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Modeling and Simulation of an Adiabatic Adsorber 

P. S .  K. CHOI," L. T. FAN, and H. H. HSUt 
DEPARTMENT OF CHEMICAL ENGINEERING 
KANSAS STATE UNIVERSITY 
MANHATTAN, KANSAS 66506 

Abstract 

An adiabatic fixed bed adsorber is modeled and simulated, and the effects of 
various parameters on its performance are investigated. The results of this study 
give an insight into the operating characteristics of the adsorption unit and 
should be useful in planning laboratory and field experiments and for inter- 
preting the results of such experiments. 

INTRODUCTION 

A packed bed adsorption unit appears to be one of the most practical 
separation devices for gas purification, solvent recovery, product enrich- 
ment, air pollution control, and other similar processes. The performance 
of an adsorber is influenced by the chemical, physical, and thermodynamic 
properties of the adsorbent and adsorbate ( I ,  2). 'These properties include 
chemical constituents, extent of surface area, pore size distribution, size 
and shape of the adsorbate, and transport properties and equilibrium 
concentration of the adsorbent, all which are, in turn, functions of the 
operating temperature and pressure. 

The flow pattern of the gas in a fixed bed adsorber also affects its 
performance significantly. Although the flow pattern in the fixed bed 
adsorber is very difficult to describe mathematically with accuracy, it can 

*P. S. K. Choi is presently at the Battelle Memorial Institute, Columbus, Ohio. 
tH.  H. Hsu is presently at the Esso Production Research Company, Houston, Texas. 
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702 CHOI, FAN, AND HSU 

be approximated by either the plug flow model or the dispersion model 
(3). The plug flow model is valid if the adsorber bed is relatively deep and 
the movement of the adsorbate is predominated by the convective motion. 
The actual flow pattern of a gas through a fixed adsorption bed can 
deviate appreciably from that represented by the plug flow. Axial disper- 
sion of the adsorbate can be caused by the turbulence, influence of the 
velocity profile, molecular diffusion, and convective mixing due to tem- 
perature differences. Therefore, the dispersion model is more realistic 
than the plug flow model to simulate the flow through a fixed bed, espe- 
cially for a shallow bed. 

In general, an adsorption process is accompanied by heat generation. 
The heat released in the process can be significant; it raises the temperature 
of the bed, and a rise in temperature affects the adsorption rate. 

In the design and operation of an adsorption bed, it is necessary to 
predict the dynamic behavior of the bed, which is difficult since it is 
influenced by many factors. In this study the adiabatic adsorption process 
taking place in a fixed bed of adsorbent is mathematically modeled and 
numerically simulated. The effects of various design parameters, such as 
the Peclet number, external mass transfer coefficient, and the adsorbent 
capacity, are examined for the dynamic changes in the adsorbate con- 
centration and temperature in both gaseous and solid phases of the bed. 

MODEL EQUATIONS A N D  NUMERICAL SOLUTION 

The assumptions made in deriving the model equations for the packed 
adsorber under consideration are that 

(a) An adsorption process taking place in a fixed bed is adiabatic. 
(b) The mass and heat transfers between gas and adsorbent phases are 

external transfer rate controlling. 
(c) The equilibrium isotherm between the two phases is of the Lang- 

muir type (I, 2). 
(d) Parameters, such as heat and mass transfer coefficients, porosity 

of bed, adsorbent density, specific surface area, specific heats of 
gas and adsorbent, and heat conductivity of adsorbent, do not 
change with operating conditions. 

(e) No dispersion of the gaseous components occurs in the entrance 
and exit sections adjacent to the bed. 

Mass and heat balances over a control volume of the bed lead to the 
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following partial differential equations : 

ac a z c  ac 
at ‘aZ2 az 

H - = @p E - - G -  - R, 

H,- a4 = R 
at a 

a Ta a v g  
at az2 

H c - = (1 - @)E,- + ha(Tg - T,) + (AH,)& 

The initial and boundary conditions are, when t = 0: 

c = o  

q = o  

T, = To 

T,, = To 

a t z = O  

aTa - - - 0  aZ 
a t z = L  

The adsorption rate, R,, for the external mass transfer control mechanism 
can be written as 

