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Abstract - In this study, the fixed-bed adsorption of carbon dioxide and a carbon dioxide-nitrogen mixture on 
zeolite 13X was investigated. The adsorption equilibrium and breakthrough curves were determined at 
different temperatures – 301-306 K, 323 K, 373 K and 423 K. A model based on the LDF approximation for 
the mass transfer, considering the energy and momentum balances, was used to describe the adsorption 
kinetics of carbon dioxide and a carbon dioxide-nitrogen mixture. The model acceptably reproduced all of the 
breakthrough curves and can be considered as adequate for designing a PSA cycle to separate carbon dioxide-
nitrogen mixtures.  
Keywords: Adsorption; Carbon dioxide; Nitrogen; Zeolite 13X; Modeling. 

 
 
 

INTRODUCTION 
 

The emission of CO2 from power plants that burn 
fossil fuels is the major reason for the increase in the 
concentration of this gas in the atmosphere. The 
amount of carbon dioxide in the atmosphere is 
currently increasing globally by around six billion 
tons per year (Zhao et al., 2007).  

The capture and storage of carbon dioxide is a 
technically feasible method of making significant 
reductions in carbon dioxide emissions. Capturing 
carbon dioxide involves separating the CO2 from other 

flue gases. The technological advances that are being 
developed around the world capture carbon dioxide 
from flue gases by using different schemes: post-
combustion, pre-combustion and oxy-fuel processes.  

Several studies have been conducted worldwide 
in the field of CO2 capture by adsorption, indicating 
that this technique is attractive as a post-combustion 
treatment of flue gas. Strategies like PSA (pressure 
swing adsorption) and TSA (temperature swing 
adsorption) processes have been proposed and 
investigated for adsorption in a cyclic process 
(Cavenati et al., 2006; Chou and Chen, 2004; Gomes 



 
 
 
 

534    T. L. P. Dantas, F. M. T. Luna, I. J. Silva Jr., A. E. B. Torres, D. C. S. de Azevedo, A. E. Rodrigues and R. F.P.M. Moreira 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 
 

and Yee, 2002; Grande and Rodrigues, 2008). 
Pressure swing adsorption technology has become an 
interesting alternative due to low energy 
requirements and cost advantages. The PSA 
processes can be operated at high temperatures and 
overcome the need to cool the fuel gas to ambient 
temperature prior to the removal of carbon dioxide 
(Gaffney et al., 1999). 

The capture of carbon dioxide by adsorptive 
processes is mainly based on preferential adsorption of 
this gas on a porous adsorbent. Thus, the first and most 
important step is to find a suitable adsorbent. In 
industrial processes, zeolite 13X is frequently used as 
an adsorbent due to its high adsorption capacity (Lee et 
al., 2002; Siriwardane et al., 2001). For any such case, 
the basic information required is the adsorption 
equilibrium behavior of the pure components, in this 
case carbon dioxide. The design of a PSA system also 
requires the development of a model that can describe 
the dynamics of the adsorption on a fixed-bed with the 
selected adsorbent. 

In this study, the adsorption of carbon dioxide 
and a carbon dioxide-nitrogen mixture on zeolite 
13X packed in a fixed-bed was studied. The Linear 
Driving Force (LDF) model, considering the energy 
and momentum balances, was used to describe the 
kinetics of the carbon dioxide and the carbon 
dioxide-nitrogen mixture adsorption on zeolite 13X.  
 

EXPERIMENTAL SECTION 
 

The gases used for the carbon dioxide breakthrough 
curves were provided by White Martins S.A/Brazil: 
Helium 4.5 (99.99%) and standard mixtures of carbon 
dioxide/helium (20% CO2/He v/v) and carbon 
dioxide/nitrogen (20% CO2/N2 v/v). Pure CO2 
(99.99%) and N2 (99.995%) were supplied by Air 
Liquid S.A. (Portugal). The adsorbent used was zeolite 
13X (TradeShinli, China) and its characterization 
(BET area, pore size distribution and micropore 
volume), as well as information on the adsorption 
equilibrium of the pure carbon dioxide and pure 
nitrogen components, have been reported in a previous 
study (Dantas et al., 2008).  

 
Fixed-Bed CO2 and CO2/N2 Mixture Adsorption  
 

The experimental breakthrough curves were 
obtained by passing the appropriate gas mixture 
(20% CO2/He v/v or 20% CO2/N2 v/v) through the 
column packed with zeolite 13X. The solid adsorbent 
was pre-treated by passing helium over it at a flow 
rate of 5x10-7 m3.s-1 at 593K for 2 hours. These 
breakthrough curves were obtained at 301K, 323K, 

