
CHAPTER II
T H E O R E T IC A L  B A C K G R O U N D  A N D  L IT E R A T U R E  R E V IE W

2.1 B a c k g r o u n d

Natural gas contains many contaminants, of which the most common 
undesirable impurity is water. Most natural gas contains water near saturation at the 
temperature and pressure of production. The dehydration of natural gas, which is a 
critical component of the natural gas conditioning process, is the removal of the 
water that is associated with natural gases in vapor form. Removal of water from the 
gas stream reduces the potential for corrosion, hydrate formation, and freezing in the 
pipeline. It stops sluggish flow conditions that may be caused by the condensation of 
water vapor in natural gas (Gandhidasan et al., 2001). Hence, thç dehydration of the 
natural gas is necessary.

2.1.1 Natural Gas Dehydration
One method to remove vapor water from natural gas is solid-desiccant 

dehydration, as illustrated in Figure 2.1. It is an adsorption process in which a solid 
adsorbent is used to adsorb molecules from the gas on the surface- by surface forces. 
The operating temperature and pressure have an effect on the capacity of adsorption; 
that is, adsorption increases with a pressure increase and decreases with a 
temperature increase (Gandhidasan et al., 2001). In the solid-desiccant dehydration 
unit, the wet gas enters the tower near the top, and flows downward through the solid 
desiccant on the adsorption cycle. The equilibrium zone, adsorbent saturated with 
vapor water, propagates from the top layer and moves down to the next layer. The 
equilibrium zone continually increases along the reactor until all of the adsorbents 
are saturated with water.
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F ig u r e  2.1 Dehydration by adsorption (Rojeÿ et al., 1997).

2.1.2 Adsorbent Materials
The adsorbent materials which can be selected for use in the 

dehydration system should have the following characteristics: large surface area for 
high capacity, high mass transfer rate, and easy and economical regeneration ability, 
good activity retention with time, and high mechanical strength to resist crushing and 
dust formation, and so forth. Examples of materials with the above mentioned 
characteristics are activated alumina, molecular sieve, and silica gel, etc.

2.1.2.1 Activated Alumina
Activated alumina is produced from bauxite (AI2O3 3 H2O). It has 

high porosity resulting in high surface area. The surface of activated alumina is 
strongly polar, so it can adsorb polar molecules such as water. Activated alumina is 
usually used for drying warm gas because it has high capacity at elevated 
temperatures (Ruthven, 1984).

2.1.2.2 Silica Gel
S ilica  gel is o n e  fo rm  o f  s ilic a  SiC>2 th a t  h a s  a h ig h  p o ro s ity . It can  

be  p ro d u c e d  fro m  th e  so d iu m  s ilic a te  so lu tio n  o r th e  h y d ro ly s is  o f  so lu b le  a lka li 
m e ta l s ilic a te s  w ith  acid . T h e  su rface  o f  s ilic a  gel h a s  a  p o la r  s ta te  on  w h ich
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molecules such as water, alcohols, phenols, and amines and saturated hydrocarbons 
can be adsorbed in preference to nonpolar molecules (Ruthven, 1984).

2.1.2.3 Molecular Sieves
Molecular sieves are alkali metal crystalline aluminosilicates. 

This crystal consists of pores that have a certain size. The diameter of porosity 
changes with the type of charge-balancing cations such as 4A molecular sieves 
composed of Na2C>3, AI2O3, and Si0 2 . Molecular sieves have their polar property on 
the inner surface of the crystal cavities, which are attracted to polar molecules in 
preference to non-polar molecules (Campbell, 1984).

