
C H A P T E R  II
B A C K G R O U N D  A N D  L I T E R A T U R E  S U R V E Y

B ackgroun d  in form ation  related  to th is w ork is p rov ided  in this 
chapter. F irst, se lectiv ity  is explained in  details. Z eolites are th e  n ex t focus 
w ith  the em phasis on  X  and Y  zeolites. M ore details on adso rben ts can  be 
found  in  R u thv en  (1984). A fter that, som e related  w ork in  the separa tion  o f  
the Cg arom atics are discussed. A lthough several types o f  zeo lites have been  
and as an adso rben t in  the Cg arom atics separation, only w ork re la ted  to  X  and 
Y  zeo lites w ill be focused  here.

S e le c t iv i t y
A n econom ic separation  process firstly  requ ires an ad so rben t w ith  

su ffic ien tly  h igh  selectivity , capacity  and life. The selectiv ity  m ay  vary  w ith  
d ifferences in  e ither adsorption  k inetics or adsorp tion  equilib rium . In 
considering  such a process, it is convenient to define a separa tion  fac to r as

w here  x a and  x b are m axim um  % loading o f  com ponent a  and  b , respectively . 
T he percen tage  o f  loading  is expressed in  gram  o f  the adsorbed  species per 
gram  o f  zeolite . The separation  fac to r defined  in  th is w ay is p recisely  
analogous to the relative volatility , w hich  m easures the ease, w ith  w hich  the 
com ponents m ay  be separated  by distillation. H ow ever, the analogy  is purely  
form al, and  th ere  is no quantitative relationship  betw een  the separa tion  fac to r 
and relative  volatility . F or tw o given com ponents, the re la tive  vo latility  is 
fixed  w hile  th e  separation  fac to r varies w idely  depending on the adsorbent. 
B ecause the separa tion  fac to r generally  depends on tem perature  and often  also 
w ith  com position . The separation  factor is a m ajor considera tion  in the
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process design. F or an ideal L angm uir system , the separa tion  fac to r is 
ind ep end en t o f  com position  and equal to  the ratio  o f  the H en ry ’s-law  constan ts 
o f  the tw o re lev an t com ponents. T herefore, pre lim inary  se lection  o f  su itable 
adsorben ts can, som etim es, be m ade d irectly  from  available H enry 's constants.

Z e o l i t e s
Z eo lite s  are porous crystalline alum inosilicates. T he zeolite  

fram ew ork  consists o f  an assem blage o f  S i0 4 and A 104 te trahedra , jo in ed  
together in  various regu lar arrangem ents th rough shared  oxygen atom s, to  form  
an open cry sta l la ttice  contain ing pores o f  m olecu lar dim ensions, in to  w hich 
guest m o lecu les can  penetrate. B ecause the m icropore structure is determ ined 
by  the c ry sta l la ttice, it is p recisely  un ifo rm  w ith  no d istribu tion  o f  pore  size. 
This fea tu re , w h ich  d istinguishes the zeolites from  the trad itional m icroporous 
adsorbents, is m icropore structure.

In considering  zeolite  fram ew orks, it is convenien t to  regard  the 
structures as b u ilt up  from  assem blages o f  secondary  build ing  units. The 
secondary  bu ild ing  units and som e o f  the com m only  occurring  polyhedra, 
w hich  consists o f  several S i0 4 and A 104 tetrahedra, are show n schem atically  
in  F igure  2.1 . In these diagram s, each vertex  rep resents the location  o f  a Si or 
A1 atom  w hile  the lines represent, approxim ately , the diam eters o f  the oxygen 
atom s or ions w h ich  are very  m uch larger than  the te trahedra l Si o r A1 atom s.

E ach  alum inum  atom  in troduces one negative charge on the 
fram ew ork , w hich  m ust be balanced  by an exchangeable  cation. The 
exchangeab le  cations are located  at preferred  sites w ith in  the fram ew ork  and 
p lay  a very  im portan t ro le in determ ining the adsorptive properties. C hanging 
the exchangeab le  cation  by ion  exchange provides a usefu l and  w idely  
exp lo ited  m eans o f  m odify ing  the adsorptive properties.