373K and 423 K. The total gas flow rate was 
maintained at 5x10-7 m3.s-1 for the CO2 breakthrough 
curves and at 10x10-7 m3.s-1 for the CO2/N2 
breakthrough curves. The reversibility of the 
adsorption was studied in desorption experiments by 
passing pure helium through the packed column at a 
total flow rate of 5x10-7 m3.s-1. The gas flow was 
controlled by a mass flow unit (Matheson, USA). A 
Model CG35 gas chromatograph (CG Instrumentos 
Científicos, Brazil) equipped with a Porapak-N 
packed column (Cromacon, Brazil) and with a 
thermal conductivity detector (TCD) was used to 
monitor the carbon dioxide and nitrogen 
concentration at the bed exit, using helium as the 
reference gas. The column was located inside a 
furnace with controlled temperature. The 
experimental system (column and furnace) was 
considered to be adiabatic because it was isolated 
with a layer of 0.10 m of fiberglass and with a 
refractory material. The properties of the adsorbent 
and of the fixed-bed are given in Table 1.  

 
Table 1: Physical properties of the adsorbent and 
of the bed used in the CO2 and CO2/N2 adsorption 
experiments. 

 
Solid density sρ  1950 kg m-3 

Particle density, pρ  1228.5 kg m-3 

Particle diameter, pd  0.0029 m 

Particle porosity, (a)
pε  0.37 

Tortuosity 2.2 
Solid specific heat, sC  920 J kg-1K-1 
Bed length, L  0.171 m 
Bed diameter, intd   0.022 m 
Column wall thickness, l  0.0015m 
Bed weight, W  0.0455 kg 
Bed porosity, ε  0.43 
Column wall specific heat, p,wC  440 J kg-1K-1 

Column wall density, wρ  7830 kg m-3 
(a) Cavenati el al., 2004 

 
Fixed-Bed CO2 Adsorption from a CO2/N2 
Mixture in a Nitrogen-Saturated Fixed-Bed 
 

The solid adsorbent was previously treated by 
passing nitrogen over it at a flow rate of 1.67x10-5 m3.s-1 

at 593K for 12 hours. After this pre-treatment, the 
temperature of the fixed bed was adjusted to the desired 
value (306 K, 323 K, 373 K or 423 K) under a N2 
atmosphere. The CO2/N2 mixture (10% CO2/N2 v/v) 
was then fed to the column at a total gas flow rate of 
3.5x10-5 m3.s-1. The gas flow was controlled by mass 
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flow controllers (Teledyne Brown Engineering, USA). 
At the end of the column, the carbon dioxide 
concentrations were periodically analyzed using a  
GA-40T Gas Analyzer (Madur Electronics, USA). The 
temperature inside the column was continuously 
monitored using a K-thermocouple placed at 0.17 m 
and 0.43 m from the bottom of the column. The 
column was located inside a convective furnace and 
thus the system was considered to be non-adiabatic. 
The characteristics of the fixed bed and the column are 
presented in Table 2. 
 
Table 2: Properties of the bed and column used in 
the CO2 adsorption on zeolite 13X in a nitrogen-
saturated fixed bed. 
 

Bed length, L  0.83 m 
Bed diameter, intd   0.021m 

Bed weight, W  0.210 kg 
Bed porosity, ε  0.41 
Column wall thickness, l  0.0041m 
Column wall specific heat, p,wC  500 J kg-1K-1 
Column wall conductivity, wk  13.4 Wm -1K-1 
Column wall density, wρ  8238 kg m-3 

 
 

MODEL DESCRIPTION 
 

The model used to describe the fixed-bed 
dynamics was derived from the mass balance taking 
into account the energy balance. For the model used 
to describe the fixed-bed dynamics of the adsorption 
of the CO2/N2 mixture and of CO2 from the CO2/N2 
mixture in a nitrogen-saturated fixed-bed, the 
momentum balance was also considered. The model 
was based on the following assumptions:  
(i) The flow pattern is described by the axially 
dispersed plug flow model; 
(ii) The mass transfer rate is represented by a linear 
driving force (LDF) model;  
(iii) The gas phase behaves as an ideal gas mixture; and 
(iv) Radial concentration and temperature gradients 
are negligible. 

With these assumptions, the fixed-bed model is 
described by the following equations (Eq. 1-7). The 
mass balance for each component is given by Eq. (1) 
(Ruthven, 1984):  
 

2
i i i i

L p2
C (uC ) C qD (1   )      
t z tz

∂ ∂ ∂ ∂
ε + = ε − − ε ρ
∂ ∂ ∂∂

    (1) 

 
where ε is the bed porosity, iC  is the concentration 
of component i in the gas phase, LD  is the axial 

dispersion coefficient, u  is the superficial velocity, 
and pρ  is the particle density. The rate of mass 
transfer to the particle for each component is given 
by Eq. (2):  
 

*i
L,i i i

q K (q q  )
t

∂
= −

∂
            (2) 

 
where LK  is the LDF overall mass transfer 
coefficient, *

iq  is the adsorbed equilibrium 

concentration, i.e., *
i iq f (C )=  given by the isotherm, 

and iq  is the average adsorbed concentration. The 
total concentration C is given by: 
 

g

PC
RT

=                (3) 

 
where P is the total pressure, gT  is the gas phase 
temperature and R is the universal gas constant. The 
Ergun equation considers the terms of the pressure 
drop and velocity changes:  
 

2
g 2

g3 2 3
p p

(1 )P (1 )150 u    1.75 u    
z d d

μ − ε∂ − ε
− = + ρ
∂ ε ε

     (4) 

 
where gμ  is the gas phase viscosity, gρ  is the gas 
phase density and pd  is the particle diameter.  