2.1.3 Deactivation
The adsorption capacity of an adsorbent decreases with-.time of 

operation, possibly because of either pore mouth closure, window blocking, coking, 
or hydrothermal decrystallization. These phenomena can occur from hydrothermal 
streaming or in presence of residue hydrocarbons- (Khan and Loughlin, - 2003). 
Adsorption capacity can be explained in terms of activity. For separable kinetic, the 
activity of catalyst, a(t), is defined as the ratio of the rate of reaction on a catalyst that 
has been used for a time, t, to the rate of reaction on a fresh catalyst (t= 0) (Fogler,
2006):

a ( t )  =
- r ' Al t  =  0) (2.1)

And the rate of catalyst decay can be expressed as:
dard dt (2.2)

2.1.4 Monolayer and Multilayer Adsorption
The isotherms for physical adsorption have been divided into five 

classes by Brunauer et al., as illustrated in Figure 2.2. Type I and type V show that 
the pore size of the adsorbent is not much higher than the adsorbate molecule, so 
adsorbents have a limitation to adsorb the adsorbate molecules. An adsorbent with a 
wide range of pore sizes can adsorp the adsorbate molecule on the surface from
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m o n o la y e r  to  m u ltila y e r  a d so rp tio n  and  th e n  to  c a p illa ry  c o n d e n sa tio n , as sh o w n  in  
T y p e s  II an d  III. A n  iso th e rm  o f  T yp e  IV  im p lie s  th a t th e  a d so rp tio n  o c cu rs  on  tw o  
su rfa c e  la y e rs ; e ith e r  on  a  p lan e  su rface  o r  on  th e  w all o f  a  p o re  h ig h ly  w id e r  th an  th e  
a d so rb a te  m o le c u le  (R u th v e n , 1984).

P/Ps

Figure 2.2 A d so rp tio n  iso th e rm  c la ss if ic a tio n s  a c c o rd in g  to  B ru n a u e r  e t al. (1940).

V a rio u s  e q u a tio n s  o f  a d so rp tio n  iso th e rm s  h av e  b e e n  d e v e lo p ed  to. 
e x p la in  th e  a d so rp tio n  o n  th e  ad so rb en t. In  o rd e r to  o b ta in  th e  p ro p e r  e q u a tio n  fo r  
e a c h  case  s tu d y , th e  fo llo w in g  e q u a tio n s  w e re  in tro d u ced .

E q u a tio n s  re d u c ib le  to  L a n g m u ir  iso th e rm  (T o th . 20 02 ):

±  
<ไร

( l ip )
\ 1 I m

1 + ( K p Y
(2 .3 )

T h e  v a r io u s  a d so rp tio n  iso th e rm s  can  b e  sh o w n  by  d iffe re n t co n d itio n s  
o f  th e  p a ra m e te rs  in  a b o v e  e q u a tio n  as fo llo w s:

f  =  m  =  1 ; T he  L a n g m u ir  re la tio n  iso th e rm , 
f  =  m  ะ/ะ 1; T h e  L an g m u ir-  F re u n d lic h  iso th e rm  (L F ). 
m  =  1 and  Ï  ะ/ะ \ \ T h e  g en e ra liz e  F re u n d lic h  iso th e rm  (G F ). 
m  ะ/ะ 1 an d  f  =  1 ; T h e  T o th  iso th e rm  (I).

Iso th e rm s  g en e ra ted  b y  th e  ex p o n e n tia l iso th e rm  eq u a tio n  (T o th ,
2 0 0 2 ) :
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( (  „  \ -)X
—  = exp - ± B , k HT  In Pa
<7, % V p  aJy

T h is  e q u a tio n  can  be  red u ced  to  o th e r  e q u a tio n s  by th e  fo llo w in g  case :

B | >  0 and  Bj =  0 fo r j >  2; T he  c la ss ic a l F re u n d lic h  iso th e rm
(F).
ร 2 > 0 an d  Bj =  0 fo r  j y  2; T h e  D u b in in -R a d u sh k e v ic h  
iso th e rm  (D R ).
Bj >  0 and  Bj =  0 fo r j  y  i; T h e  D u b in in -A s ta k h o v  iso th e m  
(D V ).
B] , B 2 >  0 and  B, =  0 fo r  j> 2 ; T h e  F re u n d lic h -D u b in in -  
R a d u sh k e v ic h  iso th e rm  ( F R D ).

