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

2.1 B a c k g r o u n d

W a te r  is a  c o m m o n  im p u rity  in  gas s tream s, e sp e c ia lly  n a tu ra l g as  an d  its  
rem o v a l is n e c e ssa ry  to  p re v e n t its  c o n d e n sa tio n  an d  th e  fo rm a tio n  o f  so lid  ic e -lik e  
c ry s ta ls  c a lle d  h y d ra te s . In  th e  liq u id  p h ase , w a te r  w ill c a u se  c o rro s io n  p ro b le m s  in  
p ip e lin e s  an d  e q u ip m e n t, p a r tic u la r ly  w h e n  c a rb o n  d io x id e  a n d  h y d ro g e n  su lf id e  are  
p re sen t in  th e  gas (S p e ig h t, 1993). T h e  d e h y d ra tio n  o f  n a tu ra l g as  m u s t b e g in  a t th e  
so u rce  o f  th e  g as  in  o rd e r  to  p ro te c t th e  tra n sm iss io n  sy stem .

2.1 .1  N a tu ra l G as  D e h y d ra tio n
T h ere  a re  b a s ic a lly  th re e  m e th o d s  e m p lo y e d  to  red u c e  w a te r  c o n te n t 

o f  n a tu ra l gas. F irs t o n e  is d e w  p o in t co n tro l o r  Jo u le -T h o m so n  ex p a n s io n . T h is  
te c h n iq u e  u tiliz e s  te m p e ra tu re  d ro p  to  re m o v e  c o n d e n se d  w a te r  to  y ie ld  d e h y d ra te d  
n a tu ra l gas. N e x t  te c h n iq u e  is  liq u id  d e s ic c a n t d e h y d ra tio n  o r  G ly co l a b so rp tio n  
p ro cess . T h is  m e th o d  re m o v e s  w a te r  fro m  th e  g as  s tream  b y  c o u n te r  c u rre n t c o n ta c t 
in  a  tray  ty p e  c o n ta c to r  to w e r  w ith  g ly co l so lu tio n . T h ro u g h  th is  c o n ta c t, th e  gas 
g iv e s  up  its  w a te r  v a p o r  to  th e  g ly co l so lu tio n . T h e  la s t te c h n iq u e  fo r  n a tu ra l gas 
d e h y d ra tio n  is  th e  a d so rp tio n  u s in g  so lid  ad so rb en ts . T h ree  ty p e s  o f  m o s tly  u se d  
ad so rb e n ts  a re  m o le c u la r  s iev e , s ilic a  gel an d  a c tiv a te d  a lu m in a . A lth o u g h  th e re  are  
sev e ra l te c h n iq u e s  fo r w a te r  rem o v a l fro m  n a tu ra l gas, an  a d so rp tio n  p ro c e ss  u s in g  
so lid  d e s ic c a n ts  h as  b een  p ro v e n  to  b e  th e  b e s t a lte rn a tiv e s  fo r  w a te r  v a p o r  rem o v a l 
b e c a u se  o f  th e ir  g rea t d ry in g  ab ility .

2 .1 .2  A d so rb e n ts
In  p rin c ip le , a ll m ic ro p o ro u s  m a te ria ls  c an  b e  u se d  as a d so rb e n ts  fo r 

gas p u r if ic a tio n  an d  se p a ra tio n . T h e  m o st im p o rta n t c h a ra c te r is tic  o f  an  a d so rb e n t is 
its h ig h  p o ro s ity . T h u s, p h y s ic a l c h a ra c te r iz a tio n  is g e n e ra lly  m o re  im p o rta n t th an  
ch em ica l c h a ra c te r iz a tio n  (Y an g , 1987). T h e  sea rch  fo r a  su ita b le  a d so rb e n t is 
g en e ra lly  th e  f irs t s tep  in th e  d e v e lo p m e n t o f  th e  a d so rp tio n  se p a ra tio n  p ro cess .
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A  h ig h  a ffin ity  an d  cap ac ity  fo r a d so rp tio n  o f  m o is tu re  fro m  a  gas 
s tream  are  s im p ly  th e  p ro p e rtie s  o f  ad so rb e n t u se d  as a  so lid  d e s iccan t. T h e re fo re , 
th e  m a in  re q u ire m e n ts  fo r  an  e ffec tiv e  a d so rb e n t a re  h ig h ly  p o la r  su rface  an d  h ig h  
sp ec ific  a rea . A c tiv a te d  a lu m in a , s ilica  g e l, an d  m o le c u la r-s ie v e  zeo lite s  h av e  all 
b een  u se d  fo r  d ry in g  n a tu ra l gas (S h e rm an  an d  Y o n , 1991).