R, = k,ap,(~ - c*) (1 5 )  
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704 CHOI, FAN, AND HSU 

where c* is the gas phase equilibrium concentration which can be expressed 
by a Langmuir-type isotherm 

where 

Let 

X = C / C f  

y = 9lqm 
U = T,/Ta 

V = Ta/Ta 

A = z / L  

z = tG/LH, 

Pe, = GL/@p,E1 

K, = k,ap,L/G 

H = haL/Gc, 

K = (1 - (D)E,H,/GLHs 

0~ = HgCfIHsqrn 

P = H,c,/Hscs 

Y = (AHa)HgcflcsHsTo 

Then Eqs. (1) through (16) can be transformed into 

K,(X - X * )  ax I a2x ax 
87 Pe, 8A2 an -=----- 

- -  a’ - ctK,(X - X*) 
a7 
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MODELING AND SIMULATION OF AN ADIABATIC ADSORBER 705 

+ BH(U - V )  + yK,(X - X * )  av Ka2v 
a7 an2 -=- 

BX* 
1 + BX* 

Y =  

The corresponding initial and boundary conditions are, when z = 0: 

x = o  (24) 

Y = O  (25) 

u =  1 (26) 

v =  1 (27) 

avian = o 
a t A =  1 

axjan = o 
avian = o 
avian = o 

where 

If the mass dispersion coefficient, El, is assumed to be equal to the thermal 
dispersion coefficient, E2' (or E2/pgcg),  then 

Pe, = Pe, = Pe (35) 

It would be very difficult, if not impossible, to obtain analytical solutions 
for the simultaneous partial differential equaticlns (Eqs. 19 through 23) 
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CHOI, FAN, A N D  HSU 706 

subject to the initial and boundary conditions (Eqs. 24 through 33). Com- 
puter-aided numerical methods can be employed for solution. These 
methods include the finite difference method, method of characteristics, 
and collocation method. Among these, the implicit finite difference 
method, specifically the Crank-Nicolson method, is employed in this study. 
The method involves less stringent stability and convergence restrictions 
than the explicit finite difference method and requires less computing time 
than the method of characteristics. In addition, this method is known to 
be particularly powerful for the parabolic partial differential equations 
encountered in this study. 

In employing the Crank-Nicolson method, each partial differential equa- 
tion is rewritten as a set of simultaneous algebraic equations. Since a 
detailed description of the method is available elsewhere (4,5), the deriva- 
tion of the simultaneous algebraic equations and the solution thereof by 
using the Thomas algorithm are not given here. 

RESULTS AND DISCUSSIONS 

The Langmuir-type isotherm given in Eq. (23) is plotted in Fig. 1 for 
A,’ = 1.35 x and A,’ = 15.04. This isotherm is employed through- 
out this study. Figure 2 shows the adsorbate concentration distributions 
in a packed bed adsorber for different values of operating time. The 
adsorbate concentrations in the gaseous and solid phases of the bed are 
initially zero. When adsorbate laden gas is introduced, the adsorbate 
penetrates into the void in the bed by convection and diffusion, and simul- 
taneously the adsorption process takes place between the adsorbate in the 
void and the surface of the adsorbent. This results in the gas phase adsorb- 
ate ‘concentration profile decreasing in the axial direction of flow. As 
time increases, the adsorbent surface is gradually saturated and the ad- 
sorbate concentration in the gaseous phase becomes higher. As z ap- 
proaches infinity, the adsorbent is completely saturated and the exit 
concentration becomes the same as the inlet concentration. At the same 
time, the adsorbate concentration on the adsorbent assumes the equi- 
librium value with respect to the inlet concentration at the inlet tempera- 
ture. The effect of dispersion results in the adsorbate concentration drop 
at the entrance of the bed as shown in Fig. 2. The magnitude of the 
concentration drop depends on the intensity of dispersion expressed in 
terms of the Peclet number and the magnitude of the concentration 
gradient. 

Figure 3 shows the temperature distributions of the gas and solid 
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FIG. 1. Adsorption isotherm plotted according to a Langmuir-type isotherm, 
Eq. (23) (parameter, V). 

phases. The temperatures are assumed to be initially identical with the 
room temperature (or the inlet gas temperature). Heat released from the 
adsorption process raises the adsorbent temperature as well as the gas 
phase temperature. The maximum gas and solid phase temperatures occur 
initially at the entrance of the bed and gradually move in the direction of 
gas flow as the zone of maximum adsorption rate moves in the same 
direction. The maximum gas temperature always appears at  a distance 
farther down the bed than the maximum adsorbent temperature due to 
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708 CHOI, FAN, A N D  HSU 

FIG. 2. Adsorbate concentration distribution in a packed bed adsorber (Pe = 5, 
K, = 20, H = 100, a = 0.005, B = 0.001, y = 0.002; parameter, 2). 