T h e  U N IL A N  iso th e rm  e q u a tio n  (R o d rig u es  e t a l., 1989):

J L  =  J _ i n  ] + C P e + ' 
q s 2 s  1 +  C pe~ ' (2 .5 )

T h e  T A L A N  iso th e rm  e q u a tio n  (R o d rig u e s  e t al. 1 1989):

q  _  K p  <72K p { \ - K p )
q s = \ + K p + 2(1 + K p Ÿ

1989):
T h e  R u th v e n  and  L o n g h lin  iso th e rm  e q u a tio n  (R o d rig u e s  e t al.,

±
Hs

Kp + T { K p ) 'Q - i b y
0-1)!

1 + K p  + Y {K p ) ' ( \ - i b y
(2 .7 )
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T h e  B IL A N  iso th e rm  e q u a tio n  (R o d rig u e s  e t a l . , 1989):

w h e re

±  = £ o , ( p ,£1)p ,(£1)

0. = c , p

p, (e 1) =

\ + c , p
= c ec'ikr

-I- i -  np
y j n p ( \ - p )

(ท']
V'J p ' 0 - p )

1- 2  p
y j n p Q - p )

(2.8)

T h e  H en ry  iso th e rm  eq u a tio n  (R u th v e n , 1984):

^  = bp (2 .9 )

T h e  B E T  iso th e rm  e q u a tio n  (R u th v en , 1984):

x  = -------------  blnLb--- ,2.,0)
q m (1 - p (  p , ) 0 ~ p (  P s + b p l  p j

F o r th e  d e a c tiv a te d  ad so rb en t, th e  a d so rp tio n  c a p a c ity  w ill d ec rea se  
w ith  th e  d e a c tiv a tio n  o f  th e  ad so rb e n t re su ltin g  in  a  c h a n g e  in  the  ad so rp tio n  
iso th e rm s . T h e  s lo p e  o f  th e  a d so rp tio n  iso th e rm  w ill d e c re a se , b e c o m in g  m o re  fla t 
w ith  th e  d eg re e  o f  d e a c tiv a tio n  (R o d rig u es  el a l.y 1989). as  il lu s tra te d  in F ig u re  2.3 .
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Figure 2.3 T h e  a d so rp tio n  iso th e rm  c h a n g e  w ith  ag e  o f  d e a c tiv a tio n  (R o d rig u es  et 
a l ,  1989).

2 :1 .5  R e g e n e ra tio n
In  o rd e r  to  reco v e r a  sa tu ra te d  a d so rb en t, th e  re g e n e ra tio n  p ro cess ' is 

in tro d u ced  in to  th e  d e h y d ra tio n  o f  th e  n a tu ra l g as  sy s tem . T h e  d ry  g as  fro m  
ad so rp tio n  s te p  is u tiliz ed  fo r th e  re g e n e ra tio n  p ro cess . T h is  g as  is h ea ted  by a h ea t 
e x c h a n g e r  u s in g  s team  o r ho t o il fro m  ab o u t 200  to  325°c. A t th e  b eg in n in g , th e  
to w e r  and  th e  d e s ic c a n t are h e a ted  to  ab o u t 120°c by th e  h o t gas. A t th is  
te m p e ra tu re , w a te r  is b o ile d  o r v a p o r iz e d , an d  the  b e d  c o n tin u e s  to  be h ea ted , b u t 
m o re  s lo w ly  b e c a u se  w a te r  is b e in g  re m o v e d  from  th e  d e s iccan t. T h e  h o t gas still 
c o n tin u a lly  h e a ts  up  th e  d e s iccan t a fte r  all w a te r  h a s  been  re m o v e d  in o rd e r  to  
e lim in a te  a n y  h e a v ie r  h y d ro c a rb o n s  an d  co n tam in an ts . A f te r  th e  re g e n e ra tio n  p ro c e ss  
is f in ish ed , th e  b ed  is th en  co o le d  b e fo re  it is c h a n g e d  to  th e  a d so rp tio n  m o d e  
(G a n d h id a sa n  e t a l ., 2 0 0 1 ).