The energy balance is:  
 

( )

g g
g g

2
g s

L p s2

i w
p i g w

inti

T (uT )
CC  CC

t z

T T(1 ) C  
tz

q 4h(1 ) H  (T T )
t d

∂ ∂
ε + =

∂ ∂

∂ ∂
ελ − − ε ρ +

∂∂

∂
− ε ρ −Δ − −

∂∑       

    (5) 

 
where gC  is the molar specific heat of the gas phase, 

Lλ  is the axial heat dispersion coefficient, sC  is the 
solid specific heat, ( )iH−Δ  is the adsorption heat for 
the ith component at zero coverage, wh  is the internal 
convective heat coefficient between the gas and the 
wall, intd  is the bed diameter, and wT  is the wall 
temperature. The solid phase energy balance is 
expressed by: 
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( )

s f
p s g s

p

i
p i

i

T 6hC (T T ) 
t d

qH   
t

∂
ρ = − +

∂

∂
ρ −Δ

∂∑
         (6) 

 
where fh  is the film heat transfer coefficient 
between the gas and the adsorbent. For the column 
wall, the energy balance can be expressed by: 
 

w
w p,w w w g w

wl w

TC h (T T )
t

U(T T )∞

∂
ρ = α − −

∂

α −         
(7) 

 
where wρ  is the column wall density, p,wC is the 

column wall specific heat, wα  is the ratio of the 
internal surface area to the volume of the column 
wall, wlα  is the ratio of the logarithmic mean 
surface area of the column shell to the volume of the 
column (Da Silva and Rodrigues, 2002), U is the 
overall heat transfer coefficient between the column 
wall and the external air, and T∞  is the furnace 
external air temperature.  

For an adiabatic system, the last term of Eq. (7) 
must not been considered. The boundary conditions 
are the following: 
 

z = 0: i
L i iz z

z

CD . u(C C )
z

− +
+

∂
ε = − −

∂
       (8) 

 

z = L: i

z

C   0   
z −

∂
=

∂
            (9) 

 

z = 0: g
L p,g g gz z

z

T
. uCC (T T )

z − +
+

∂
ελ = − −

∂
   (10) 

 

z = L: g

z

T
  0   

z −

∂
=

∂
          (11) 

 

z = 0: z zuC uC− +=           (12) 
 

The initial conditions for the adiabatic system are: 
 

w g s i 0T T T T ; P P

(for no constant velocity system) and

= = = =

    (13) 

i iC (z,0) q (z,0)  0= =  

 The initial conditions for the non-adiabatic 
system are the following: 
 

w g s iT T T T= = = ; 0P P= ;  

and 

i i
2 

i i sat
g

2 

C (z,0) q (z,0)  0 
for the CO component

PC (z,0)  , q (z,0)  q  
RT

for the N component

⎧
⎪ = =⎪
⎪
⎨
⎪ = =⎪
⎪
⎩

     (14) 

 
The mathematical model was solved with the 

commercial software gPROMS (Process System 
Enterprise Limited, UK), which uses the method of 
orthogonal collocation on finite elements for 
resolution. The bed was divided into fifty sections 
with three collocation points for each element of the 
adsorption bed.  

 
Estimation of the Model Parameters  
 

According to Ruthven and Farooq (1993) and 
Sircar and coworkers (1999), the kinetics of the 
diffusion of nitrogen into zeolite 13X is controlled 
by molecular diffusion in the macropores. In this 
study, it was considered that the diffusion of both 
nitrogen and carbon dioxide into the zeolite 13X is 
controlled by molecular diffusion in the macropores. 
In fact, when the LDF overall mass transfer 
coefficient was evaluated considering micropores, 
macropores and Knudsen diffusion, the fitting of the 
model to the experimental data was not satisfactory 
(Dantas, 2009). 

The LDF overall mass transfer coefficient is 
related to the effective diffusivity of the macropore 
molecular diffusion-controlled system by the 
following relationship: 
 

p m,i o
L 2

p p o

D C
K 15

r q
ε

=
τ

          (15) 

 
where pr  is the particle radius, Pε  is the particle 

porosity, Pτ  is the particle tortuosity, 0q  is the value 
of q (concentration at the solid phase) at equilibrium 
with oC  (adsorbate concentration in the feed at feed 
temperature iT ) expressed in the appropriate units. 
The 0q  value was determined by using the apparent 
Henry constant in the low pressure region, since Eq. 
15 is appropriate when the adsorbent operates within 
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Henry’s law. The molecular diffusivity ( m,iD ) is 
evaluated from the Chapman-Enskog equation. A 
particle tortuosity ( pτ ) of 2 was assumed and a value 
of 0.37 for the particle porosity was used (Cavenati 
et al., 2004). 