F ig u r e  2 .1  E q u ilib r iu m  iso th e rm s fo r a d so rp tio n  o f  w a te r  v a p o r  a t 2 5 ° c  o n  4 A  
m o le c u la r  s ie v e s , a c tiv a te d  a lu m in a , an d  s ilic a  g e l (R u th v e n , 1984).

2 . 1 . 2 . 1  A c t i v a t e d  A l u m i n a

A c tiv a te d  a lu m in a  is a  p o ro u s  h ig h -a re a  fo rm  o f  a lu m in u m  
o x id e , p re p a re d  e ith e r  d ire c tly  fro m  b a u x ite  ( A f C f .S f f O )  o r fro m  th e  m o n o h y d ra te  
b y  d e h y d ra tio n  an d  re c ry s ta lliz a tio n  at e le v a te d  te m p e ra tu re . A s  sh o w n  in  F ig u re
2 .1 , a t ro o m  te m p e ra tu re , th e  a ff in ity  o f  a c tiv a te d  a lu m in a  fo r  w a te r  is c o m p a ra b le  
w ith  th a t o f  s ilic a  gel b u t th e  cap a c ity  is lo w er. A t e le v a te d  te m p e ra tu re s  th e  
cap a c ity  o f  a c tiv a te d  a lu m in a  is  h ig h e r  th a n  s ilic a  g e l, an d  it w as  th e re fo re  c o m m o n ly  
u se d  as a  d e s ic c a n t fo r  d ry in g  w a rm  a ir o r  g as  s tream s. H o w e v e r, fo r  th is  a p p lic a tio n  
it h as  b e e n  la rg e ly  re p la c e d  b y  m o le c u la r  s iev e  ad so rb en ts , w h ic h  e x h ib it b o th  a  
h ig h e r  c a p a c ity  an d  a  lo w e r e q u ilib r iu m  v a p o r  p re ssu re  u n d e r  m o s t co n d itio n s  o f  
p rac tic a l im p o rta n c e  (R u th v e n , 1984).

2 . 1 . 2 . 2  S i l i c a  G e l

S ilic a  gel is m ad e  by  d e h y d ra tio n  o f  h ig h  p u rity  s ilic a  
h y d ro g e l. T h e  fina l p ro d u c t is in  h ig h  p u rity  (9 9 .7 %  SiC>2 ), w h ic h  c o n tr ib u te s  to  its 
ch em ica l in e rtn e ss . T h e  c a p a c ity  o f  s ilic a  gel is sh o w n  in  F ig u re  2 .1 , an d  th e  sh ap e  
o f  th e  iso th e rm  is s im ila r  to  a c tiv a ted  a lu m in a . H o w ev e r, so m e  h ig h  cap a c ity  s ilic a



พอสบุดกทาง สำนกงานวิทยทร์ท*nnl 
ชุพาลงกา«มทาวํทยาสัย

g e ls  te n d  to  sh a tte r  in  th e  p re sen ce  o f  liq u id  w ate r. W h en  liq u id  w a te r  m ay  be 
p re sen t, a  lo w e r  c a p a c ity , w a te r-re s is ta n t s ilic a  gel m u s t be  u se d  (C o h en , 1991).

