
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
CHAPTER II

2 .1  B a c k g r o u n d

T h ere  are m a n y  te c h n iq u e s  for natural g a s  d eh yd ra tio n ; an ad so rp tiv e  
sep ara tio n  te c h n iq u e  is  o n e  o f  th e  b e st  a ltern a tiv es  for  w a ter  rem o v a l. T h e  p ro c e ss  is  
c o m m o n ly  p er fo rm ed  in  a p a c k e d -b e d  c o lu m n . T h e  p r in c ip le  o f  a d so rp tio n  p ro c e ss  
and su ita b le  s o l id  a d so rb en ts  for d ry in g  natural g a s  are b r ie f ly  d e sc r ib e d . A ls o , the  
a d so rp tiv e  sep a ra tio n  m e c h a n ism s  w i l l  b e  d isc u sse d  later. In a d d itio n , th e  ad sorp tion  
c o lu m n  d y n a m ic  m o d e l c o n s is t in g  o f  a b a sic  g o v e r n in g  e q u a tio n  o f  th e  ad sorption  
w il l  b e  in trod u ced . F u rth erm ore a d ecr e a se  in a d so rb en t c a p a c ity  d u e  to  a g in g  w ill  
b e  d escr ib ed . F in a lly , th e  re la ted  w o rk  o n  b o th  ad so rp tio n  e x p e r im e n ts  and  
m a th em a tica l m o d e l in g  w i l l  b e  su m m arized .

2 .1 .1  N a tu ra l G a s D eh y d ra tio n
T o  s a t is fy  th e  w a ter  con ten t sp e c if ic a t io n  in  n atural gas, the  

a d so rp tio n  p r o c e s s  is  a p p lied . A d so r p tio n  is  a sep a ra tio n  p r o c e s s  b y  c o n ta c tin g  and  
ad h er in g  o f  a liq u id  or  g a s  m o le c u le  o n  th e s o l id  su r fa ce  w ith  r e v e r s ib le  reaction . 
G en e r a lly , th e  f ix e d -b e d  c o lu m n  that co n ta in s  a h y d r o p h ilic  a d so rb en t h as b een  
a p p lied  to r e m o v e  trace am ou n t o f  m o istu re  from  natural gas. T h e  m a in  p u rp o ses  o f  
th is  p r o c e s s  w e r e  to p rev en t th e  w a ter  fr eeze  up in  d is t illa t io n  p r o c e s s  trains and to  
e lim in a te  th e  c o n d e n sa t io n  o f  w a ter  c a u s in g  th e h yd ra te  fo rm a tio n  in  th e  p r o c e ss in g  
and tran sp orta tion  fa c il it ie s . M o reo v er , th is  p r o c e s s  p rev e n te d  th e  co rro sio n  
p ro b lem , c a u se d  b y  th e  c o m b in a tio n  o f  w e t  stream  and  ac id  gas.

2 .1 .2  A d so r p tio n  E q u ip m en ts
In th e  m o s t  c o m m o n  c a se s , a tw o -b e d  d eh yd ra tor  s y s te m  c o n s is ts  o f  

o n e  b ed  o  ท a d so rp tio n  m  o d e  a nd  t h e  o  ther o  ท reg en era tio n  m  o d e . T  h e  ร ch em a tic  
d iagram  o f  a ty p ic a l tw o -b e d  sy s te m  for natural g a s  d r y in g  is  sh o w n  in  F ig u re  2 .1 . 
T h e fe e d  g a s  p a sse s  d o w n  th rou gh  th e p a c k e d -b e d  c o lu m n . D o w n f lo w  is  preferred  
b e c a u se  u p flo w  at h ig h  rate m ig h t f lu id iz e  th e  p a r tic le s , c a u s in g  attr ition  and lo s s  o f  
f in e  p a r tic le s  (M c C a b e  e t a l ,  1 9 9 3 ). T h e  dried  p rod u ct natural g a s , th en , is  d e liv ered
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to  further d o w n str e a m  p r o c e ss in g s , su c h  as d is t illa t io n  u n its . W h e n  th e  co n cen tra tio n  
o f  th e  ad so rb a te  in  th e  e x it  ga s r e a c h es  a se t-p o in t  v a lu e , b reak th ro u gh  t im e  or at a 
sc h e d u le d  t im e , th e  satu rated  ad so rp tio n  c o lu m n  w i l l  b e  s w itc h e d  to  th e  reg en era tio n  
m o d e  w h ile  th e  o th er  d ry  c o lu m n  w i l l  b e  rep la ced  to  th e  ad so rp tio n  m o d e  (M cC a b e  
ฟ ฟ . ,  1 9 9 3 ).