2 .1 .6  M a th e m a tic a l M o del
I f  a sm all v o lu m e  o f  a n y  sy stem  (A V =A xA yA z) is c o n s id e re d , th e  m o le  

b a lan ce  can  b e  e m p lo y e d  to  ex p la in  th e  v a r ia tio n  o f  m o la r  f lu x e s  o f  a  sp ec ie s  A  in  
th ree  d im e n s io n s  (F o g le r . 20 06 ).
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S o , th e  m o le  b a la n c e  is:

z ^ l ,  J , +A, + rAAxA.y,\z  = A x A y A z (2.11)

w h ere
i re fe rs  to  e a c h  c o m p o n e n t (x, y, z)
F az=  W azAx Ay 
F Ay= W a>Ax Az 
F ax=  W axAzAy

T h e  m o la r  f lu x  b a la n c e  in re c ta n g u la r  c o o rd in a te s  c an  be  d e te rm in e d  b y  d iv id in g  all 
of E q u a tio n  2.11 b y  AxA yA z an d  tak in g  th e ir  lim it to  zero .

d W  d W , d  พ  dc-ะ — — -LâL-ะ—*- + r 4 = ะ ^  (2.12)ôx dy dz A ôt

By the assumption of no variation in r and 0 direction in cylindrical coordinates, the
mass balance is:



d e  4 
d t

(2 .1 3 )d \V A
dz

+ rA =

T he  m o la r  flux  o f  A  in  Z d ire c tio n , W Az c o n s is ts  o f  tw o  p a r ts  w h ic h  are  th e  m o le c u la r  
d iffu s io n  f lu x  re la tiv e  to  b u lk  m o tio n  o f  th e  f lu id  p ro d u c e d  by  a  co n c e n tra tio n  
g ra d ie n t, an d  th e  f lu x  re su lt in g  fro m  th e  bu lk  m o tio n  o f  th e  f lu id  (F o g le r, 2 0 0 6 ):

พ A: = - D l ^ - + CAV; (2 .1 4 )

In  th is  w o rk  Ta is th e  ra te  a d so rb a te  co n c e n tra tio n  a v e rag ed  o n  ad so rb en t:

r.A = 1 -  £
\  £  J

81
d t

(2 .1 5 )

B y  a p p ly in g  th e  in flu e n c e  o f  d e a c tiv a tio n  as e x p la in e d  in th e  p re v io u s  p a rt, a  (t) =  rA 
( t)/ Ta ( t= 0 ), in to  th is  ra te , th e  ra te  at any  tim e  is:

r.4 = a ( t ) 1 -  £
\  £  J

8q_
dt

(2 .1 6 )

A fte r  su b s titu tin g  r A an d  W a z  in to  E q u a tio n  ( 2 . 1 3 ) ,  th e  e q u a tio n  can  b e  re -w ritte n  as:

d 2c  4 d  dcA f-  D ,  — 7- +  - T - ( v c 4) +  - ^ +  a ( t )d z dz dt
. \

\  £  Jf= 0 ( 2 . 1 7 )

w h ere
D l=  ax ia l d isp e rs io n  c o e ff ic ie n t 
o  =  in te rs titia l v e lo c ity  
£ =  v o id a g e  o f  a d so rb en t b ed
q  =  a d so rb a te  c o n c e n tra tio n  av e ra g e d  o v e r  c ry s ta l an d  p e lle t 

. t =  tim e
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Z =  d is tan ce  m ea su re d  fro m  c o lu m n  in le t 
CA =  ad so rb a te  c o n c e n tra tio n  in f lu id  p h ase

T h e  la s t te rm  o f  the  a b o v e  e q u a tio n  ( — ) can  b e  e x p re sse d  in  th e  lin ea r ra tedt
e x p re ss io n  (R u th v e n , 1984):

k ( q - q )  (2 .1 8 )

w h ere  k an d  q  is th e  o v e ra ll m ass tra n s fe r  c o e ff ic ie n t an d  th e  e q u ilib r iu m  ad so rb ed  
p h ase  c o n c e n tra tio n , re sp e c tiv e ly .