The axial dispersion coefficient was evaluated 
using the correlation of Wakao and Funazkri (1978):  
 

L
o

m

D 0.5Sc Re
D

ε = ε +           (16) 

 
where oε  is the term corresponding to the stagnant 
contribution to axial dispersion. For low Reynolds 
numbers, the value of this term has an important 
effect on the fixed-bed dynamics. For Reynolds 
numbers lower than 1 (Re < 1), a value of 0.23 was

used for this term and, for higher Reynolds numbers 
(Re > 10), a value of 20 was used for this term. 
These values are consistent with those previously 
observed by other authors who used this correlation 
to model a fixed-bed adsorption process in the gas 
phase with similar Reynolds numbers (Cavenati et 
al., 2006; Delgado et al., 2006). 

The gas phase viscosity was estimated from 
Wilke’s equation (Bird, 1060). The mass and heat 
transport parameters were estimated according to 
correlations reported in the literature (Bird, 1960; De 
Wash and Froment, 1972; Incropera and De Witt, 
1996). The correlations used to evaluate the mass and 
heat transport parameters are summarized in Table 3. 
The values for some of the physical and transport 
properties of the gas phase, used for the calculation 
of the breakthrough simulation parameters, are 
shown in Table 4. 

 
 

Table 3: Correlations used for estimation of mass and heat parameters. 
 

Axial heat dispersion L

g
10 0.5Pr Re

k
λ

= +  

Film heat transfer 0.6 1/3Nu 2.0 1.1Re Pr= +  

Internal convective heat transfer coefficient w int

g

h d 12.5 0.048Re
k

= +  

Global heat transfer coefficient int ext int

w w int ext ext

1U
1 d d d 1ln

h k d d h

=
⎛ ⎞

+ +⎜ ⎟
⎝ ⎠

 

External convective heat transfer coefficient 

1/4
ext

4/99/12g,ex

h L 0.67Ra0.68
k 0.4921

Pr

= +
⎡ ⎤⎛ ⎞+⎢ ⎥⎜ ⎟

⎝ ⎠⎢ ⎥⎣ ⎦

 

L

uLPe
D

= ;   g p

g

ud
Re

ρ
=

μ
,   g

g m
Sc

D
μ

=
ρ

;   p,g g

g

C
Pr

k
μ

= ;   f p

g

h d
Nu

k
= ;   ( )w 3T T

Ra g L∞−
= β

να
 

 
 

Table 4: Gas phase physical and transport properties 
 

 Run yF T, K mD , 104 m2s-1 Sc Re LD , 104 m2s-1 

1 301 0.535 0.803 0.09 0.08 
2 323 0.602 0.807 0.08 0.08 
3 373 0.766 0.812 0.06 0.08 
4 

0.2 

423 0.943 0.819 0.05 0.08 
5 301 0.153 0.894 0.55 0.15 
6 323 0.175 0.886 0.49 0.15 
7 373 0.224 0.891 0.38 0.15 

A
di

ab
at

ic
 

8 

0.2 

423 0.281 0.883 0.30 0.15 
9 306 0.155 0.817 21.65 7.33 
10 323 0.170 0.823 19.52 7.81 
11 373 0.217 0.835 15.18 9.31 N

on
-

ad
ia

ba
tic

 

12 

0.1 

423 0.267 0.838 12.27 10.93 
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RESULTS AND DISCUSSION 
 
Adsorption Equilibrium of Carbon Dioxide and 
Nitrogen  
 

The basic information required to describe the 
fixed-bed dynamics of the adsorption of carbon 
dioxide and a carbon dioxide-nitrogen mixture is the 
adsorption equilibrium behavior of the single 
components. The adsorption equilibria of the pure 
components on the zeolite 13X used in this study 
have been previously reported (Dantas, 2009). The 
CO2 and N2 adsorption equilibrium data were fitted 
using the Toth model (Eq. (17)) (Toth, 1971; Do, 
1998) and the temperature dependence of the 
equilibrium was described according to the Van’t 
Hoff equation (Eq. (18)).  
 

m eq
n 1/n

eq

q K P
q

[(1 (K P) ]
=

+           (17) 
 

eq o
HK K exp

RT
−Δ⎛ ⎞= ⎜ ⎟

⎝ ⎠  
        (18) 

 
In this study, the adsorbed equilibrium 

concentration of carbon dioxide on zeolite 13X was 
estimated as a function of the feed concentration 
from a mass balance in the fixed bed. For each 
experimental breakthrough curve, the adsorbed 
equilibrium concentration is given by:  
 

( ) ( )
F F st FC Q t Cq

V V 1
ε

= −
− ε − ε

         (19) 

 
 

where FC  is the feed concentration, V is the bed 
volume, FQ  is the feed volumetric flow rate and stt  
is the stoichiometric time given by: 

st
Fo

Ct 1 dt
C

∞
⎛ ⎞

= −⎜ ⎟
⎝ ⎠∫

 
(Ruthven, 1984). The adsorbed 

equilibrium concentrations of nitrogen could not be 
measured due to the very fast breakthrough time, 
which generates large errors in the adsorbed 
equilibrium estimates.  