R eturn to

F ig u r e  2 .1  M o le c u la r  s ie v e  natural g  as d eh yd rator (H o w e -G r a n t  and  K r o sc h w itz , 
1 9 9 2 ).

T h e  p r o c e ss  p h e n o m e n a  can  b e  d e sc r ib e d  b y  u s in g  th e  b reak th rou gh  
cu rve . T h e  t im e  d ep e n d e n t co n cen tra tio n  o f  an ad so rb a te  in  an e f f lu e n t  stream  is  
s h o w n  in  F ig u re  2 .2 . A s  sh o w  in  F ig u re  2 .2 , L E S  ( le n g th  o f  e q u iv a le n t  eq u ilib r iu m  
se c t io n )  is  rep resen ted  as th e  u sed  ca p a c ity , and L U B  (le n g th  o f  u n u se d  b ed ) is  
rep resen ted  as th e  b e d  at th e  resid u a l lo ad in g .
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F ig u r e  2 .2  P r o g ress  o f  co n cen tra tio n  p r o file  and its  co rr e sp o n d in g  e fflu e n t  
b reak th rou gh  cu rv e  (S e a d e r  and  H e n le y , 1 9 9 8 ).

A n  a d so rb en t can  b e  reg en era ted  b y  e ith er  th erm al s w in g  or p ressu re  
s w in g  te c h n iq u e . R e g e n e r a tio n  f lu id  can  b e  h o t inert g a s  or s te a m , b u t th e  m o st  
c o m m o n ly  u se d  f lu id  is  th e  p rod u ct g a s  from  th e c o ld  se c t io n  o f  su c h  a p lant. T h e  
reg e n era tio n  d ir e c tio n  is  g e n e r a lly  p erfo rm ed  cou n ter-cu rren t to  th e  d ry in g  d irectio n , 
p r e v e n tin g  th e a d so rb a te  to  c o m e  in  co n ta c t  w ith  th e  b o tto m  part o f  th e  ad sorb en t.

I f  th e  d em an d  for d r y in g  is  in term itten t, a  s in g le -b e d  s y s te m  ca n  a lso  
b e  u sed . In c o n tin u o u s  sy s te m  w ith  h ig h  g a s  lo a d in g , m o re  than  tw o  c o lu m n s  or  
m u lti-c o lu m n s  w o u ld  b e  u sed . T h e y  c o u ld  b e in  se r ie s  f lo w  or in  p a ra lle l f lo w .

A  m u lti- la y e r  te c h n o lo g y  w a s  d e v e lo p e d  b a sed  o n  th e  c o m b in a tio n  o f  
th e  d o m in a n t p ro p erties  o f  an y  ad so rb en t w h e n  d e a lin g  w ith  th e  am o u n t o f  
c o n ta m in a n ts  in  fe e d  stream . A s  a resu lt, m u lt i-b e d  o p era tion  e n h a n c e d  a d so rp tio n  
c a p a c ity  o f  th e  w h o le  sy s te m , im p ro v ed  th e p u r ifica tio n  c a p a b ility , an d  in crea sed  the  
l ife t im e  o f  ad so rb en ts .
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2 .1 .3  A d so r b e n ts
T h e  p rim a ry  req u irem en t for an e c o n o m ic  sep a ra tio n  p r o c e ss  is  an  

ad sorb en t w ith  s u ff ic ie n t ly  h ig h  se le c t iv ity , c a p a c ity , an d  life t im e . S e a r c h in g  for a 
su ita b le  a d so rb en t is  g e n e r a lly  th e  first step  in  th e  d e v e lo p m e n t o f  th e  ad sorp tion  
sep ara tio n  p r o c e s s . S in c e  th e  sep ara tio n  factor g e n e r a lly  v a r ie s  w ith  tem p era tu re and  
a lso  o fte n  w ith  c o m p o s it io n , th e  c h o ic e  o f  su ita b le  c o n d it io n  to  m a x im iz e  the  
sep ara tio n  facto r  is  m ajor  co n s id e r a tio n  in  p r o c e ss  d e s ig n  (R u th v en , 1 9 8 4 ).