2 . 1 . 2 . 3  M o l e c u l a r - s i e v e  Z e o l i t e s

M o le c u la r-s ie v e  d e s ic c a n ts  a re  m e m b e rs  o f  a  c la ss  o f  m a te ria ls  
ca lled  zeo lite s . T h e y  a re  th e  c ry s ta llin e  fra m e w o rk  a lu m in o s ilic a te s  c o n ta in in g  
a lk a lin e  m e ta l c a tio n s . T h e  s tru c tu re  ex ten d s  in  th ree  d im e n s io n s  b y  a  n e tw o rk  o f  
A IO 4  an d  SiC>4 te tra h e d ra  lin k ed  to  o n e  a n o th e r  b y  sh a r in g  o x y g e n  a to m s. 
M o le c u la r-s ie v e s  p o sse ss  th e  h ig h  p o ro s ity  w h ic h  is c h a ra c te r is tic  o f  all ad so rb en ts . 
In  a d d itio n , th e  o rd e re d  c ry s ta llin e  s tru c tu re  o f  th e  m o le c u la r  s iev e  p ro v id e s  p o re s  o f  
a  c o n s ta n t size . In  co n tra s t, th e  p o re s  o f  a c tiv a te d  a lu m in a  an d  s ilic a  gel a re  n o t 
u n ifo rm  in  s ize . B e c a u se  o f  th e ir  o rd e re d  s tru c tu re , m o le c u la r  s iev es  h a v e  h ig h  
cap a c ity  a t lo w  w a te r  c o n c e n tra tio n s  an d  do  n o t e x h ib it a  c a p illa ry  c o n d e n sa tio n  
p o re -f ill in g  m e c h a n ism  a t h ig h  w a te r  c o n c e n tra tio n s . T h e  d e s ic c a tin g  p ro p e r tie s  o f  
th e  m a te ria l a re  still g o o d  a t e le v a te d  te m p e ra tu re s . A  d e w  p o in t o f  -7 5 ° c  c a n  be  
o b ta in e d  in  a  g as  d rie d  a t 9 0 ° c  w ith  a  m o le c u la r  s iev e  th a t  a d so rb s  w a te r  to  th e  lev e l 
o f  1 w t% . In  n o rm a l o p e ra tio n s  a t a m b ien t te m p e ra tu re , d e w  p o in ts  o f  <  - 1 0 0 ° c  h av e  
b een  m e a su re d  (C o h e n , 1991).

2 .1 .3  D e s ig n  o f  D y n a m ic  A d so rp tio n  D ry in g  S y s tem s
A d so rb e n t d ry in g  sy stem s a re  ty p ic a lly  o p e ra te d  in  a  re g e n e ra tiv e  

m o d e  w ith  an  a d so rp tio n  h a lf-c y c le  to  re m o v e  w a te r  fro m  th e  p ro c e ss  s tre a m  an d  
d e so rp tio n  h a lf-c y c le  to  re m o v e  w a te r  fro m  th e  a d so rb e n t an d  to  p re p a re  it fo r 
a n o th e r a d so rp tio n  h a lf-c y c le . U su a lly , tw o  b ed s  a re  e m p lo y e d  to  a llo w  fo r 
co n tin u o u s  p ro c e ss in g . In  m o s t cases , so m e  re s id u a l w a te r  re m a in s  o n  th e  ad so rb e n t 
a fte r  h a lf-c y c le  d e so rp tio n  b e c a u se  c o m p le te  re m o v a l is n o t e c o n o m ic a lly  p ra c tic a l.

T h e  d iffe re n c e  b e tw e e n  th e  a m o u n t o f  w a te r  re m o v e d  d u rin g  th e  
a d so rp tio n  an d  d e so rp tio n  h a lf-c y c le  is te rm e d  as th e  d iffe re n tia l lo ad in g , w h ic h  is 
th e  w o rk in g  c a p a c ity  a v a ila b le  fo r d e h y d ra tio n  (C o h en , 1991). A  ty p ic a l tw o -b e d  
d e h y d ra tio n  o f  n a tu ra l g as, w ith  o n e  b e d  o n  a d so rp tio n  an d  th e  o th e r  o n  re g e n e ra tio n , 
is sh o w n  in  F ig u re  2 .2 .
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F ig u r e  2 .2  V a p o r-p h a se  a d so rp tio n  sy stem  (M cC ab e , e t  a l . ,  1993).

2 .1 .4  A d so rp tio n  Iso th e rm
Iso th e rm s as d e te rm in e d  u n d e r  sp e c if ic  co n d itio n s  c a n  y ie ld  

q u a lita tiv e  a n d  q u a n tita tiv e  in fo rm a tio n  ab o u t th e  a d so rp tio n  p ro c e ss  an d  a lso  g iv e  
in d ic a tio n  o f  su rfa c e  c o v e rag e , an d  th u s, w ith  c e r ta in  a ssu m p tio n s , th e  su rface  a re a  o f  
th e  ad so rb en t.