The resulting adsorbed equilibrium concentrations 
are given in Table 5. The differences between some 
of the values are attributed to the different 
methodologies used. It can be observed that the 
zeolite 13X adsorption capacity for CO2 in the 
CO2/He and CO2/N2 mixtures is very close to that 
predicted by the Toth isotherm using the fitting 
parameters previously reported (Dantas, 2009). This 
is to be expected if the active sites for N2 and CO2 
are independent. The amount of CO2 adsorbed 
predicted by the multicomponent Toth isotherm has 
a higher deviation (28.58%) than that predicted by 
the pure gas Toth isotherm (14.53%). 

Thus, the pure component equilibrium isotherms 
predicted very well the equilibrium of each component 
in the CO2/N2 mixture. Moreover, this solid adsorbed 
carbon dioxide to its total capacity. This assumption 
agrees with Siriwardane and coworkers (2001), who 
observed the same results for adsorption of CO2/N2 
mixtures on 13X zeolite. Table 6 shows the 
equilibrium parameters of the Toth model for carbon 
dioxide and nitrogen adsorption on zeolite 13X. 

 

Table 5: Experimental conditions and adsorbed concentrations from the mass balance of some 
breakthrough experiments and predicted by the Toth isotherms for pure components and bicomponent. 

 
Run T, K P, bar -1

(a)q ,mol kg  -1
(b)q ,mol kg  -1

(c)q ,mol kg  

1 301 1.02 2.16 2.49  
2 323 1.02 1.45 1.97  
5 301 1.02 2.35 2.49 2.20 
6 323 1.02 1.83 1.97 1.36 
9 306 1.20 2.30 2.15 1.46 
10 323 1.2 1.80 1.65 0.97 

(a) calculated from the mass balance; (b) predicted by the Toth isotherms for pure components; (c) predicted by the bicomponent Toth isotherm. 
 
 

Table 6: Adsorption equilibrium parameters of the Toth model for zeolite 13X*. 
 

Gas qm, mol/kg n Ko, bar-1 -ΔH, kJ/mol 
CO2 5.09 0.429 4.31 x10-4 29.38 
N2 3.08 0.869 8.81 x10-5 17.19 

* Dantas et al., 2008. 
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Breakthrough Curve Modeling 
 
Fixed-Bed CO2 Mixture Adsorption 
 

For the carbon dioxide breakthrough curves, a set 
of experiments was performed changing the initial 
temperature of the bed (runs 1 to 4) and the results 
were simulated using the model described above. 
Because the feed consists of a small concentration of 
a single adsorbable component (carbon dioxide), the 
velocity through the bed was considered to be 
constant. As mentioned previously, the system was 
also considered to be adiabatic. Figure 1 shows a 
comparison between the experimental and theoretical 
curves obtained for CO2 adsorption on zeolite 13X 
under the conditions of runs 1 to 4. It can be 
observed that, when the temperature is increased, the 
carbon dioxide breakthrough times are shorter due to 

the exothermic nature of the adsorption. It was also 
observed that the simulated curves reproduce 
adequately the experimental data for the different 
feed concentrations and temperatures studied, 
suggesting that the assumptions on which the model 
is based could be valid for this system. The LDF 
overall mass transfer coefficients calculated and used 
in these simulations are shown in Table 7. 

The simulated temperature profiles at the end of 
the bed are shown in Figure 2 for the conditions of 
run 1 and run 4 where the large and small 
temperature peaks are expected. It can be observed 
that the temperature peaks are very large. In Figures 
2 (a) and 2 (b), the temperature peaks correspond to 
the differences of around 35 K and 5 K, respectively. 
This is due to the high heat of adsorption for carbon 
dioxide on zeolite 13X and heat effects during the 
adsorption process must therefore be considered. 
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Figure 1: Breakthrough curves for CO2 adsorption on zeolite 13X. 
Symbols: experimental data; Lines: LDF model.  
 
 
Table 7: LDF overall mass transfer coefficients for N2 and CO2 
adsorption on zeolite 13X 

 
-1

LK ,s   

Run 
N2 CO2 

1 ⎯ 0.226 
2 ⎯ 0.370 
3 ⎯ 1.196 
4 ⎯ 2.525 
5 2.733 0.065 
6 5.102 0.108 
7 9.566 0.353 
8 31.844 0.758 
9 2.792 0.067 
10 5.014 0.106 
11 9.324 0.344 
12 30.519 0.726 
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Figure 2: Simulated temperature profile, at the end of the column, of the gas phase for CO2 adsorption on 
zeolite 13X. (a) Run 1 and (b) run 4. 

