. A pore volume is the void space in the column containing resin and was 
measured to be 12 mL. The criterion indicating a breakthrough point is at C/Co 
(outlet concentration/inlet concentration) of 0.01 as defined in the previous work
[22] . The calculated amount of TCE adsorbed in the packed column is equal to 1.02 
g of TCE or 0.59 mmole TCE/g of the resin as shown in Fig 7.2b. This adsorbed 
value is lower than that of GAC with the same surface area, which is 3.87 g of TCE 
[22].

D esorption  o f  T C E

Organic solutes like TCE solubilize into the hydrophobic micellar interior
[23] . Total solubility of TCE in the aqueous solution increases with increasing 
surfactant concentration above the CMC (CMC = 0.08 M for SDS [24]). An aqueous 
solution of 0.1 M SDS (approximately 12xCMC) at a flow rate of 5 mL/min or a 
superficial linear flow rate of 1 cm/min was used for the desorption. The TCE 
concentration in the regenerant solution and the fraction of TCE desorbed is shown 
as a function of volume of regenerant solution used in Figs. 7.3 and 7.4, respectively. 
The sorbed TCE is rapidly desorbed with the first 200 pore volumes. The desorption 
of TCE rapidly decreases until around 500 pore volume and gradually decreases for 
the rest of the desorption step as shown in Fig 7.4. From Fig 7.4, approximately 80% 
of TCE easily desorbs while the other 20% desorbs with difficulty. It is hypothesized 
that 80% of TCE adsorbs in the macropore of the resin and 20 % in the mesopore. 
This would indicate that the resin is a macroreticular adsorbent compared to the gas- 
phase application GAC, which is a microreticular adsorbent where only 20% of TCE
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adsorbs in the mesopore and the rest in the micropore and submicropore [22]. 
However, for both cases, more than 95% of TCE can be desorbed from the bed. In 
this work, the total regenerant volume used around 1,300 pore volumes as shown in 
Fig 7.4.

E ffect o f  w ater  flush ing

After the desorption of TCE into the surfactant solution, the bed of resin was 
flushed with water at 30°c with a flow rate of 5 mL/min. This process was conducted 
until the SDS concentration in the effluent water was below the detectable limit (4 
ppm) to ensure that all desorbable SDS were removed. The breakthrough curve for 
TCE from air using the regenerated resin with the flushing step shows a higher 
adsorptive capacity than the regenerated resin without the flushing by a factor of two 
as shown in Fig. 7.2a. The improvement of its adsorptive capacity could be due to 
the removal of SDS adsorbed on the surface of resin by the flushing, thus, providing 
more adsorption sites for TCE. This phenomenon is consistent with what have been 
reported elsewhere [22, 25]. The residual surfactant on the surface of resin is 
responsible for the reduced adsorption capacity of the regenerated resin and the 
greater the amount of residual SDS, the worse the effect. This is the same behavior 
observed for the SECR of liquid-phase and vapor phase applications with GAC [22, 
25],

E ffect o f  regenerant flow  rate

Experiments using TCE-saturated resin were carried out with 0.1 M SDS at 
the flow rates of 5, 10, and 15 mL/min corresponding to the superficial velocities of 
1, 2, 3 cm/min, respectively, to desorb TCE from the carbon surface. The 
concentration profiles of TCE in the regenerant solution are shown in Fig. 7.5. The 
profiles of TCE show the same trend; initially, the concentration of TCE in the 
effluent solution increases with an increase in the SDS solution volume passing 
through the bed and reaches a maximum before gradually decreasing towards zero.
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From Fig. 7.5, the maximum TCE concentrations in the effluent from different 
regenerant flow rates are obtained at different times. This is different from the gas 
phase application GAC where the maximum TCE elutes out at the same time [22]. 
However, the fractions of TCE desorbed are almost the same with the increase in the 
total moles of SDS in the regenerant solution passing through the bed of resin at 
several flow rates as seen in Fig. 7.6. In other words, at 0.1 M SDS, the rate of TCE 
removal does depend on the flow rate of the SDS solution. With a higher flow rate of 
the regenerant solution, there are more moles of SDS passing through the bed, so the 
rate of TCE removal is higher. In other words, the rate of TCE removal depends 
only on the total number of mole of SDS in the regenerant solution passing through 
the bed at the flow rates studied. It can be concluded that the TCE removal is 
controlled by the equilibrium solubilization of TCE into the micellar solution at the 
flow rates studied. This result is consistent with the regeneration of the liquid phase 
application with GAC [18], which is a macro reticular adsorbent, whereas with the 
gas phase application with GAC, which is a micro reticular adsorbent, the TCE 
removal is controlled by mass transfer [22].