T h ere  are fou r m a in  ty p e s  o f  c o m m e r c ia l ad sorb en ts: m o le c u la r -s ie v e  
z e o l it e s ,  a c t iv a te d  a lu m in a , s i l ic a  g e l , and a c tiv a ted  carb on . A  h ig h  a ffin ity  and  
c a p a c ity  for a d so rp tio n  o f  m o istu re  from  a g a s  stream  are s im p ly  th e  p rop erties  o f  
a d so rb en t u se d  as a s o l id  d es icca n t. T h erefo re , th e  m a in  req u irem en ts  for an  
e f fe c t iv e  ad so rb en t are h ig h ly  p o la r  su rfa ce  and  h ig h  s p e c if ic  area (sm a ll p ore). T h e  
m o st  w id e ly  u sed  ad so rb en ts  in  g a s  d ry in g  are m o le c u la r -s ie v e  z e o l it e s  (3 A , 4 A , and  
1 3 X ), a c t iv a ted  a lu m in a , and s il ic a  g e l.

M o le c u la r -S ie v e  Z eo lite s
M o le c u la r -s ie v e  z e o l it e s  are th e  c r y s ta llin e  a lu m in o s ilic a te s  w ith  

c a t io n s  su ch  as so d iu m , p o ta ss iu m , m a g n esiu m , and  c a lc iu m . T h e  stru ctu re form u la  
o f  z e o l it e  is  b a se d  o n  th e  crysta l u n it c e ll , th e  sm a lle s t  u n it o f  stru ctu re, rep resen ted  
b y

w h e r e  ท is  th e  v a le n c e  o f  c a tio n  M , พ  is  the n u m b er  o f  w a te r  m o le c u le s  p er  un it c e ll , 
and X and y  are th e  to ta l n u m b ers o f  tetrahed ra ls p er  u n it c e l l  ( R o u s s e a u , 1 9 8 7 ).

Z e o lite s  s e le c t iv e ly  adsorb  or re jec t th e  m o le c u le s  b a sed  o n  
d iffe r e n c e s  in  m o le c u la r  s iz e , c o n fig u ra tio n  o f  m o le c u le  (sh a p e ), and  o th er  p rop erties  
su ch  as p o la r ity  ( R o u s s e a u , 1 9 8 7 ). N e a r ly  m o st  ad so rp tio n  ta k e s  p la c e  in s id e  the  
cry sta ls  (9 9 % ). T h e  z e o l it e s  h a v e  h ig h  a ffin ity  and h ig h  c a p a c ity  at lo w  partial 
p ressu res. T h is  m a k e s  th em  su ita b le  to  the ga s stream s, w h ic h  h a v e  a v ery  lo w  
h u m id ity  or  d e w  p o in t.

F o r  d r y in g  a p p lica tio n  M o le c u la r -s ie v e  z e o l it e  ty p e  3 A -p o ta ss iu m  
z e o l ite , 4 A -s o d iu m  z e o l ite , 5 A -c a lc iu m  z e o lite , and  1 3 X -so d iu m  z e o l it e  are th e  m o st  
w id e ly  u sed . A lth o u g h , th e  m o le c u la r -s ie v e  z e o l it e  ty p e  4 A  h a s m od era te
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eq u ilib r iu m  w a ter  c a p a c ity , it is  th e  m o st  c o m m o n  ty p e  to  a p p ly  fo r  th e  natural gas  
d eh yd ra tio n . F ig u re  2 .3  sh o w s  th e fram ew o rk  structure o f  z e o l ite  A  an d  z e o l ite  X .

( a )  (b )

F ig u r e  2 .3  S c h e m a tic  rep resen ta tio n  o f  the fra m ew o rk  structure o f  (a ) z e o l ite  A , and  
(b ) z e o l ite  X  (R u th v e n , 1 9 8 4 ).

A c tiv a te d  A lu m in a
A c tiv a te d  a lu m in a  ad so rb en ts are a m o rp h o u s or “tr a n sitio n  a lu m in a s” 

w h o s e  c h e m ic a l c o m p o s it io n  is  A l 2 O 3 . T h eir  f in e  p ore  stru ctu re and  su rface
c h em istry  p r o v id e  th e  ad so rp tio n  se le c t iv ity . T h e y  h a v e  a  h ig h  a f f in ity  fo r  w ater , n ot 
as h ig h  as th at o f  m o le c u la r -s ie v e  z e o l ite s , but th e y  ca n  p ro d u ce  d r ied  g a s  w ith  le s s  
than  1 p p m  m o is tu r e  c o n ten t. A lth o u g h , th ey  are m o re  rob u st than  z e o l it e s  and le s s  
s e n s it iv e  to  d e a c t iv a t io n  b y  o rg a n ic s , th ey  are le s s  su ita b le  w h e n  a p p lie d  at a v ery  
lo w  h u m id ity  stream  ( R o u s s e a u , 1 9 8 7 ).