2.2 Literature Survey

T h e  e x p e rim e n t an d  m a th em a tica l m o d e lin g  o f  b re a k th ro u g h  tim e  fo r th e  
d e h y d ra tio n  o f  a n a tu ra l g a s  sy s tem  w ere  ap p lied  by  C h a ik a se tp a ib o o n  (2 0 0 3 ), in 
w h ich  th e  a d so rb e r  c o n s is te d  o f  tw o  ty p es  o f  a d so rb e n ts , w h ic h  are  s ilica  ge l, 4 A  
m o le c u la r  s iev e  o f  size  1/8" and  m o le c u la r  s iev e  o f  s iz e  1/16". T h e  m a th em a tica l 
m o d e l w as  p re se n te d  by  th e  ax ia l d isp e rs io n  p lu g  f lo w  m o d e l b ased  on  m ass b a lan ce  
as  th e  fo llo w in g :

d 2c  d  dc  ( \  o
- D i i b r + i r (uc)+7 7 + ~ rd z dz dt \  £  J

, \  377dq_
dt = 0 (2 .1 9 )

T h e  eq u ilib r iu m  a d so rp tio n  iso th e rm s o f  th is  w o rk  co m e  fro m  p ass in g  flu id  
th ro u g h  an  a d so rb e r  w h ic h  co n s is ts  o f  th ree  a d so rb e n ts . T h e y  can  be  sep a ra ted  in to  
tw o  reg io n s : o n e  is  th e  L o n g m u ir  m o d e l, w h ich  e x p la in s  at a  h u m id ity  level less  th an  
5 2 %  R H , a n o th e r  o n e  is th e  L in ea r m o d e l, w h ic h  a c c o rd s  a t a b o v e  52 %  R H . T h e  
o v e ra ll m a ss  tra n s fe r  c o e ff ic ie n t w as  su g g es ted  to  be  a b o u t 1.0 X 1 O’4, w h ich  w a s  
a c c e p ta b le  fo r  all e x p e rim e n ts . In o rd e r  to  so lv e  th e  n a tu ra l g as  c o n c e n tra tio n . c (z ,t) , 
in  f lu id  p h ase , th e  m e th o d  o f  lin es  w ith  cen tra l f in ite  d e f in itio n  d iffe ren ce  and  
R u n g e -K u tta  4 th w as  u tiliz e d  in  th is  w o rk . T he  b re a k th ro u g h  tim e  from  th is  m o d e l 
w as  sh o rte r  th a n  fro m  th e  e x p e rim e n ts  by  ab o u t 2 7 % .
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In th e  y e a r  2 0 0 4 , U tta m a ro o p  fo llo w e d  the  w o rk  o f  C h a ik a se tp a ib o o n  to  
d ev e lo p  th e  m a th e m a tic a l m o d e l. In  th is  w o rk , th e  e q u ilib r iu m  a d so rp tio n  iso therm  
w as c o n s tru c te d  fo r each  a d so rb e n t in s tead  o f  fo r all o f  th e  a d so rb e n ts  in ad so rb er, as 
in  C h a ik a se tp a ib o o n ’s w o rk . In  U tta m a ro o p ’s w o rk , th e  se n s itiv e  p a ram e te rs  w ere  
an a ly zed , and  it w as  fo u n d  th a t th e  in te rs titia l v e lo c ity  (v )  an d  bed  v o id ag e  (e) w ere  
se n s itiv e  w ith  a  c h a n g in g  o f  th e  b re a k th ro u g h  cu rv e  m o re  th an  th e  ax ia l d isp e rs io n  
c o e ff ic ie n t (D l). So, it w a s  a ssu m ed  th a t th e  in te rs titia l v e lo c ity  o f  th e  feed  gas w as 
n o t c o n s ta n t a lo n g  th e  re a c to r . A fte rw a rd s , it w as  fo u n d  th a t th is  a ssu m p tio n  d id  no t 
h av e  m o re  o f  a n  e ffe c t o n  th e  c h an g e  o f  the  b re a k th ro u g h  c u rv e  w h e n  co m p ared  w ith  
th e  in te rs titia l v e lo c ity  co n s tan t. M o reo v e r , th e  b re a k th ro u g h  t im e  w as foun d  to  
d e c re a se  w ith  in c re a s in g  re la tiv e  h u m id ity  an d  v e lo c ity  o f  in le t g as . In o rd e r  to  b es t 
f it b e tw e e n  th e  e x p e rim e n ta l an d  th eo re tic a l b re a k th ro u g h  c u rv e , an  o v e ra ll m ass  
tra n s fe r  c o e ff ic ie n t o f  a b o u t 8 .5 x 1 0 'V 1 w as o ffe red . In th is  w o rk , th e  b reak th ro u g h  
tim e  o f  the  e x p e rim e n ts  w a s  d iffe re n t from -th e  m a th e m a tic a l m o d e l a b o u t 3%  to  5% .