E ffect o f  su rfactan t concentration  in regenerant

Three sets of experiments using TCE-saturated resin were conducted with 
0.074, 0.1 and 0.2 M SDS at a flow rate of 5 mL/min to desorb TCE from the resin 
surface. The removal of TCE as a function of regenerant pore volume is shown in 
Fig. 7.7. At the same pore volume of the regenerant, the removal of TCE with 0.2 M 
SDS is higher than that with 0.1 M and 0.074 M respectively. This phenomenon is 
consistent with the liquid-phase application with GAC [25] but different from the 
gas-phase application [22] where the removal of TCE does not depend on the 
surfactant concentration in the regenerant solution. It may be because, with the resin, 
TCE is adsorbed in the macropores, which is more easily desorbed than that in the 
mesopores and micropore as in the case of the gas phase application with GAC. 
However, the fraction of TCE desorbed was almost the same with the increase in the 
number of SDS mole in the regenerant solution passing through the resin bed at
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several concentrations of SDS in the regenerant as seen in Fig. 7.8. This indicates 
that the rate of the TCE removal does depend on the concentration of SDS in the 
regenerant solution. Therefore, the TCE removal rate is equilibrium controlled, 
consistent with the regenerant flow rate effects and with previous studies of liquid 
phase application with GAC [25]. In addition, even at the SDS concentration of 
0.074 M, where surfactant concentration is lower than the CMC (0.08 M), and all 
surfactants is present as individual monomer, TCE can also be desorbed. It is 
concluded that the mechanism of TCE desorption is proceeded by the adsorption of 
SDS monomer. The higher the concentration of the regenerant, the greater the TCE 
removal, and almost quantitative TCE removal is possible when concentration of 
regenerant of 2 M was used as seen in Fig. 7.7 and Fig. 7.8.

E ffect o f  w ater  flow  rate d uring  flush step

Three sets of TCE desorbed resin beds were flushed with deionized water to 
remove residual SDS. The flow rates of flushing water were 5, 10, and 15 mL/min 
(corresponding to the superficial velocities of 1, 2, 3 cm/min, respectively) and 
results are shown in Fig. 7.9. There is no effect of the flow rate in the fractional 
removal of SDS. This implies that the removal of SDS is rate limited under these 
conditions, which is in agreement with previous work for GAC [22, 25], In this work 
and previous work [25], it was observed that the SDS removal by the water flushing 
for the macroreticular adsorbent and liquid-phase application with GAC [25] is 
higher than with gas-phase application with GAC [22]. Although it shows difficulty 
in removal of SDS during the flush with these conditions, but it seems likely that 
quantitative removal of SDS could be attained if enough flush at enough flush 
solution volume is used. This is in contrast in previous work [25] where there appear 
to be a heel of nearly irreversibly adsorbed surfactant on GAC (which is almost 
impossible to remove by water flushing. This tends to support the view that the resin 
has a more homogeneous distribution of energies of adsorption sites (more even 
distribution of heat of adsorption between SDS and surface adsorption sites. The 
GAC appears to have extreamly energetic adsorption sites corresponding to the 20%
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irreversibly adsorbed SDS (even with 2,000 pore volumes of flush solution) whereas, 
removal of the SDS during the flush with resin is easier than for G AC. So, a 
reduction of loss of adsorption capacity with resin is possible compare to GAC. This 
was a central hypothesis in this study. Still, large volumes of flush water are needed 
to remove a very high fraction of SDS. As already discussed, the residual surfactant 
after the flush reduces subsequent cycle adsorption capacities to approximately the 
same extent as for GAC, even though this heel of nearly irreversibly adsorbed 
surfactant is not present with the resin because it is still difficult to attain high SDS 
removal levels with the resin. So, advantages of using resin vs. GAC in the SECR 
process are not as great as anticipated even though a more homogeneous distribution 
of energy levels of adsorption sites was observed.

