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ABSTRACT: The increasing emissions of carbon dioxide have been pointed as a major cause 
for the global warming, which has been intensifying the greenhouse effect in our planet. 
Therefore, technologies of Carbon Capture and Storage (CCS) have been developed with the 
purpose of reducing the concentration of CO2 in gas emissions (flue gas). Thus, adsorption-
based methods are a very promising cost-efficient technology, particularly in processes such as 
Pressure Swing Adsorption (PSA). The knowledge of adsorption dynamic from in fixed bed is 
of essential importance for the design of industrial units like PSA. The objective of the present 
work is to evaluate the suitability of activated carbon (AC) samples for CO2 capture by 
measuring multicomponent breakthrough curves. CO2-N2 systems have been studied for such 
purposes and a model based on the Linear Driving Force (LDF) approximation for the mass 
transfer was developed to simulate these breakthrough curves in the same experimental 
conditions. The selectivity of the samples for the adsorption of CO2 over N2 was also analyzed 
and compared. 
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1. INTRODUCTION 

Carbon dioxide has been pointed as a major 
responsible for the global warming. Its presence in 
increasing concentrations in the atmosphere has 
been contributing to increase the greenhouse effect 
and may be leading to undetermined climate 
changes (Cavenati et al., 2006). Carbon Capture 
and Storage (CCS) technologies have become a 
main focus of reducing point-source emissions 
such as of power plant flue gases (Mulgundmath et 
al., 2012).   

The removal of CO2 from gas emissions has 
been carried out by means of several technologies, 
including absorption, cryogenic distillation, 
membrane separation, and adsorption (Bae et al., 
2008). Amine based absorption or scrubbing 
processes have been used for the separation of CO2 
from natural gas and flue gas streams for many 
years, but despite its large commercial use, this 
kind of process has several drawbacks, including 
high energy costs during solvent regeneration, low 

carbon dioxide loading capacity and high 
equipment corrosion (Cavenati et al., 2006).  

Methods based on adsorption using 
microporous materials are potentially very cost-
efficient, particularly in separation systems such as 
Pressure Swing Adsorption (PSA), which is 
commonly accepted to be the most attractive, 
efficient and affordable due to its simple control, 
low operating and capital investment costs, and 
higher energy efficiency (Rios et al., 2013).  

Activated carbons are considered very 
attractive materials for applications in CO2 
separation from binary mixtures CO2-N2 due to 
their high surface area, micropore volume and 
suitable pore size distribution. The high 
availability of carbon sources makes their 
industrial-scale production relatively more cost-
efficient. 

A typical post-combustion flue gas emitted 
from a power plant contains 15-20 mol% CO2, 5-
9% O2, and the rest N2 (Adeyemo et al., 2010). 
Therefore, the most important binary system 



 

representative of pre-dried flue gas is CO2-N2 
mixture (Belmabkhout and Sayari, 2009). 

The knowledge of the adsorption 
equilibrium is of essential importance for the 
design and optimization of industrial units like 
PSA and very important for the evaluation of the 
selectivity and adsorption capacity of adsorbents. 
However, a more accurate idea of its performance 
is obtained when performing fixed-bed dynamics 
experiments with multicomponent mixtures 
(Grande et al., 2013).  

This work provides adsorption equilibrium 
data of pure CO2 and N2 on two activated carbons 
at 298 K and at total pressure of 1.0 MPa, as well 
as, breakthrough curves of CO2-N2 mixtures on the 
same samples at 298 K and 0.1 MPa. A model 
using the Linear Driving Force (LDF) 
approximation and considering the energy and 
momentum balances was applied. The model was 
validated by comparing simulations with 
experimental data. The adsorption selectivity for 
each sample was calculated from the breakthrough 
curves and from adsorption pure data.  

2. MATERIALS AND METHODS 

2.1. Experimental Devices 
Single gas adsorption equilibria and specific 

volume of the solid phase were measured 
gravimetrically with the aid of a magnetic 
suspension balance (Rubotherm, Germany). 
Carbon textural properties were obtained by 
measuring adsorption isotherms of nitrogen at 
77 K using an Autosorb-1 MP (Quantachrome, 
USA). 