K h a ik h a m  (2 0 0 7 ) s tu d ied  th e  m a th em a tica l m od e l o f  b re a k th ro u g h  cu rv e  o f  
th e  m u lti- la y e r  g as  a d so rb e r  c o n ta in in g  tw o  ty p es  o f  a d so rb e n ts ; a c tiv a ted  a lu m in a  
an d  m o le c u la r  s iev e  z e o lite  ty pe  4A . T he  c h a n g e  o f  p h y s ica l p ro p e rty  in  b o th  fresh  
an d  d e a c tiv a te d  a d so rb e n ts  w as  s tu d ied . H y d ro th e rm a l s te a m in g  in  th e  reg en e ra tio n  
s tep  is  c a u se  o f  d e a c tiv a tio n  o f  such  ad so rb en ts . E x p e rim e n ts  sh o w ed  th a t 
h y d ro th e rm a l s te a m in g  d e c rea sed  in  the  sp ec ific  su rface  a rea  o f  a c tiv a te d  a lu m in a  
an d  in  av e ra g e  c ry sta l s ize  o f  th e  m o le c u la r  siev e  z eo lite . T h e  p e rcen tag e  o f  
d e a c tiv a tio n  fo r  a c tiv a te d  a lu m in a  an d  m o le c u la r  siev e  z e o lite  ty p e  4 A  w a s  ach iv ed  
to  a b o u t 9 0 %  an d  15% , re sp e c tiv e ly , and  th e  e q u il ib r iu m  a d so rp tio n  iso th e rm  fo r 
e a c h  s ta tu s  o f  th e  a d so rb e n t w as  tak en  in to  th e  ax ia l d isp e rs io n  p lu g  f lo w  m o d e l, as 
in  U tta m a ro o p ’s w o rk , in  o rd e r  to  fin d  the  b re a k th ro u g h  tim e  o f  th is  p ro cess . It w as 
sh o w n  th a t th e  b re a k th ro u g h  tim e  o f  th e  d ea c tiv a te d  b ed  w as sh o rte r  th an  th e  fresh  
on e , and  th e  p re d ic te d  b re a k th ro u g h  tim e  fro m  the  m o d e l is in  a c c o rd  w ith  the  
e x p e rim en ts .

Z h an g  an d  C h e n g  (2 0 0 0 ) fo u n d  a m a th e m a tic a l m o d e l to  d e sc rib e  the  
rem o v a l o f  c y a n o g e n  c h lo r id e  (C N C 1) from  a  gas s tream  p a ss in g  th ro u g h  a fix ed  bed  
ad so rp tiv e  re a c to r  in  W'hich ac tiv a ted  ca rb o n  im p reg n a ted  w ith  c o p p e r , ch ro m iu m , 
and  s ilv e r  w a s  u sed  as  an  ad so rb en t. T he  ca ta ly tic  h y d ro ly s is  re a c tio n  o f  cy an o g en



14

c h lo rid e , b e c a u se  o f  th e  p re sen ce  o f  m o is tu re , as  w ell as th e  o x id a tio n - re d u c tiv e  
re a c tio n  o f  a c tiv a te d  c a rb o n  im p reg n a ted  w ith  co p p e r, c h ro m iu m , an d  s ilv e r, o ccu r  in  
th is  p ro c e ss  and  a ffe c t th e  d eac tiv a tio n  o f  th e  ca ta ly s t. T he  c o n tin u ity  e q u a tio n  o f  
fix ed  bed  w as  a s su m e d  to  be a  fo r  f irs t-o rd e r  d e a c tiv a tio n  an d  w as re fe rre d  to  by  th e  
fo llo w in g :

de Ô
— - +  V  —  c  + 
d t dx

' 1 -  £ ไ dq
K £  )  dt

R = 0 ; R  = K C e - K 11! (2.20)

T h e  e x p e rim e n ts  sh o w  th a t th e  m a th e m a tic a l m o d e l by  d e a c tiv a tio n  ra te  
co n s ta n ts  (Kd) o f  CN C1 in  d iffe re n t ca rb o n  b e d s  o b ta in e d  fro m  th e  lin ea r reg re ss io n  
th a t d e p e n d  o n  th e  ex p e rim e n ta l c o n d itio n s  ag ree  w ith  th e  p rac tic a l d eac tiv a tio n  
c h a ra c te r is tic s  o f  th e  ca rb o n s .