T he synthetic  zeo lites X  and Y  and the natura l zeolite  fau jasite  all have 
the sam e fram ew ork  structure, w hich  is sketched in  F igure 2.2. The



F ig u r e  2 .1  Secondary building units and commonly occuring polyhedral units
in zeolite framework structures. (Ruthven, 1984)
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F ig u r e  2 .2  S c h e m a t ic  r e p r e s e n ta t io n  s h o w in g  f r a m e w o r k  s t r u c tu r e s  o f  z e o l i te  
f a u ja s i te .  (R u th v e n ,  1 9 8 4 )
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c r y s ta l lo g r a p h ic  u n i t  c e ll  c o n s is t s  o f  a n  a r r a y  o f  e ig h t  c a g e s  c o n ta in in g  a  to ta l  
o f  1 9 2  A 1 0 4 a n d  S i 0 4 te t r a h e d r a l  u n its .  T h e  f r a m e w o r k  m a y  b e  th o u g h t  o f  a s  
a  t e t r a h e d r a l  l a t t i c e  o f  s a d a l i te  u n i t s  c o n n e c t in g  th r o u g h  s ix - m e m b e r e d  o x y g e n  
b r id g e s ,  o r  e q u iv a le n t ly  a s  a  te t r a h e d r a l  a r r a n g e m e n t  o f  d o u b le  s ix - r in g  u n its .  
T h e  r e s u l t in g  c h a n n e l  s t r u c tu r e  is  v e r y  o p e n  w i th  e a c h  c a g e  c o n n e c te d  to  f o u r  
o th e r  c a g e s  th r o u g h  tw e lv e - m e m b e re d  o x y g e n  r in g s  o f  f r e e  d ia m e te r  ~ 7 .4  A 0. 
Q u i te  la r g e  m o le c u le s  s u c h  a s  n e o p e n ta n e  a n d  te r t i a r y  b u ty l  a m in e  c a n  
p e n e t r a t e  th e s e  p o re s .

T h e  d i f f e r e n c e  b e tw e e n  th e  X  a n d  Y  s ie v e s  l ie s  in  th e  S i /A l  r a t io ,  
w h ic h  is  w i th in  th e  r a n g e  1 -1 .5  f o r  X  a n d  1 .5 -3 .0  f o r  Y. T h e r e  is  a  
c o r r e s p o n d in g  d i f f e r e n c e  in  th e  n u m b e r  o f  e x c h a n g e a b le  u n iv a le n t  c a t io n s ,  
w h ic h  v a r ie s  f r o m  a b o u t  1 0 -1 2  p e r  c a g e  f o r  A  to  a s  lo w  a s  6  f o r  h ig h  s i l ic a  Y. 
T h e  d i s t r ib u t io n  o f  th e  c a t io n s  b e tw e e n  th e  v a r io u s  s i te s  d e p e n d s  b o th  o n  th e  
n a tu r e  a n d  n u m b e r  o f  th e  c a t io n s  a n d  is  a f f e c te d  b y  th e  p r e s e n c e  o f  t r a c e s  o f  
m o is tu r e .  T h e  a d s o r p t iv e  p r o p e r t ie s  o f  X  a n d  Y  s ie v e s  m a y  th e r e f o r e  b e  g r e a t ly  
m o d i f ie d  b y  io n  e x c h a n g e  a n d  im p r o v e m e n t  s e le c t iv i ty  c a n  s o m e t im e s  b e  
o b ta in e d  b y  u s in g  m ix e d  c a t io n ic  fo rm s .
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L it e r a t u r e  S u r v e y