the convection of heat in the gas phase in the direction of flow. The effect 
of dispersion on the jump in the gas temperature at the entrance can also 
be observed in Fig. 3. The temperature gradient in the gas phase generated 
by the heat of adsorption causes heat to be dispersed in the directions 
along and opposite to the gas flow. Since no heat is transported out of the 
bed into the entrance section, heat dispersed in the direction opposite to 
the gas flow is reflected into the bed at the entrance. This renders the gas 
phase temperature at the entrance of the bed to be higher than the incom- 
ing gas temperature. This phenomenon is especially pronounced at the 
onset of the operation. When time z approaches infinity, the bed tempera- 
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MODELING AND SIMULATION OF A N  ADIABATIC ADSORBER 709 

FIG. 3. Temperature distribution in a packed bed adsorber (Pe = 5, K, = 20, 
H = 100, a = 0.005, /I = 0.001, y = 0.002; parameter, r). 

ture becomes the same as the incoming gas temperature because the rate 
of heat generation decreases with an increase in the degree of saturation 
of the adsorbate on the adsorbent, and the heat generated is rapidly 
removed by the gas flowing through the bed. 

The effect of dispersion as characterized by the Peclet number on the 
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0 0.2 0.4 0.6 0.8 1.0 

FIG. 4. Effect of Peclet number on the gas phase adsorbate concentration 
distribution in a packed bed adsorber at z = 100 (K. = 20, H = 100, a = 

0.005, /3 = 0.001 ; parameter, Pe). 

concentration in the gas phase of the bed at z = 100 for different values 
of the heat of adsorption is shown in Fig. 4, and that in the solid phase in 
Fig, 5. As expected, these figures show that the adsorbate concentrations 
are uniform throughout the bed when Pe = 0 (complete mixing). For 
large values of Pe, e.g., Pe = 500, the flow behavior is essentially that of 
the plug flow. For intermediate values of Pe, namely for a finite degree of 
dispersion, the adsorbate concentration profiles fall between the profiles 
for complete mixing and that for plug flow. The effect of heat of adsorp- 
tion is also clearly shown in the figures. Figure 4 shows that, for the same 
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0 0.2 0.4 0.6 0.8 1.0 

FIG. 5. Effect of Peclet number on the solid phase adsorbate concentration 
distribution in a packed bed adsorber at r = 100 (A; = 20, H = 100, a = 

0.005, = 0.001 ; parameter, Pe:). 

value of the Peclet number, the average adsorbate concentration in the 
gas phase is lower for the isothermal case ( y  == 0) than for the non- 
isothermal case ( y  > 0). Conversely, Fig. 5 shows that the average adsorb- 
ate concentration in the solid phase is higher for the isothermal case than 
for the nonisothermal case. In other words, the adsorption process pro- 
ceeds faster in an isothermal bed than in a nonisothermal bed. This is 
because the heat generated from the adsorption process in a nonisothermal 
bed raises the solid phase temperature, thus resulting in a smaller driving 
force for adsorbate transfer. 

The effect of dispersion on the temperature distributions in the gas and 
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71 2 CHOI, FAN, AND HSU 

solid phases in the bed is shown in Fig. 6. For Pe = 0 (complete mixing), 
the temperature profiles are flat across the bed as expected. The solid phase 
temperature is higher than the gas phase temperature because heat is 
generated in the solid phase, raising the solid phase temperature first, and 
then is transported to the gas phase. When the Peclet number increases, 
the temperatures in both phases increase sharply near the entrance and 

----- 

0 0.2 0.4 0.6 I .o 

FIG. 6.  Effect of Peclet number on the temperature distribution in a packed bed 
adsorber at z = 100 (K. = 20, H = 100, a = 0.005, B = 0.001, y = 0.002; 

parameter, Pel. 
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MODELING AND SIMULATION OF AN ADIABATIC ADSORBER 71 3 

then level off. For large values of the Peclet numbrx, e.g., Pe = 500, the 
temperatures drop sharply near the exit. This is reasonable since little 
adsorption has occurred near the exit as reflected by Figs. 4 and 5. 