K o p ac  and  K o cab as  (2 0 0 2 )  in v e s tig a te d  th e  su lfu r  d io x id e  a d so rp tio n  
c h a ra c te r is tic s  on  s il ic a  gel, in th e  fo rm  o f  0 .1 -0 .3  m m  size  g ran u le s  p ack ed  in  
s ta in le ss  s tee l c o lu m n s  o f  0.1 m  len g th  and  0 .0 0 9 5  m  d ia m e te r  to  o b ta in  th e  
a d so rp tio n  iso th e rm s  o f  su lfu r d io x id e  on  s ilic a  gel. T h e  e x p e rim e n ts  w e re  o p e ra ted  
a t 473 K  c o n s ta n t te m p e ra tu re  w ith  d iffe ren t su lfu r  d io x id e  in le t c o n c e n tra tio n s  in  th e  
ra n g e  o f  4 3 0 -3 4 0 0  p p m  and  c o n s ta n t su lfu r d io x id e  in le t c o n c e n tra tio n  o f  1610 pp m  
fo r  te m p e ra tu re s  o f  373  and  473  K , in  a d d itio n  to  1500 pp m . at 323 K . F re u n d lich  
a d so rp tio n  iso th e rm s  g av e  th e  b e s t  fit fo r  th is  w o rk . M o re o v e r , th ey  ap p lie d  th e  
d e a c tiv a tio n  m o d e l p ro p o se d  by  S u y ad a l et a l. (2 0 0 0 )  to  a n a ly z e  th e  b re a k th ro u g h  
cu rv e  b y  c o m p a rin g  th e  e x p e rim en ta l, an d  m o d e l re su lts  in  th e  sam e  c o n d itio n  fo r 
in v e s tig a tin g  th e  a d so rp tio n  iso th e rm s. T h e  e x p e rim en ta l d a ta  ag ree  w ith  the  
d e a c tiv a tio n  m o d e l p re d ic tio n s , im p ly in g  a  s ig n if ic a n t d e a c tiv a tio n  o f  th e  ad so rb e n t 
w ith  tim e  w ith  re sp e c t to  p ro b a b le  c h an g es  in  p o re  s tru c tu re , in  th e  a c tiv e  su rface  
a rea , an d  a c tiv e  s ite  d is tr ib u tio n  o f  th e  ad so rb en t.

K o p ac  an d  K o c a b a s  (2 0 0 4 )  an a ly zed  th e  b re a k th ro u g h  d a ta  fo r su lfu r  d io x id e  
o n  s ilic a  gel b y  c o m p a rin g  th e  re su lts  o f  th e  d e a c tiv a tio n  m o d e ls  p ro p o se d  by  O rb ey  
e t a l. (2 0 0 1 )  and  Y asy e rli et a l. (200 1). T h e  d e a c tiv a tio n  m o d e l o f  O rb ey  e t al. 
(1 9 8 2 ) fo r  th e  b re a k th ro u g h  o f  so lid -g as  ta k in g  p lace  in a p a c k e d  bed  re a c to r  can  b e  
e x p re ssed  as  fo llo w s:
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c__ Nv sinh[^0 exp(-A6>)] *
c0 sinh[^0 exp 7V(v -  (9)] (2.21)

A n d  a  m o d e l fo r p re d ic tin g  th e  b reak th ro u g h  cu rv e  w as  p ro p o se d  b y  Y asy e rli et al. 
a s  fo llow s:

—  =  ex p

k0พ  , 1 ไไ1 -  ex p ( l - e x p ( - V ) )l Q i
[ l - e x p ( -V ) ]

exp (-k jt) (2.22)