Z S M - 5  z e o l i te ,  w h ic h  w a s  u s e d  a s  th e  f i r s t  a d s o r b e n t  in  th e  o r ig in a l  
p r o c e s s ,  w a s  t e s t e d  f o r  th e  s e p a r a t io n  o f  /7 -x y le n e  a n d  e th y lb e n z e n e  f r o m  th e  
Cg a r o m a t ic  m ix tu r e s .  Z S M -5  w i th  a  h ig h  S i 0 2/A l20 3 r a t io  w a s  h ig h ly  
s e le c t iv e  f o r  /7 -x y le n e  a d s o r p t io n ,  a n d  th e  s e le c t iv i ty  f o r  /7 -x y le n e  o v e r  
e th y lb e n z e n e  c o u ld  b e  a s  h ig h  a s  5 .5 . T h e  to ta l  a d s o r p t io n  c a p a c i ty  o f  Z S M -5  
w a s  b e tw e e n  1 60  a n d  190  m g /g  z e o l i te ,  a n d  th e  c o m p e t i t iv e  a d s o r p t io n  
c a p a c i ty  f o r  /7 -x y le n e  f ro m  a  ty p ic a l  x y le n e  m ix tu r e  w a s  1 20  m g /g  z e o li te .  
T h e  h ig h  /7 -x y le n e  s e le c t iv i ty  a n d  d e p e n d e n c e  o n  /7 -x y le n e  lo a d in g  ai e  b e l iv e d  
to  b e  r e l a t e d  to  th e  u n iq u e  p a c k in g  o f  /7 -x y le n e  in  th e  c r y s ta l l in e  c a v i t ie s  (Y a n , 
1 9 8 9 ).

A t  25°c, th e  a d s o r p t io n  p r o c e s s e s  o f  /7 -x y le n e  a n d  m -x y le n e  o n  Y  
z e o l i t e s  w e r e  n o t  d i f f e r e n t .  T h e  a d s o r p t io n  c a p a c i t ie s  o f  a - c a g e s  w e r e  n e a r ly  
th e  s a m e  f o r  th e  tw o  x y le n e s  a n d  n o t  c h a n g e d  b y  c a t io n  e x c h a n g e  w ith  
p o ta s s iu m  o r  b a r iu m . D e s p i te  th e  f a c t  th a t  th e  e x te r n a l  s u r f a c e  o f  f a u ja s i te  is  
s m a ll  (—17 m 2g " ') , th e  a m o u n t  o f  x y le n e  a d s o r b e d  o n  it  w a s  s ig n i f ic a n t ,  1 3 %  o f  
th e  to ta l  a m o u n t  a d s o r b e d  a t  s a tu ra t io n .  It w a s  tw ic e  a s  g r e a t  w i th  m -x y le n e  as  
w ith  /7 -x y le n e .  H o w e v e r ,  s o m e  v a r ia t io n s  o f  th e  a d s o r p t io n  c a p a c i t i e s  w e re  
o b s e r v e d  a c c o r d in g  to  th e  n a tu r e  o f  c o m p e n s a t io n  c a t io n ,  te m p e r a tu r e ,  a n d  
p r e s s u r e  ( B e l l a t  e t a l ., 1 9 9 7 ).

A t  h ig h  te m p e r a tu r e  a n d  lo w  p r e s s u r e ,  th e  a d s o r p t io n  c a p a c i t i e s  o f  
B a Y  z e o l i t e  w e r e  g r e a te r  th a n  th o s e  o f  N a Y  a n d  K Y  z o l i te s .  T h u s ,  B a Y  z e o l i te  
s h o w e d  a  s t r o n g e r  a d s o r p t io n  a f f in i ty  f o r  x y le n e s  th a n  N a Y  a n d  K Y  z o l i te s .  
T h e s e  tw o  z e o l i t e s  h a d  a  s im i la r  b e h a v io r  a n d  a d s o r b e d  a  l i t t le  m o r e  o f  m - 
x y le n e  th a n  /7 -x y le n e .  A t lo w  te m p e r a tu r e  a n d  h ig h  p r e s s u r e ,  K Y  z e o l i te  h a d  
th e  s a m e  b e h a v io r  a s  N a Y  z e o l i te  w ith  /7 -x y le n e  a n d  a s  B a Y  z e o l i te  w i th  m - 
x y le n e .  I n v e r s e ly ,  l ik e  N a Y  z e o l i te ,  th e  a d s o r p t io n  c a p a c i t ie s  o f  K Y  a n d  B a Y  
z e o l i t e s  w e r e  g r e a te r  f o r  /7 -x y le n e  th a n  f o r  /ไใ-x y le n e .  T h e  e x c h a n g e  o f  N a +
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io n s  b y  K + o r  B a 2+ io n s  le a d e d  to  a  s l ig h t  d e c r e a s e  o f  th e  m a x im a l  a d s o r p t io n  