Figure 7 shows the effect of dispersion on the breakthrough of the 
incoming gas. For small values of the Peclet number, the dispersion of the 
gas is so intensive that the adsorbate is almost uniformly distributed in 
the bed. The adsorbate concentration in the gas phase near the exit is 
almost the same as that near the entrance. Therefore, the adsorbate breaks 
through the bed fairly rapidly. For large values of the Peclet number, 
however, the gas is not well dispersed. The bed is saturated with the 
adsorbate progressively from the entrance toward the exit. The adsorbate 

------- y = o  - y 0.002 

1.0 

0.8 

0.6 

40- 
I1 

0.4 

0.2 

0 5 0  100 150 250 300 
T 

FIG. 7. Effect of Peclet number on the exit adsorbate concentration change in a 
packed bed adsorber (K, = 20, H = 100, a = 0.005, B = 0.001 ; parameter, 

Pe). 
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71 4 CHOI, FAN, AND HSU 

does not move downstream either by convection or by diffusion unless it 
finishes saturating the portion of the bed it has contacted. Thus a moving 
front is formed which separates the bed into two distinct portions: one 
with complete contamination and the other with no contamination. In 
this manner the breakthrough occurs relatively late and sharply. It is 
worth noting that, for the same value of the Peclet number, the break- 
through occurs earlier for the nonisothermal process than for the isothermal 
process. 

FIG. 8. Effect of K, on the adsorbate concentration distribution in a packed bed 
adsorber at z = LOO (Pe = 5, H = 100, a = 0.005, B = 0.001, y = 0.002; 

parameter, Ke). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



MODELING AND SIMULATION OF AN ADIABATIC ADSORBER 71 5 

Figure 8 shows the effect of dimensionless external mass transfer 
coefficient, K,, on the adsorbate concentration distribution. For K, = 0, 
no adsorption takes place in the bed, and therefore the void space of the 
bed is completely filled with the incoming gas and the adsorbent remains 
uncontaminated. For K, values other than zero, the concentrations of 
both the gas and solid phases in the bed are higher for large values of K, 
than for small values of K, since the bed is saturated more rapidly for large 
value of K,. 

Figure 9 shows the effect of a, the inverse of the adsorption capacity of 

1.0 

0.8 

E 
ulu 0.6 

II 
% 

b 

*!? 0.4 
X 

0.2 

0 

.---- --I.--' 0.005 

____ __-__ 2 0 5 -  

0 50 100 I50 200 250 300 
r 

FIG. 9. Effect of a on the exit adsorbate concentration change in a packed bed 
adsorber (Pe = 5, K, = 20, H = 100, /3 = 0.001 ; parameter, a). 
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,-G, ' '\ at T = 100 

at T 5300 -_-_-_ '\ 

'\ 
\\ 

\, 
\ 
\ 
\ 

\ 
'\ 

\ 

0 0.2 0.4 0.6 0.8 1.0 

h = r  2 

FIG. 10. Effect of u on the solid phase temperature distribution in a packed bed 
adsorber (Pe = 5, K, = 20, H = 100, /I = 0.001, y = 0.002; parameter, a). 

the bed, on the transient adsorbate concentration at the exit for three 
different values of the heat of adsorption. For a = 0, or l / a  -, co, the 
bed has infinite adsorption capacity and is never saturated. For large 
values of a, or small values of l /a ,  the adsorption capacity is small; there- 
fore the bed is rapidly saturated. The effect of a on the solid phase tem- 
perature distribution in the bed is shown in Fig. 10. For small values of u, 
more adsorbate can be adsorbed and more heat is generated in the bed. 
This may result in very high temperatures in the bed. In particular, for 
a = 0, the bed temperature may rise continuously with time until heat 
generation is equal to heat removal by gas flow. In this case the adsorber 
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MODELING AND SIMULATION OF AN ADIABATIC ADSORBER 717 

temperature may rise to a very high level, and consequently the stability 
problem becomes serious. 

A further insight into the operation of an adsorber unit can be gained 
through evaluation of cumulative adsorption efficiency. A macroscopic 
adsorbate balance over the total volume of the bed gives 

c,Gt = lb c,G dt + l: cHg dz + qH, dz (36) 
0 

By introducing dimensionless quantities in Eq. (18), Eq. (36) can be 
rewritten as 

or (37) 
1 

0 
z = J I X e d r  + 5 X d A  i f a = O  

Thus the cumulative adsorption efficiency can be defined as 

= 1 - ' r X , d z  
7 0  

or 

Note that the adsorption efficiency changes with time and can be obtained 
by integrating either Eq. (38) or (39) numerically. 

Figure 11 shows the effect of axial dispersion characterized by the 
Peclet number on the cumulative adsorption efficiency. The adsorption 
efficiency is generally increased when dispersion is less significant and 
vice versa. In all cases the cumulative adsorption efficiency decreases as 
time increases because the bed becomes saturated gradually. The effect of 
heat of adsorption, y, is also shown in the figure. It is readily seen that the 
cumulative adsorption efficiencies are lower for the nonisothermal cases 
(y > 0) than for the isothermal case (y = 0). 