 
 
Fixed-Bed CO2/N2 Mixture Adsorption  
 

Figure 3 shows a comparison between the 
experimental and theoretical curves obtained for N2 and 

CO2 adsorption on zeolite 13X under the conditions of 
runs 5 to 8. In Table 7 is possible to observe the LDF 
overall mass transfer coefficient used for these carbon 
dioxide and nitrogen breakthrough curves.  
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Figure 3: Breakthrough curves for N2 and CO2 adsorption on zeolite 13X. Symbols: experimental data;    
∆ N2 and □ CO2. Lines: LDF model. Conditions: (a) run 5; (b) run 6; (c) run 7 and (d) run 8.  
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The model reproduces very well all of the 
breakthrough curves, for all feed concentrations, 
including the experimental breakthrough curves 
obtained for nitrogen. It was observed that the 
adsorbent is very selective toward carbon dioxide, as 
shown by the difference between the breakthrough 
times. As previously stated, the theoretical curves for 
CO2 and N2 adsorption on zeolite 13X were 
simulated by considering the Toth equation for the 
pure components to describe the equilibrium. The 
simulation results show that the zeolite 13X capacity 
for CO2 adsorption is not affected by the presence of 
N2. These results are in line with the observations 
reported by Goj et al. (2002) obtained by molecular 
simulation and by Harlick and Tezel (2003). The 
observations showed mixture isotherms in which the 
amount of CO2 adsorption is almost unchanged from 
the analogous single component isotherm. These 
results are attributed to the lateral interactions 
between carbon dioxide molecules due to their 
higher quadrupole moment (Delgado et al., 2006). 

Figure 4 shows the simulated temperature profile 
for the carbon dioxide/nitrogen mixture adsorption 
on zeolite 13X, at the end of column, under 
experimental conditions of temperature of 301 K 
(run 5). The temperature peak correspond to a 
difference around 30 K, very similar to the 
temperature peak observed for the CO2 adsorption 
only. In the inset, it is possible to observe that there 
is a first temperature peak at the beginning of the 
adsorption. This is to be expected, since, at the 
beginning, there is also nitrogen adsorption. 
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Figure 4: Simulated temperature profile of the gas 
phase for CO2/N2 mixture adsorption on zeolite 13X. 
Conditions: run 5. 
 
Fixed-Bed CO2 Adsorption from a CO2/N2 
Mixture in a Nitrogen-Saturated Fixed-Bed 
 

A set of experiments was performed changing the 
initial temperature of the bed to obtain the 
breakthrough curves of CO2 adsorption from CO2/N2 
mixtures on zeolite 13X in a nitrogen-saturated fixed 

bed (runs 9 to 12). Figure 5 shows the experimental 
and simulated breakthrough curves for the CO2 
adsorption. The model was suitable for describing 
the dynamics of CO2 adsorption. The LDF overall 
mass transfer coefficient used to simulate these 
breakthrough curves can be seen in Table 7. 
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Figure 5: Breakthrough curves for CO2 adsorption from 
CO2/N2 on zeolite 13X in a nitrogen-saturated fixed bed. 
Symbols: experimental data; CO2. Lines: LDF model. 
Conditions: □ run 9; ∆ run 10; ○ run 11 and × run 12. 
 

The system is non-adiabatic and a variation in the 
fluid phase temperature was noted during the 
adsorption (Figure 6) at the differential position of 
0.17 m for run 9. The temperature peak is high, even 
considering that in this system there is a contribution 
from nitrogen desorption. This is because zeolite 
13X is very selective toward carbon dioxide; there is 
a large difference between the heat of adsorption of 
carbon dioxide and of nitrogen on this adsorbent and 
the presence of nitrogen does not affect the CO2 
adsorption. Moreover, the thermal effects must be 
considered for all of the CO2 adsorption systems 
discussed herein.  
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Figure 6: Temperature profile, at 0.17 m (�) and 
0.43 m (Δ) from the bottom of the column, of the gas 
phase for CO2 adsorption from CO2/N2 mixtures on 
zeolite 13X in a nitrogen-saturated fixed bed. 
Conditions: Run 9. 
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CONCLUSIONS 
 

In this study, the fixed-bed adsorption of carbon 
dioxide on zeolite 13X was investigated. A model 
based on the LDF for the mass transfer, considering 
the thermal effects, was able to suitably describe the 
carbon dioxide breakthrough curves. 