c a p a c i ty ,  w h ic h  w a s  e s t im a te d  a t  3 m o le c u le / a - c a g e  a t  150°c a n d  3 .5  

m o l e c u l e / a - c a g e  a t  25°c f o r  N a Y  a n d  K Y , r e s p e c t iv e ly .  A f te r  s a tu r a t io n  o f  a -  
c a g e s ,  th e  x y le n e  w e r e  a d s o r b e d  o n  th e  e x te r n a l  s u r f a c e  o f  th e  a d s o r b e n t  
( B e l l a t  e t a l.,  1 9 9 5 a  a n d  1 9 9 5 b ) .

T h e  s e le c t iv i ty  o f  Y  z e o l i te  d e p e n d e d  o n  th e  f i l l in g ,  th e  c o m p o s i t io n  o f  

th e  m ix tu r e ,  a n d  th e  e x c h a n g e a b le  c a t io n .  F o r  f i l l in g  lo w e r  th a n  2  m o le c u l e / a -  
c a g e ,  B a Y  a n d  N a Y  z e o l i t e s  e x h ib i te d  th e  s a m e  b e h a v io r  to w a r d  th e  
c o a d s o r p t io n  o f  p - x y l e n e  a n d  m - x y le n e  a n d  a d s o r b e d  p r e f e r e n t i a l ly  th e  m o re  
a b u n d a n t  i s o m e r  in  in i t ia l  a d s o r p t iv e  m ix tu re .  F o r  f i l l in g  h ig h e r  th a n  2 

m o l e c u l e / a - c a g e  a s  th e  la s t  m o le c u le s  o f  x y le n e s  w e r e  a d s o r b e d  in  th e  a -  
c a g e s ,  B a Y  z e o l i t e  w a s  m o r e  s e le c t iv e  f o r  /7 -x y le n e  w h e r e a s  N a Y  z e o l i te  w a s  
s e le c t iv e  f o r  m - x y le n e  w h a te v e r  th e  c o m p o s i t io n  o f  a d s o r p t iv e  m ix tu re .  T h e  

a d s o r p t io n  s e l e c t i c i ty  f o r  th e  f i l l in g  lo w e r  th a n  2  m o le c u l e / a - c a g e  d e p e n d e d  
o n ly  o n  th e  c o m p o s i t io n  o f  th e  m ix tu re .  O n  th e  o th e r  h a n d ,  f o r  th e  f i l l in g  

h ig h e r  t h a n  2  m o le c u le / a - c a g e ,  e x c h a n g e a b le  c a t io n  p la y e d  a n  im p o r ta n t  ro le  
in  th e  s e le c t iv i ty .  T h e  d e p e n d e n c e  o f  th e  c o m p o s i t io n  o f  a d s o r b a te  o n  th e  
s e le c t iv i ty  s h o w e d  a  n o n id e a l  b e h a v io r  o f  th e  a d s o r b a te  ( C o t t ie r  e t a l., 1 9 9 7 ; 
K i t a g a w a  e t a l., 1 9 9 6 ).