The thermograms of thermal gravimetric analysis (TGA) (Fig. 7.10) shows 
the rate of weight loss of the regenerated resin due to the decomposition of adsorbed 
SDS upon heating. The thermograms indicate that SDS remains on the resin, whether 
or not the resin undergoes the flushing step. The amount of SDS remaining on the 
regenerated resin at 3,000 regenerant pore volumes without the flushing step is 
greater than that the regenerated resin at the same pore volumes of regenerant with 
160 pore volumes of flush solution. So, the flushing step can reduce the residual 
surfactant heel, but not eliminate it even with 160 pore volumes of flush water used.

7.5 C O N C L U SIO N S

In this work, the regeneration of TCE saturated resin in packed-bed adsorbers 
by using SDS was studied in order to investigate the parameters affecting the 
regeneration. The results showed that more than 95% of TCE can be removed by 
using a 0.1 M SDS concentration in the regenerant. The water flushing step improved 
the adsorption capacity of the regenerated resin compared with the regenerated resin 
without the water flushing (60% and 40%, respectively). The adsorption capacity of 
the regenerated resin was reduced to about 60% of its original capacity, which is 
similar to previous work using cationic surfactants and liquid phase application 
GAC. TCE desorption by this method is equilibrium limited. In addition, the
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mechanism of TCE desorption is preceeded by adsorption of SDS monomer. The 
irreversibly adsorbed surfactant left as a heel following regeneration is difficult to 
desorb, but not as difficult as with activated carbon instead of resin.
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Figure 7.1 Schematic diagram of the experimental apparatus.

♦  regenerated XAD-4 without water flushing H  fresh XAD-4
o  regenerated XAD-4 with water flushing

Figure 7.2 a Breakthrough curves for TCE in air with fresh and regenerated resin. 
(C = Effluent TCE concentration, Co = Inlet TCE concentration).
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♦  regenerated XAD-4 without water flushing H  fresh XAD-4
o  regenerated XAD-4 with water flushing 

F igure 7.2 b Adsorption isotherms of TCE on resin

Figure 7.3 TCE concentration in effluent regenerant solution with [SDS] of 0.1 M
and flow rate of 5 mL/min.
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Figure 7.4 Fractional TCE removal during regeneration with [SDS] of 0.1 M and 
a flow rate of 5 mL/min.

^ 5  mL/min o  10 mL/min ■  15 mL/min
Figure 7.5 TCE concentration in effluent regenerant solution with [SDS] of 0.1 M at
several flow rates.
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Figure 7.6 Fractional TCE removal during regeneration with [SDS] of 0.1 M at 
several flow rates.
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Figure 7.7 Fractional TCE removal during regeneration with [SDS] of 0.074, 0.1
and 0.2 M at a flow rate of 5 mL/min.
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T Otai number of mole of SDS used (mole)
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Figure 7.8 Fractional TCE removal during regeneration with [SDS] of 0.074, 0.1 
and 0.2 M at a flow rate of 5 mL/min.

♦  5 mL/min o  10 mL/min ■  15 mL/min
Figure 7.9 Fractional SDS removal during flush with water at several flow rates.
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•  Fresh XAD-4 o  Regenerated XAD-4 with flushing 
▼  Regenerated XAD-4 without flushing

Figure 7.10 Thermograms from thermal gravimetric analysis of resin (at heating 
rate of 5 °c/min).
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