The effect of the inverse adsorption capacity a on the cumulative 
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FIG. 11 .  Effect of Peclet number on the cumulative adsorbate removal effi- 
ciency ( K ,  = 20, H = 100, a = 0.005, j3 = 0.001 ; parameter, Pe). 

adsorption efficiency at different values of y is shown in Fig. 12. When 
ct is small the adsorption capacity of the bed is large, resulting in slow 
saturation of the bed and, consequently, in a high cumulative adsorption 
efficiency. 

CONCLUDING REMARKS 

A mathematical simulation study of the processes taking place in an 
adiabatic adsorption bed is carried out, and the combined effect of disper- 
sion and heat of adsorption on the operating characteristics of the adsorp- 
tion unit is determined. The results of this study are useful for prediction 
of the behavior of an adiabic adsorption bed, for designing and operating 
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FIG. 12. Effect of tc on the cumulative adsorbate removal efficiency (Pe = 5, 
K, = 20, H = 100, = 0.001 ; parameter, a). 

it, for planning laboratory and field experiments with it, and for interpret- 
ing the results of such experiments. 

SYMBOLS 

a available external surface area per unit volume of bed, cm2/cm3 
A ,  constant, OK1/’ 

A,’ constant, c fA1/To)  
A 2  constant, OK 

A,’ constant, A2/To 
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b 
B 
C 

h 

H 
H@ 

HS 

q m  

adsorption coefficient expressed in Eq. (17) 
constant expressed in Eq. (34) 
adsorbate concentration in gas phase, g of adsorbate/g of adsorb- 
ate free gas 
equilibrium concentration, g of adsorbate/g of adsorbate free gas 
feed concentration, g of adsorbate/g of adsorbate free gas 
specific heat of gas, cal/"K-g 
specific heat of solid adsorbent, cal/ OK-g 
axial mass dispersion coefficient in the gas phase, cm2/sec 
axial dispersive conductivity of the gas phase, cal/sec, OK-cm 
axial thermal dispersion coefficient in the gas phase, cm2/sec 
thermal conductivity of solid, cal/sec- OK-cm 
superficial mass flow rate of fluid per unit cross-sectional area, 
g of gas/sec-cm2 
heat transfer coefficient between gas and adsorbent, cal/"K-cm2- 
sec 
dimensionless heat transfer coefficient, haL/Gc, 
gas phase hold-up, i.e., mass of gas per unit volume of bed, g of 
gas/cm3 of bed 
solid phase hold-up, i.e., mass of adsorbent per unit volume of 
bed, g of adsorbent/cm3 of bed 
average heat of adsorption, cal/g 
external mass transfer coefficient based on external surface of 
particle and concentration driving force, cm/sec 
dimensionless adsorbent heat conductivity, (1 - @)E3 Hg/GLHs 
dimensionless mass transfer coefficient, k,ap,E/G 
depth of adsorption bed, cm 
Peclet number 
Peclet number for heat transfer, GL/@pgE2' 
Peclet number for mass transfer, GL/@pgE1 
amount of adsorbate adsorbed per unit mass of adsorbent, g of 
adsorbate/g of adsorbent 
maximum amount of adsorbate which can be adsorbed per unit 
mass of adsorbent, g of adsorbate/g of adsorbent 
overall rate of adsorption per unit volume of bed, g/sec-cm3 
time, sec 
adsorbent temperature, OK 
gas temperature, OK 
temperature at the inlet of the bed, OK 
dimensionless gas temperature, T,/T, 
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V dimensionless adsorbent temperature, 'T,/To 
X 
X* 

Y 
z 

dimensionless adsorbate concentration in gas phase, c/cf 
dimensionless adsorbate equilibrium concentration in gas phase, 

dimensionless adsorbate concentration in solid phase, q/qm 
axial distance from entrance of bed, cm 

C*lCf  

Greek Letters 

c1 

P 
inverse of the adsorption capacity of the bed, H,cf/H,qm 
ratio of heat capacity of gas phase to that of solid phase in the 

dimensionless heat of adsorption, (AH,)H,cf/c,H,To 
cumulative adsorption efficiency 
dimensionless axial distance, z/L 
density of gas, g/cm3 
dimensionless time, tG/LH, 
void fraction of the bed 

bed, H,c,/H,c, 
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