The fixed-bed adsorption of carbon dioxide from 
CO2/N2 mixtures on zeolite 13X was also studied. 
The adsorption dynamics were investigated at 
several temperatures and under different conditions: 
considering N2 adsorption and desorption. It was 
demonstrated that zeolite 13X adsorbed carbon 
dioxide and nitrogen to its total capacity and, thus, 
the equilibrium of CO2 and N2 adsorption for CO2/N2 
mixtures can be very well described by the pure 
component adsorption isotherms. A model based on 
the LDF for the mass transfer, considering the 
energy and momentum balances, was able to 
describe adequately the adsorption kinetics of carbon 
dioxide and nitrogen.   

The LDF overall mass transfer coefficient was 
related to the effective diffusivity for a macropore 
molecular diffusion-controlled system. The zeolite 
13X used in this study has high selectivity for CO2 
and it is suitable for CO2/N2 separation processes. 
The model proposed here can be used to design a 
PSA cycle to separate CO2/N2 mixtures, where 
pressure drop and thermal effects are very important. 
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NOMENCLATURE 
 
C  

total concentration of the 
gas phase  

mol.m3

FC  
feed concentration  mol.m3

gC  molar specific heat at 
constant volume for the gas 
phase  

J.kg-1.K-1

iC  
concentration of component 
i in the gas phase  

mol.m3

sC  
solid specific heat  J.kg-1.K-1

p,wC  
column wall specific heat  J.kg-1.K-1

pd  particle diameter  m

extd  
column diameter  m

intd  
bed diameter  m

DK, i Knudsen diffusivity of 
component i  

m2.s-1

DL axial dispersion coefficient  m2.s-1

Dm,i molecular diffusivity of 
component i 

m2.s-1

hext external convective heat 
transfer coefficient  

W.m-2.K-1

hf film heat transfer coefficient 
between the gas and the 
adsorbent  

W.m-2.K-1

hw internal heat transfer 
coefficient between the gas 
and the column wall  

W.m-2.K-1

kf film mass transfer 
coefficient  

m.s-1

extk  
external air conductivity W.m -1.K-1

gk  gas phase conductivity  W.m -1.K-1

wk  column wall conductivity W.m -1.K-1

KL,i LDF overall mass transfer 
coefficient of component i 

s-1

Keq equilibrium constant  bar-1

Ko pre-exponential factor  bar-1

L bed length  m
l column wall thickness m
Mi molecular weight of 

component i  
kg.kmol-1

n parameter of  Toth model 
P total pressure  Pa
QF

 feed volumetric flow rate  m3.s-1

qo value of q (concentration at 
the solid phase) at 
equilibrium with oC  

mol.m-3

iq  average amount adsorbed of 
component i  

mol.kg-1

*
iq  

amount adsorbed at 
equilibrium of component i  

mol.kg-1

qm maximum amount adsorbed 
at equilibrium  

mol. kg-1

rp particle radius  m
R universal gas constant  m3.Pa.mol-1.K-1

tst stoichiometric time  s
Tg gas temperature  K
Ts solid temperature  K
Tw column wall temperature  K
T∞  furnace external air 

temperature  
K

u superficial velocity  m.s-1

U external overall heat transfer 
coefficient  

W.m-2.K-1

V bed volume  m3

W bed weight  kg
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Greek Letters 
 
 

iH−Δ  
adsorption heat for the ith 
component at zero coverage  

J.mol-1

α  air thermal diffusivity at 
film temperature 

m2.s-1

wα  ratio of the internal surface 
area to the volume of the 
column wall  

m-1

wlα  ratio of the logarithmic 
mean surface area of the 
column shell to the volume 
of the 
column wall 

m-1

β  thermal expansion 
coefficient  

K-1

ε bed porosity 
εp particle porosity 

Lλ  effective axial thermal 
conductivity  

W.m-1.K-1

gμ  
gas viscosity Pa.s-1

ν  air kinematics viscosity at 
film temperature  

m2.s-1

gρ  gas density  kg.m-3

ρp particle density  kg.m-3

sρ  
solid density kg.m-3

wρ  
column wall density  kg.m-3

pτ  particle tortuosity  
 
Dimensionless Numbers  
 
Nu Nusselt number  
Pe Peclet number  
Pr Prandtl number  
Ra Rayleigh number  
 
 

REFERENCES 
 
Bird, R.B., Stewart, W. E., Lightfoot, E. N., Transport 

Phenomena. John Wiley & Sons, New York (1960). 
Cavenati, S., Grande, C. A., Rodrigues, A. E., 

Adsorption Equilibrium of Methane Carbon 
Dioxide and Nitrogen on Zeolita 13X. J. Chem. 
Eng. Data, v. 49, 1095-1101 (2004).  

Cavenati, S., Grande, C. A., Rodrigues, A. E., 
Separation CH4/CO2/N2 mixtures by Layered 
Pressure Swing Adsorption for upgrade of natural 
gases. Chem. Eng. Sci., v. 61, 3893-3906 (2006). 

Chou, C. T., Chen, C. Y., Carbon dioxide recovery 
by vacuum swing adsorption. Sep. Purif. 
Technol., v. 39, 51-65 (2004).  