S ilic a  G el
S il ic a  g e l ad so rb en ts  are c o m p o s e d  o f  r ig id  th re e -d im e n s io n a l  

sp h er ica l p a r tic le s  o f  a m o rp h o u s c o llo id a l s i l ic a  (ร iO i). T h e  s i l ic a  g e l su rfa ce  h as an  
a ff in ity  for w a ter  and  o rg a n ic s , a lth o u g h  w ater  is  p referred . E v e n  th o u g h  th e a ffin ity  
o f  th e  s i l ic a  g e l a d so rb en ts  for m o istu re  is  lo w e r  th an  that o f  e ith er  a lu m in a  or th e  
z e o l ite s , th e y  h a v e  g o o d  ca p a c ity  at h ig h  r e la tiv e  h u m id ity , and  r e la tiv e  lo w  
reg e n era tio n  tem p era tu re  is  req u ired  ( R o u s s e a u , 1 9 8 7 ).

A d d it io n a lly , th e  ty p ic a l a d so rp tio n  e q u ilib r iu m  iso th e r m s o f  w a ter  on  
th e se  three ty p e s  o f  ad so rb en ts  are sh o w n  in  F ig u re  2 .4 . T h e  4 A  z e o l it e s  d isp la y
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h ig h e r  w a ter  a d so rp tio n  c a p a c ity  at r e la t iv e ly  lo w  h u m id ity . W h ile  a c tiv a te d  a lu m in a  
and  s i l ic a  g e l  h a v e  h ig h e r  a d so rp tio n  ca p a c ity  at h ig h  h u m id ity . T h erefo re , the  
se le c t io n  o f  su ita b le  ad sorb en t d e p en d s o n  th e  a p p lic a tio n  req u irem en t and  
e c o n o m ic s . In  c a se  o f  a v e r y  lo w  h u m id ity  req u ired  as in  p e tr o c h e m ic a l p lant, 4 A  
z e o l it e  is  th e  m o s t  su ita b le  to  a c h ie v e  that sp e c if ic a t io n .

F ig u r e  2 .4  A d so r p tio n  eq u ilib r iu m  iso th erm s for  m o is tu r e  o n  th ree  co m m e r c ia l 
ad sorb en ts: p a lle t iz e d  4 A  z e o l ite  (— ), S ilic a  g e l (— ) and, a ty p ic a l a c t iv a te d  a lu m in a  
(-■ -■ -) (H o w e -G r a n t  an d  K r o sc h w itz , 1 9 9 2 ).

2 .1 .4  M e c h a n ism  o f  S ep ara tio n
T h e  a d so rp tiv e  sep ara tio n  can  b e  a c h ie v e d  b y  o n e  o f  th e  fo llo w in g  

m e c h a n ism s: ster ic , k in e t ic , or e  q u ilib r iu m  e ffe c t . T h e  St e r ic  sep a ra tio n  i s  u n iq u e  
w ith  z e o l it e s  b e c a u se  o f  their  u n ifo rm  aperture s iz e  in  th e  c r y s ta llin e  structure. In 
th is  c a se , o n ly  sm a ll an d  p rop er ly  sh a p ed  m o le c u le s  ca n  d if fu se  in to  th e  ad sorben t  
w h e r e a s  o th er  m o le c u le s  are e x c lu d e d . T h e k in e tic s  sep a ra tio n  can  b e  a c h ie v e d  b y  
th e  fea tu re o f  th e  d if fe r e n c e s  in  d if fu s io n  rate o f  v a r io u s  m o le c u le s  in  p ores. T h e  
k in e tic  s e le c t iv ity  ca n  b e  c o n tro lled  b y  the a d ju stm en t o f  th e  p o r e  s iz e . A  large  
m a jo r ity  o f  p r o c e s s  o p era tes  th rou gh  th e eq u ilib r iu m  ad so rp tio n  o f  th e  m ix tu re, 
w h ic h  is  c a l le d  eq u ilib r iu m  sep ara tio n  p r o c e sse s . T h e  sep a ra tio n  is  b a se d  on  the
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d iffe r e n c e  in  e q u ilib r iu m  c a p a c ity  o f  ea c h  o f  th e  c o m p o n e n ts  in  th e  g a s  m ix tu re. 
T h is  e q u ilib r iu m  s e le c t iv ity  is  g e n e r a lly  co n tr o lle d  b y  a d ju stin g  th e  b a la n c e  b e tw e e n  
e le c tr o sta tic  and  V a n  der W a a ls  forces . A l l  th e  sep a ra tio n  m e c h a n ism  
a fo r e m e n tio n e d  is  d e sc r ib e d  in  Y a n g  (1 9 8 7 ) .