B ru n a u e r, e t  a l .  (1 9 4 0 ) h av e  d iv id e d  th e  iso th e rm s  fo r  p h y s ic a l 
a d so rp tio n  in to  f iv e  c la sse s , as  illu s tra te d  in  F ig u re  2 .3 . T h e  iso th e rm s  fo r tru e  
m ic ro p o ro u s  a d so rb e n ts , w h o se  p o re  s ize  is n o t v e ry  m u c h  g re a te r  th a n  th e  m o le c u la r  
d ia m e te r  o f  th e  ad so rb a te  m o lecu le , are  n o rm a lly  o f  T y p e  I. T h is  is  b e c a u se  w ith  
su ch  a d so rb e n ts  th e re  is  a  d e fin ite  s a tu ra tio n  lim it c o rre sp o n d in g  to  c o m p le te  f illin g  
o f  th e  m ic ro p o re s . O cc a s io n a lly , i f  in te rm o le c u la r  a ttra c tio n  e ffe c ts  are  la rg e  an  
iso th e rm  o f  T y p e  V  is o b se rv e d , as fo r e x a m p le  in  th e  a d so rp tio n  o f  p h o sp h o ro u s  
v a p o r  o n  N a X . A n  iso th e rm  o f  T y p e  IV  su g g e s ts  th e  fo rm a tio n  o f  tw o  su rface  lay e rs  
e ith e r  on  a  p la n e  su rface  o r o n  th e  w all o f  a  p o re  v e ry  m u c h  w id e r  th a n  th e  m o le c u la r  
d ia m e te r  o f  th e  ad so rb a te . Iso th e rm s o f  T y p e s  II an d  III a re  g e n e ra lly  o b se rv e d  o n ly  
in  ad so rb e n ts  w ith  a  w id e  ra n g e  o f  p o re  sizes. In  su c h  sy s te m s  th e re  is  a  co n tin u o u s  
p ro g re ss io n  w ith  in c re a s in g  lo ad in g  fro m  m o n o la y e r  to  m u ltila y e r  a d so rp tio n  an d
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then to capillary condensation. The increase in capacity at high pressures is due to 
capillary condensation occurring in pores of increasing diameter as the pressure is 
raised (Ruthven, 1984).

Adsorption isotherms are most commonly used to select the adsorbent 
or even the adsorption process as a unit operation for the adsorptive separation of 
gases. If the adsorption isotherm shape is Type I, II, or IV, the adsorbent can be used 
to separate the adsorbate from the carrier gas. If it is Type III or V, adsorption will 
probably not be economical for the separation.

1 ____ n J nr
*  X

3โ _

1 <๕ _ yi f l  1/0 1/0 1/0 1/0 พP/Ps
Figure 2.3 Adsorption isotherm classification according to Brunauer, et al. (1940).

2.1.5 Deactivation
Deactivation of an adsorbent, involving either a loss of equilibrium 

capacity or an increase in mass transfer resistance, generally occurs during service as 
a result of either coke formation or loss of crystallinity. The latter is a common 
problem in thermal swing cycles where the sieve is used as a desiccant or even when 
water is present as an impurity in the feed, which is adsorbed in the first few layers 
of the adsorbent bed. During thermal regeneration the sieve is exposed to a 
combination of high temperature and high humidity, and under these conditions a 
slow and irreversible breakdown of the crystal structure may occur. Such effects 
tend to be most serious with zeolite X on account of its limited hydrothermal 
stability. However, with zeolite A under similar conditions, partial pore closure may 
occur, leading to a decrease in the intracrystalline diffusivity and an undesirable 
broadening of the mass transfer zone. Results from an accelerated aging study of 
several different commercial samples of 4A and 13X sieves are shown in Figure 2.4. 
The differences in initial capacity are probably due to differences in binder content. 
Each sample was subjected up to 725 two-hour cycles during which it was repeatedly 
saturated with water at room temperature and dehydrated at 260°c. It may be seen
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that even under these comparatively mild conditions there was some deterioration 
with four of the six sieves tested. One of the 13X sieves showed essentially no 
deterioration over the duration of the test, however the deterioration of 13X sieves 
appears to be generally more severe (Ruthven, 1984).

Figure 2.4 Results of accelerated aging tests carried out with six different 
commercial molecular sieve adsorbents (Ruthven, 1984).

2.1.6 Mathematical Model
When a fluid flows through a packed bed, there is a tendency for axial 

mixing to occur. Any such mixing is undesirable since it reduces the efficiency of 
separation. The minimization of axial dispersion is therefore a major design 
objective, particularly when the separation factor is small.