A l th o u g h  th e r e  is  n o  f u n d a m e n ta l  th e r m o d y n a m ic  d i f f e r e n c e  b e tw e e n  
l iq u id  a n d  v a p o r  a d s o r p t io n  b e c a u s e  th e  c o m p o s i t io n  o f  a n  a d s o r b e d  p h a s e  in  
e q u i l ib r iu m  w i th  a  l iq u id  m u s t  b e  p r e c i s e ly  th e  s a m e  a s  v a p o r .  K in e t ic s  is  
r e s p o n s ib le  f o r  th e  m a in  d i f f e r e n c e  b e tw e e n  th e  a d s o r p t io n  in  l iq u id  p h a s e  a n d  
g a s  p h a s e .  M a s s  t r a n s f e r s  to  th e  a d s o r p t io n  s i te s  a re  m u c h  s lo w e r  in  th e  l iq u id  
p h a s e ,  b u t  th e  a d s o r p t io n  c a p a c i t ie s  a n d  th e  s e le c t iv i t ie s  a re  o f  th e  s a m e  o r d e r  
o f  m a g n i tu d e .  T h e y  d e p e n d  o n ly  o n  th e  n a tu r e  o f  th e  c o m p e n s a t io n  c a t io n  in  
th e  s i l i c a  a lu m in a  r a t io  a n d  th e  p r e a d s o r b e d  w a te r  a m o u n t.  H o w e v e r ,  a  
q u a l i ta t iv e  d i f f e r e n c e  a r i s e s  b e c a u s e  v a p o r  p h a s e  a d s o r p t io n  รณ d ie s  a re
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g e n e r a l ly  c a r r i e d  o u t  a t  r e la t iv e ly  lo w  lo a d in g s  w h e r e a s ,  in  th e  l iq u id  p h a s e  
a d s o r p t io n ,  th e  to ta l  a d s o r b e d - p h a s e  c o n c e n t r a t io n  is  a lw a y s  a t  o r  n e a r  th e  
s a tu r a t io n  l im i t  ( H u lm e  et a l ., 1 9 9 1 ).

M - x y le n e  w a s  r e c o v e r e d  f ro m  a  m ix tu r e  w ith  o th e r  c 8 a ro m a tic  
h y d r o c a r b o n s  in c lu d in g  o - x y le n e  b y  l iq u id  p h a s e  a d s o ip t iv e  s e p a r a t io n  u s in g  a  
s o d iu m  e x c h a n g e d  7  z e o l i te  a s  th e  a d s o rb e n t .  P e r f o r m a n c e  w a s  im p r o v e d  b y  
m a in ta in in g  th e  a d s o r b e n t  in  a  n a r r o w  r a n g e  o f  te m p e r a tu r e  a n d  h y d r a t io n .  
T h e s e  c o n d i t io n s  a l lo w e d  th e  m -x y le n e  to  b e  r e c o v e r e d  in  a  s in g le  r a f f in a te  
p r o c e s s  w i th o u t  c o s t ly  p r e f r a c t io n  f o r  o - x y le n e  r e m o v a l  ( K u lp r a th ip a n ja . ,
1 9 9 9 ).

R e s e a r c h  o n  th e  s e p a r a t io n  o f  x y le n e s  b y  s e le c t iv e  a d s o r p t io n  r e p o r te d  
in  l i t e r a tu r e s  h a s  b e e n  m a in ly  d e v o te d  to  th e  a d s o r p t io n  o f  x y le n e s  in  g a s  o r  
l iq u id  p h a s e s  o n  7 - ty p e  z e o l i te s .  A l th o u g h  s e v e ra l  c o m m e r c ia l ly  im p o r ta n t  
a d s o r p t io n  s e p a r a t io n  p r o c e s s e s ,  e .g .,  th e  P a re x  p ro c e s s ,  in v o lv e  a d s o r p t io n  
f r o m  th e  l iq u id  p h a s e ,  v e r y  f e w  s tu d ie d  o f  th e  f u n d a m e n ta ls  o f  l iq u id - p h a s e  
a d s o r p t io n  h a s  b e e n  d o n e  ( F u r la n  e t a l ., 1 9 9 2 ).
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