2 .1 .5  M a th em a tic a l M o d e ls
A d so r p tiv e  g a s  sep ara tio n  p r o c e sse s  are, in  g en era l, carried  o u t in  

f ix e d -b e d  c o lu m n s , w h ic h  c o n ta in  th e  p orou s a d so rb en t p a rtic le s  or p e lle ts . T h e  
m a th em a tica l m o d e ls  are n e e d e d  to  u n derstan d  th e  d y n a m ic  o f  su c h  s y s te m s . M a ss  
and  h ea t b a la n ce  as w e l l  as th e  eq u ilib r iu m  iso th erm  sh o u ld  b e  a c c o u n te d  for  th e  
a d so rp tiv e  g a s  sep a ra tio n  m o d e l. T h erefore , b o th  m a ss  and h ea t tran sfer  re s is ta n ce  
in s id e  and  o u ts id e  th e  ad sorb en t p e lle ts  are s ig n ific a n t. S in c e  th e  lo c a l rate o f  
a d so rp tio n  is  a s su m e d  in sta n ta n eo u s  and m u ch  greater  than that o f  th e  transport 
p r o c e ss , th u s, th e  m o d e l e q u a tio n  ca n  be the c o u p lin g  o f  th e  eq u ilib r iu m  iso th erm  
and th e  c o n tin u ity  o f  f lu x  at the su r fa ce  o f  th e  p e lle t  (Y a n g , 1 9 8 7 ).

T h e  f lo w  pattern ca n  c o m m o n ly  b e  a d eq u a te ly  rep resen ted  b y  the
a x ia l d isp e r s io n  p lu g  f lo w  m o d e l, a c co rd in g  to a m a ss  b a la n ce  o f  th e  c o lu m n . T h e  
b a s ic  d iffe r e n tia l eq u a tio n  g o v e r n in g  the d y n a m ic  b e h a v io r  is  illu stra ted  a s  th e  
f o l lo w in g  (H o w e -G r a n t  an d  K r o sc h w itz , 1992):

D l = a x ia l d isp e r s io n  c o e f f ic ie n t  
c = ad so rb a te  c o n cen tra tio n  in  flu id  p h a se  
V =  in terstitia l v e lo c ity  o f  flu id  
z  =  d is ta n c e  m ea su red  from  c o lu m n  in le t  
t =  t im e
£  =  b ed  v o id  fraction , and

q  =  a d so rb ed  p h a se  co n cen tra tio n  a v era g e  o v e r  a p a r tic le s .

d 2c d  I \  dcdc ( \ - s \ d q (2 .1 )d t \  £ )  d t

w h ere
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T h e term  d q  /  d t r ep resen ts  th e  o v e r a ll rate o f  m a ss  tran sfer for a d so rb ed  c o m p o n en t  

a v era g e  o v e r  a p a r tic le . T h e  m a ss  b a la n ce  for an a d so rb en t p a r tic le  y ie ld s  the  
a d so rp tio n  rate e x p r e s s io n , w h ic h  m a y  b e  w ritten  as

^  =  /  ( q ,c )  ( 2 .2 )

T h is  rate eq u a tio n  m u st  sa t is fy  th e  b ou n d ary  c o n d it io n s  im p o se d  b y  th e  eq u ilib r iu m  
iso th erm , and  it m u st b e  th e r m o d y n a m ic a lly  c o n s is te n t  so  that th e  m a ss  tran sfer rate  
fa lls  to  zero  at th e  eq u ilib r iu m . It m a y  b e  a lin ear  d r iv in g  fo r c e  m o d e l. In th is  
m o d e l, it is  a s su m e d  that th e  d r iv in g  fo rce  for m a ss  u p tak e in  th e  p artic le  is  
p rop o rtio n a l to  th e  d if fe r e n c e  b e tw e e n  th e eq u ilib r iu m  ad sorb ate  co n ce n tr a tio n  and  
th e  actu al u p ta k e  in  th e  p artic le . T h e  m o d e l e x p r e ss io n  can  b e  w r itten  as