T h e  O rb ey  et al. (1 9 8 2 )  m o d e l in c lu d ed  in trap e lle t d iffu s io n  re s is ta n c e , b u t in th e  
Y asy erli et al. (2 0 0 1 )  m o d e l, in te rna l d iffu s io n  re s is ta n c e  w as  n e g le c te d . H o w ev er, 
c o n c e n tra tio n  d e p e n d e n c e  w as  co n s id e red  in th is  m o d e l. T h e  p a ra m e te rs  o f  b o th  
m o d e ls  fo r  su lfu r  d io x id e  ad so rp tio n  w ere  sh o w n  at 3 2 3 , 37 3 , an d  473  K  and  th e  in le t 
c o n c e n tra tio n  at th e se  te m p e ra tu re s  a re  0 .2 2 6 4 , 0 .2 1 0 4 , an d  0 .1 6 5 9  m o l/m 3, 
re sp e c tiv e ly . M o reo v e r , th e  p a ram e te rs  o f  b o th  m o d e ls  w ere  in v e s tig a te d  at 473 K 
fo r  su lfu r d io x id e  in le t co n c e n tra tio n  in  th e  range  o f  0 .0 4 4 3 -0 .3 5 0 4  m o l/m 3 as w ell. 
A n a ly s is  o f  b o th  d e a c tiv a tio n  m o d e ls  sh o w s  th a t th e se  m o d e ls  can  be  ap p lied  to  
in v es tig a te  th e  a d so rp tio n  o f  su lfu r d io x id e  on  s ilic a  gel, an d  th e  p a ra m e te r  o f  th e  
O rb ey  m o d e l w as  m o re  d iffe re n t th an  th e  p a ra m e te r  o f  th e  Y asy e rli m o d e l w h en  vary  
co n d itio n s , so  th e  la t te r  m o d e l is th e  b e s t o n e  for a n a ly z in g  th e  b re a k th ro u g h  c u rv e  o f  
su lfu r  d io x id e  ad so rp tio n .

In  re c e n t w o rk , th e  c h a ra c te r iz a tio n s  o f  d e a c tiv a te d  a d so rb e n ts  w ere  s tu d ied . 
A lso , th e  a d so rp tio n  iso th e rm s  o f  each  ad so rb e n t w ere  p e rfo rm e d  at v a rio u s  
p e rc e n ta g e s  o f  d e a c tiv a tio n , an d  th eo re tica l b re a k th ro u g h  tim e  w as in v e s tig a te d  fo r 
a ll p o ss ib le  b ed  c o m p o s itio n s . E sp ec ia lly , th ese  w e re  s tu d ie d  a t lo w  d eg ree  o f  
d eac tiv a tio n . T h e re fo re , th e  m a in  p u rp o se  o f  th is  w o rk  w as to  d e sc r ib e  th e  d y n am ic  
b e h a v io r  o f  w a te r  v a p o r  re m o v e d  from  na tu ra l g as  u s in g  a  m u ltila y e r  a d so rb e r 
p a ck ed  w ith  fresh  an d  d e a c tiv a te d  ad so rb en ts . A d d itio n a lly , th e  p h y s ic a l p ro p e rtie s  
an d  a d so rp tio n  iso th e rm s  o f  d eac tiv a ted  a d so rb e n ts  at h ig h  p e rc e n ta g e s  o f  
d e a c tiv a tio n  w ere  d e te rm in e d . M o reo v e r  th e  c h a n g e  in  in te rs titia l v e lo c ity  d u e  to
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p re ssu re  d ro p  a lo n g  th e  a d so rb e r  w as ap p lied  in  th e  b re a k th ro u g h  t im e  m o d e l, and  
th e  p a ra m e te rs  in  th e  b re a k th ro u g h  tim e  eq u a tio n  c h a n g in g  w ith  th e  p e rc e n ta g e  o f  
d e a c tiv a tio n  w ere  in v e s tig a te d  to  m o d ify  th e  b re a k th ro u g h  t im e  m o d el in  a cco rd a n c e  
w ith  d eac tiv a tio n .
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