Flow through a packed bed may generally be adequately represented 
by the axial dispersed plug flow model (Ruthven, 1984):

„1 d 2c  d  / \ ÔC (  1D/.TW + i r ( vc) + X7+ -d z  d z  o t  V
dq_
d t

= 0

where
Dl = axial dispersion coefficient

(2.1)



c = adsorbate concentration in fluid phase 
V = interstitial velocity of fluid 
z = distance measured from column inlet 
t = time
8 = voidage of adsorbent bed; and
q = adsorbate concentration averaged over crystal and pellet

In this model, the effects of all mechanisms, which contribute to axial 
mixing, are lumped together into a single effective axial dispersion coefficient.

The mass balance for an adsorbent particle yields the adsorption rate 
expression, which may be written as:

Mass transfer between fluid and solid phase can be described with the linear driving 
force model as:

where k is the overall mass transfer coefficient and q* represents the equilibrium 
adsorbed phase concentration. The term dq / dt represents the overall rate of mass 
transfer for adsorbed component average over a particle. A general equilibrium 
relation can be expressed as:

The dynamic response of the column is given by the solution [ c(z,t),
q ( z , t )] to Equations (2.1) and (2.2) subject to the initial and boundary conditions
imposed on the column. The response to a perturbation in the feed composition
involves a mass transfer zone or concentration front which propagates through the

(2.2)

(2.3)

q = /(c ) (2.4)
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column with a characteristic velocity determined by the equilibrium isotherm. The 
location of the front at any time may be found simply from an overall mass balance, 
but in order to determine the form of the concentration front Equations (2.1) and
(2.2) must be solved simultaneously (Ruthven, 1984).

2.2 Literature Survey

The previous works related to experimental and mathematical modeling for 
constructing a breakthrough curve, gas adsorption, and adsorption isotherm are 
summarized in this section.

The adsorption of NH3 on silica gel was studied at 298, 313, 333 K by using 
a packed bed method (Kuo et a l, 1985). Equilibrium isotherms were calculated 
from the adsorption data, and were modeled by the Langmuir and modified Polanyl 
potential equations. Experimental breakthrough curves were obtained for six 
concentrations of 997, 1984, 3037, 5016, 7050, and 10000 ppm NH3 in dry helium 
gas at each temperature. It was found that although the experimental adsorption data 
could be fit relatively well with the Langmuir equation except for the higher 
concentrations, a better fit was obtained with the modified Polanyl potential 
equation.

Sanchez et al. (1996) have studied temperature programmed desorption 
(TPD) curves of water from zeolile Linde 4A using the Monte Carlo method taking 
into account the effect of readsorption and repulsive lateral interactions. TPD 
technique was used to allow identification of different bonding sites and evaluation 
of kinetic parameters associated with those sites. It was found that Monte Carlo 
results reproduced quite well the experimental curves for the set of parameters 
determined by TPD. The shift in the peak temperature to higher values as the 
coverage decreases was due to a larger number of sites available for readsorption. 
This was reflected in the simulations as an increasing coverage desorption 
probability.

The adsorption of trichloroethylene (TCE) vapor was investigated in a 
laboratory-scale packed-bed adsorber by using granular activated carbon (GAC) at 
constant pressure (101.3 kPa). The effects of TCE inlet concentration, operating
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temperature, and mass of adsorbent on the TCE breakthrough curves were 
investigated, respectively. The deactivation model was tested for these curves by 
using the analogy between the adsorption of TCE and the deactivation of catalyst 
particles. It was found that the deactivation model described the experimental 
breakthrough curves more accurately compared to Harkins-Jura, Brunauer-Emmett- 
Teller, Freundlich, Langmuir, and Dubinin-Radushkevich-Kagener isotherms 
(Suyadal et al., 2000).

Lertviriyakijskul (2000) studied the competitive adsorption between the 
hydrocarbon and water on activated alumina prepared by sol-gel technique including 
the effects of calcination temperature on the water adsorption capacity of alumina. It 
was found that the hydrocarbons were adsorbed first, and then they were replaced by 
the adsorption of water because sol-gel alumina has higher affinity of water than 
hydrocarbons. In addition, these sol-gel aluminas provided a high water adsorption 
capacity and low desorption temperature of 100°c. Bamrungket (2001) followed the 
works that have been done by Lertviriyakijskul by changing the adsorbent from 
activated alumina to modified clinoptilolite. The results showed the same trend of 
competitive adsorption between water and hydrocarbons.