^ =  k{q -q )(2 .3 )

w h e r e  q “ =  / ( c )  rep resen ts  th e  eq u ilib r iu m  ad so rb ed  p h a se  co n c e n tr a tio n , or it m a y  

b e  a se t o f  d if fu s io n  eq u a tio n s  w ith  th eir  a sso c ia te d  b ou n d a ry  c o n d it io n  (H o w e-G ra n t  
and K r o sc h w itz , 1 9 9 2 ).

F o r  an iso th erm a l sy s te m , th e  s im u lta n e o u s  s o lu t io n  o f  E q u atio n  2.1  
and  2 .2  is  su b je c t  to  th e  b ou n d ary  c o n d it io n s  im p o se d  o n  th e  c o lu m n  p ro v id es  the  

e x p r e s s io n s  for  th e  c o n cen tra tio n  p r o f ile s  c ( z , t ) ,  q ( z , t ) in  b o th  p h a se s  (H o w e-G ra n t  

and K r o sc h w itz , 1 9 9 2 ).

2 .1 .6  D e a c t iv a t io n
A g in g  o f  an ad sorb en t c a u se s  a d e c r e a se  in  a d so rp tio n  ca p a c ity . T w o  

ty p e s  o f  a g in g  in c lu d e:
1) H yd ro th erm a l a g in g  is  an irrev ersib le  c h a n g e  o f  a d so rb en t structure  

c a u se d  b y  h y d ro th erm a l treatm ent d u rin g  reg e n era tio n , re su lt in g  in  a d ecrea se  in  
a c tiv e  area. T h e  s lo w  lo s s  o f  c r y s ta llin ity  is  th e  c o m m o n  p ro b lem  in  th erm al sw in g
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c y c le s  w h e r e  th e  s ie v e  is  u sed  as a  d e s ic c a n t, or w a ter  p resen t as an  im p u rity  in  th e  
fe e d  is  a d so rb ed  in  th e  first f e w  la y ers o f  th e  a d so rb en t b ed . D u r in g  therm al 
r e g e n era tio n , th e  s ie v e  is  e x p o s e d  to  a  c o m b in a tio n  o f  h ig h  tem p era tu re  an d  h ig h  
h u m id ity . U n d e r  th e se  c o n d it io n s , a s lo w  and irrev ersib le  b r ea k d o w n  o f  th e  crysta l 
stru ctu re m a y  o ccu r . A g in g  is , th ere fo re , d ep en d en t o n  th e n u m b er o f  c y c le s  and  
q u a lity  o f  a d so rb en t.

2 )  A g in g  th ro u gh  c o n ta m in a tio n  is  c a u se d  b y  co a d so r p tio n  o f  
u n d esired  s p e c ie s  and  c o k e  fo rm a tio n  o n  th e a c t iv e  su rfa ce  o f  th e  ad so rb en t. T h is  
p h e n o m e n o n  is  n o t  c o m p le te ly  rev e r s ib le , and th e  carb o n  d e p o s it  in c r e a se s  at ea ch  
regen era tion .

2 .2 . L i t e r a tu r e  S u r v e y

T h e  p r e v io u s  w o rk  re la ted  to  b o th  ex p e r im e n t and  m a th em a tica l m o d e lin g  
for  a d so rp tio n  o f  th e  c o m p o n e n t  fro m  flu id  p h a se  o n to  s o l id  ad so rb en t is  su m m a rized  
in  th is  se c t io n .

L ertv ir iy a k ijsk u l (2 0 0 0 )  s tu d ied  th e c o m p e t it iv e  a d so rp tio n  b e tw e e n  th e  
h y d ro ca rb o n s an d  w a ter  o n  a c tiv a te d  a lu m in a  prep ared  b y  s o l -g e l  te c h n iq u e . A ls o ,  
h e  รณ d ied  th e e f fe c t s  o f  c a lc in a t io n  tem p era tu re o n  the w a ter  a d so rp tio n  c a p a c ity  o f  
a lu m in a . It w a s  fo u n d  that at th e  b e g in n in g  th e  h yd ro carb on s w e r e  a d so rb ed  and 5 