Dantas, T. L. P., Separação de dióxido de carbono 
por adsorção a partir de misturas sintéticas do 
tipo gás de exaustão. Ph.D. Thesis, University of 
Santa Catarina (2009). 

Dantas, T. L. P., Rezende, R. V. P., Rodrigues, A. E., 
Moreira, R. F. P. M., Adsorção de CO2 e N2 sobre 
carvão ativado e zeólita 13X: Isotermas de 
Equilíbrio através de medidas gravimétricas. In: 
7° Encontro Brasileiro sobre Adsorção- 1° 
Simpósio Sul-Americano sobre Ciência e 
Tecnologia de Adsorção (2008). (In Portuguese).  

Da Silva, F. A., Rodrigues, A. E., Propylene/Propane 
separation by vaccum swing adsorption using 
13X zeolite. AIChE J., v. 47, 341-355 (2001). 

Delgado, J. A., Uguina, M. A., Gómez, J. M., Sotelo, 
J. L., Ruíz, B., Fixed-bed adsorption of carbon 
dioxide-helium, nitrogen-helium and carbon 
dioxide-nitrogen mixtures onto silicalite pellets. 
Sep. Purif. Technol., v. 49, 91-100 (2006). 

De Wash, A. P., Froment, G., Heat transfer in packed 
beds. Chem. Eng. Sci, v. 27, 567-576 (1972). 

Do, D. D., Adsorption analysis: Equilibria and 
kinetics. Imperial College Press, v. 2, London 
(1998). 

Gaffney, T. R., Golden, T. C., Mayorga, S. G., 
Brzzowski, J. R., Tayler, F. W., Carbon dioxide 
pressure swing adsorption process using modified 
alumina adsorbents, U.S. Patent, 5,917,136 
(1999).  

Goj, A., Sholl, D. S., Akten, E. D., Kohen, D., 
Atomistic Simulations of CO2 and N2 Adsorption 
in Silica Zeolites: The Impact of Pore Size and 
Shape. J. Phys. Chem. B., v. 106, 8367-8375 
(2002). 

Gomes, V. G., Yee, K. W. K., Pressure Swing 
adsorption for carbon dioxide sequestration from 
exhaust gases. Sep. Purif. Technol., v. 28, 161-171 
(2002).  

Grande, C. A., Rodrigues, A. E., Electric Swing 
Adsorption for CO2 removal from flue gases. Int. 
J. Greenhouse Gas Control, v. 2, 194-202 (2008). 

Harlick, P. J. E., Tezel, F. H. Adsorption of carbon 
dioxide, methane and nitrogen: pure and binary 
mixture adsorption for ZSM-5 with SiO2/Al2O3 
ratio of 280. Sep. Purif. Technol., v. 33, 199-210 
(2003). 

Incropera, F. D., De Witt, D. P., Fundamentals of 
Heat and Mass Transfer, 4nd Ed., John Wiley & 
Sons: New York, U.S.A (1996). 

Lee, J. S., Kim, J. H., Kim, J. T., Suh, J. K., Lee, J. 
M., Lee, C-H., Adsorption Equilibria of CO2 on 
Zeolite 13X and Zeolite X/Activated Carbon 
Composite, J. Chem. Eng. Data, v. 47, 1327-1242 
(2002). 



 
 
 
 

544    T. L. P. Dantas, F. M. T. Luna, I. J. Silva Jr., A. E. B. Torres, D. C. S. de Azevedo, A. E. Rodrigues and R. F.P.M. Moreira 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 
 

Ruthven, D. M., Principles of Adsorption and 
Adsorption Processes. John Wiley & Sons, New 
York (1984).  

Ruthven, D. M., Xu, Z., Farooq, S., Sorption kinetics 
in PSA systems. Gas Sep. Purif., v. 7, 75-81 (1993). 

Sircar, S., Rao, M. B., Golden, T. C., Fractionation 
of air by zeolites. Studies in Surface Science and 
Catalysis, v. 120, 395-423 (1999).   

Siriwardane, R. V., Shen, M-S., Fisher, E. P., 
Poston, J. A., Adsorption of CO2 on Molecular 
Sieves and Activated Carbon. Energy Fuels, v. 15, 
279-284 (2001). 

Toth, J., State Equations of the Solid-gas Interface 
Layers. Acta Chim. Acad. Sci. Hung., v. 69, 311-328 
(1971). 

Wakao, N., Funazkri, T., Effect of fluid dispersion 
coefficients on particle-to-fluid mass transfer 
coefficients in packed beds: Correlation of 
Sherwood numbers. Chem. Eng. Sci., v. 33, 
1375-1384 (1978). 

Zhao, Z., Cui, X., Ma, J., Li, R., Adsorption of 
carbon dioxide on alkali-modified zeolite 13X 
adsorbents. Int. J. Greenhouse Gas Control, v. 1 (3), 
355-357 (2007).  

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