The effect of pressure drop on the dynamic behavior of a fixed-bed adsorber 
was studied by Chahbani and Tondeur (2001). Concerning saturation with a constant 
volume flow rate, neglecting pressure drop gave rise to a late breakthrough time 
compared to the case with pressure drop.

The mathematical model was developed by Thipkhunthod et al. (2001) to 
predict the water and hydrocarbon adsorption from the competitive adsorption of 
natural gas and water on activated alumina prepared by the sol-gel technique. The 
model was established based on the unsteady state mass transfer and Langmuir- 
Freundlich equilibrium adsorption equation. The adjustable parameters in the 
equilibrium adsorption model were determined from equilibrium adsorption data of 
single component using FORTRAN programming language. With the pre
determined parameters, the equilibrium adsorption model can be used to well predict 
the water and hydrocarbon adsorption.

Brosillon et al. (2001) studied mass transfer in volatile organic compound 
(VOC) adsorption on zeolite. Simulations of the breakthrough curves of industrial
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solvents; n-heptane, n-octane, acetone, and methyl ethyl ketone (MEK), based on the 
Linear Driving Force (LDF) model, were proposed. Experiments were run on fixed 
beds of hydrophobic commercial zeolites. To improve the model and to study the 
parametrical effects on the breakthrough curves, a parameter sensitivity analysis was 
performed. The sensitivity of the two mass-transfer coefficients, kf (interphase mass- 
transfer coefficient) and kp (intrapellet mass-transfer coefficient), were investigated. 
It was found that the sensitivity of the external mass transfer (kf) was low, but the 
sensitivity of the kp parameter was high. Therefore, it can be deduced that the overall 
mass transfer is controlled by internal mass transfer. A good agreement between 
experimental and numerical results was found when an adjustable value of the 
internal mass-transfer coefficient is used. A constant value of effective diffusivity 
was found independent of the nature and the amount of VOCs adsorbed. A relation 
linking intrapellet mass-transfer coefficient, equilibrium constant and average 
effective diffusivity was proposed to predict breakthrough curves of any kind of 
volatile organic pollutant in gaseous effluents.

Chua et al. (2002) showed that adsorption characteristics of pure water 
vapor onto two different types of silica gel at temperatures from 298 to 338 K and at 
different equilibrium pressures between 500 and 7000 Pa by a volumetric technique. 
The thermophysical properties such as the skeletal density, BET surface area, pore 
size, pore volume, and total porosity of silica gel were determined. Toth’s equation 
was found to be able to sufficiently describe the performance of Type A and RD 
silica gels with water vapor.

Chaikasetpaiboon et al. (2002) studied the experimental and mathematical 
modeling of water vapor adsorption onto a multi-layer adsorber. The commercial 
adsorbents, silica gel and 4A-zeolite, were packed in layers in a fixed bed. 
Simulations of the breakthrough curves of water vapor, based on an axial dispersion 
plug flow and Linear Driving Force (LDF) model, was obtained by solving the set of 
mathematical equations. The method of lines (MOL) combined with the finite 
difference and computer programming were utilized to obtain the theoretical 
breakthrough curve. The mathematical models suggested that the overall mass 
transfer coefficient (ke) of approximate 1.0 X 1 O'4 was practically acceptable for all 
experimental case scenarios. Although the mathematical models were also able to
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predict the adsorption capacity at satisfactorily high degree of accuracy, their 
estimation of the breakthrough time was shorter than that from the experiments by 
about 27% in average. The mathematical model suggested by Chaikasetpaiboon et 
al. (2002) can be written as Equation (2.5):

-D L .e f r
<32c ac + ôc + ( ■
dz2 dz dt

J eff 3qe ff

V  & e ff  y dt (2.5)

The parameters used in the model were treated as the effective values of the 
parameters for the properties of materials in the whole bed. Moreover, the 
equilibrium adsorption isotherm of the multi-layer adsorber (three commercial 
adsorbents packed in layers in the adsorber) was determined and used in the dynamic 
adsorption model in order to construct the theoretical breakthrough curve. In 
contrast, for this work, for improving the previous model (Chaikasetpaiboon et al.,
20 0 2), the parameters and the equilibrium adsorption isotherm determined and 
constructed for each adsorbent were utilized in the dynamic adsorption model in 
order to obtain the theoretical breakthrough curves.
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