th en , d e so r b e d  b y  th e  r ep la cem en t o f  w a ter , s in c e  a lu m in a  p refered  to  ad sorb  w a ter  
fro m  natural g a s  b e c a u se  o f  h ig h er  a ffin ity  b e tw e e n  w a ter  m o le c u le  and  a lu m in a  
su rfa ce . In a d d it io n , th e se  s o l -g e l  a lu m in as p ro v id ed  a  h ig h  w a te r  ad so rp tio n  
ca p a c ity  an d  lo w  d eso rp tio n  tem peratu re o f  1 0 0 ° c .  T h e  h ig h e st  a d so rp tio n  ca p a c ity  
o f  s o l -g e l  a lu m in a  w a s  1 9 .9  g  w a te r /1 0 0  g  a lu m in a .

In yea r  2 0 0 1  B a m ru n g k et fo llo w e d  th e  w o rk s  a c c o m p lish e d  b y  
L ertv ir iy a k ijsk u l b y  c h a n g in g  th e a d so rb en t fro m  a c tiv a ted  a lu m in a  to  m o d if ie d  
c lin o p ti lo l ite . T h e  resu lts  sh o w e d  th e  sa m e trend  o f  c o m p e t it iv e  a d so rp tio n  b e tw e e n  
w a ter  and  h y d ro ca rb o n s. T h e  w a ter  ad so rp tio n  ca p a c ity  o f  th e  m o d ifie d  
c lo n o p ti lo l ite  w a s  ab o u t 7 .3 4 -1 0 .0 4  g  w a te r /1 0 0  g  c lin o p tilo lite .

T h ip k h u n th o d  e t al. ( 2 0 0 1 )  d e v e lo p e d  th e  m a th em a tica l m o d e l for  
p red ic t in g  th e c o m p e t it iv e  ad so rp tio n  b e tw e e n  th e h y d ro carb on  and  w a ter  o n



12

a c tiv a ted  a lu m in a  (m e n tio n e d  a b o v e  o n  th e ex p e r im e n t d o n e  b y  o f  L ertv ir iy a k ijsk u l) . 
T h e m o d e l w a s  e s ta b lish e d  b ased  o n  u n stea d y  sta te  m a ss  tran sfer  an d  L an gm u ir- 
F reu n d lich  e q u ilib r iu m  a d so rp tio n  eq u a tio n s . T h e  ad ju stab le  p ara m eters in  th e  
e q u ilib r iu m  a d so rp tio n  m o d e l w er e  d eterm in ed  fro m  eq u ilib r iu m  a d so rp tio n  data  o f  
s in g le  c o m p o n e n t. F O R T R A N  p ro g ra m m in g  la n g u a g e  w a s  u se d  to  s o lv e  th e  se t o f  
m a th em a tica l eq u a tio n s . W ith  th e p re-d eterm in ed  p aram eters, th e  eq u ilib r iu m  
a d so rp tio n  m o d e l ca n  b e  u sed  to w e l l  p red ict th e  w a ter  and  h y d ro ca rb o n  ad sorp tion . 
T h e d y n a m ic  a d so rp tio n  c a p a c ity  o f  w a ter  fro m  th e  ex p e r im e n t w a s  a b o u t 4 .4 9  g  
w a te r /1 0 0 g  o f  a lu m in a , w h ile  th e  p red ic ted  v a lu e  w a s  ab o u t 4 .0 5  g /1 0 0 g  o f  a lu m in a.

In a d d it io n , th e  ex p er im en ta l and  th eo re tica l b reak th rou gh  c u r v e s  o f  v o la tile  
o rg a n ic  c o m p o u n d s  (V O C ) o n  z e o l it e  w er e  รณ d ied  b y  B r o s ilio n  e t a l. (2 0 0 1 ) .  T h ey  
p ro p o se d  s im u la tio n s  o f  b reak th rou gh  cu rv es  b a sed  o n  th e  L in ea r  D r iv in g  F o rce  
m o d e l (L D F ). T h e  e x p er im en ts  w e r e  p erfo rm ed  o n  f ix e d  b e d s  o f  h y d ro p h o b ic  
c o m m e r c ia l z e o l ite s . A  g o o d  a g reem en t b e tw e e n  ex p er im en ta l and  n u m er ica l resu lts  
w a s  fo u n d  w h e n  an ad ju stab le  v a lu e  o f  th e  in tern al m a ss-tra n sfer  c o e f f ic ie n t  w a s  
u sed . A  co n sta n t v a lu e  o f  e f fe c t iv e  d if fu s iv ity  w a s  fo u n d  in d ep e n d e n t o f  th e  nature  
and  th e  a m o u n t o f  V O C s  ad so rb ed . A  re la tion  lin k in g  in trap e lle t m a ss-tra n sfer  
c o e f f ic ie n t  an d  eq u ilib r iu m  c o n sta n t w a s  p ro p o se d , in c lu d in g  th e  a v e r a g e  e f fe c t iv e  
d if fu s iv ity , in  ord er to  m ak e p r e d ic t io n s  o f  b reak th ro u gh  c u r v e s  for  an y  k in d  o f  
v o la t ile  o rg a n ic  p o llu ta n t in  g a se o u s  e fflu e n ts .

M o r e o v e r , th e  d e v e lo p m e n t o f  a g a s  p u rifier  to  r e m o v e  b u ta n e  from  air 
u s in g  Z S M -5  fa c ilita te d  a d so rp tio n  h a s b een  d e v e lo p e d  b y  รนทd y  e t al. (2 0 0 1 )  in  
ord er to  red u ce  th e  co n cen tra tio n  o f  b u ta n e  in  air. T h e  la b o ra to ry -sca le  p u rifier  w a s  
te s te d  and  e m p lo y e d  b o th  id ea l and  r ig o ro u s  m o d e lin g  to  ch a ra cter ize  th e  a d so rp tio n  
o f  b u tan e o n  Z S M -5 . T h e e x p er im en ta l b reak th rou gh  c u rv e  d iffe r e d  from  
K lin k e n b e r g  m o d e l e x p e c ta t io n  b e c a u se  o f  th e  e f fe c t  o f  in c o m p le te  a c tiv a tio n  and  
c h a n n e lin g  d u rin g  th e  ex p er im en t. A n d  a lso , in  year  2 0 0 2  D ic k e n  e t al. in v e stig a te d  
th e  a d so rp tio n  o f  to lu e n e  o n  Z S M -5 . T h e  b reak th rou gh  resu lts  w e r e  co m p a red  w ith  
th e  m o d e l p r e d ic t io n s , and s e n s it iv ity  a n a ly s is  w a s  p erfo rm ed  o n  th e  m o d e l to  
a cc o u n t for  th e  r e la tiv e  m o d e l. T h e  in v e s t ig a t io n  sh o w e d  that th e  ad so rp tio n  m o d e l  
w a s  v e r y  se n s it iv e  to  th e  b ed  len g th , bed  v o id  fraction , g a s  f lo w r a te , and  p e lle t  
d iam eter .
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The adsorption technique onto solid adsorbents was also applied with the 
adsorption of component in liquid phase. The adsorption isotherms of benzoic acid 
onto activated carbon and breakthrough curves in fixed-bed columns were 
investigated by Chem e t al. (2001). The adsorption isotherms of benzoic acid onto 
granular activated carbon at varied solution temperatures and pHs from an aqueous 
solution were experimentally determined by batch tests. The Toth model was found 
to fit well with all of the experimental data. A series of column tests were performed 
to determine the breakthrough curves with varying bed depths and water flow rates. 
The results showed that the half breakthrough time increased proportionally with 
increasing bed depths, but decreased inverse proportionally with increasing velocity. 
The constant-pattern wave approach using the Freundlich isotherm model fit the 
experimental breakthrough curves quite successfully. A correlation was proposed to 
predict the volumetric mass-transfer coefficient in the liquid phase.

Since the adsorption of water vapor contaminated in natural gas through the 
fixed-bed column is mostly used in the real application. In order to improve the 
industrial design and to find the optimal operating condition, the adsorption 
phenomena of a fixed-bed process need to model. So, this work was focused on the 
water removal from natural gas through the multi-layer adsorber. The experimental 
was set up to investigate the effect of feed concentration and contact time on the 
characteristics of breakthrough curve. Furthermore, a theoretical breakthrough curve 
was obtained by solving the set of mathematical equations. The adsorption was 
based on an axial dispersion plug flow and Linear Driving Force (LDF) models. The 
adsorption isotherm of adsorbents was obtained from the dynamic adsorption of the 
mixed adsorbents through the muti-layer adsorber. The isotherm equation was 
applied to complete the mathematical model. The method of lines (MOL) combined 
with the finite difference and computer programming were utilized to obtain the 
theoretical breakthrough curve.
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