A dynamic system to obtain breakthrough 
curves was designed and set up. Its consists of 
volumetric flow controllers, a back pressure valve, 
a micrometric valve, a multi-loop valve, a pressure 
transducer,  two gas chromatographs connected in 
series. This system enables measurements at total 
pressures from 0.1 to 1.5 MPa, which differentiates 
it from conventional systems that use 
chromatography as a method of analysis.  

Gas mixtures were prepared by setting  the 
flow of each component with the SideTrak 840 
volumetric flow controllers (Sierra Instruments, 
EUA), with flow range from 0 to 100 mL/min and 
an accuracy of ± 1% of full scale. The column 
pressure was measured by a P-30 pressure 
transducer (WIKA, Germany) with precision 
≤0.1%. These pressures were then summed with 

barometric pressure measurements from a 511 
digital manometer (Testo, Germany) with an 
accuracy of ± 3 mbar and resolution of 0.1 mbar.  

A gas chromatograph (Varian, USA) model 
450 GC was used to regenerate a stainless steel 
column of 250 mm length and 4.6 mm internal 
diameter. The output of the column was connected 
a multi-loop valve (Valco, USA) with 12 loops of 
1 mL each. Each loop was used for collecting and 
storing, in a pre-determined time of an adsorption 
experiment, aliquots of CO2-N2 mixtures at 
different compositions in helium (carrier). This 
multi-loop valve, while capturing an aliquot of the 
mixture at the outlet of the fixed bed also works as 
an injector and thus, with the aid of a second gas 
chromatograph 430 CG model (Varian, USA), it 
was possible to analyze the composition of the 
mixture present in each loop. This chromatograph 
has a thermal conductivity detector (TCD) and a 
column model 60/90 Carboxen 1000 (Sigma-
Aldrich, Canada), specific for CO2 and N2. The 
output flow of the fixed-bed was measured by an 
ADM 2000 flow meter (HP Agilent, USA) with an 
accuracy of ± 3% of full scale.  

2.2. Pure Adsorption Isotherms   
2.2.1. Experimental data: Single-

component adsorption isotherms of CO2 and N2 
were measured on the samples C141 (Carbomafra, 
Brazil) and WV1050 (MeadWestvaco, USA) in a 
pressure range of 0-1.0 MPa at 298 K. The 
activated carbons were pre-treated in situ at 423 K 
under vacuum (1.3×10-8 MPa) until no mass 
variation in the system was observed. Experiments 
with helium (non-adsorbed gas) were carried out in 
order to determine the specific volume of the solid 
phase, enabling the evaluation of the buoyancy 
effects on measurements with adsorbing gases. 
Further details of the determination of these 
adsorption isotherms may be found elsewhere 
(Bastos-Neto et al., 2005).  

2.2.2. Adsorption data fit, selectivity and 

isosteric heat: The parameters for pure-
component adsorption were obtained from the 
Langmuir equation fit to the adsorption isotherm 
data. The least-squares method with the 
Levenberg-Marquardt algorithm was applied for 
the fitting process. The theoretical selectivity (Si-j), 
defined as the amount adsorbed of pure component 
i in relation to the amount adsorbed of pure 
component j (at the same temperature and 
pressure), was evaluated by dividing their 



 

respective adsorbed amounts. The isosteric heat of 
adsorption of the component i (∆Hi) was evaluated 
from the adsorption isotherms data at three 
different temperatures (298, 323 and 348 K) for 
each gas and using the thermodynamic relation 
reported in Do (1998). 

2.3. Breakthrough Curves   
2.3.1. Experimental data: Breakthrough 

curves of CO2-N2 were carried out at 0.1 MPa and 
298 K for 15% CO2, 75% N2 and 10% He molar 
basis with both adsorbents. Each AC was packed 
into the same column using the same procedure. 
The adsorbent bed was pre-treated in situ with a 
helium flow of 12 mL/min under 423 K heating 
using a forced convection oven. After that, the 
system was cooled down to 298 K. The time 
corresponding to the storage of each aliquot was 
recorded. These loops were analyzed and it was 
possible to calculate the relationship between the 
output and feed concentration over time.  

2.3.4. Adsorption Selectivity: The 
selectivity of CO2 over N2 was calculated from the 
results of the breakthrough curves, plotting a graph 
of molar flow rate of component i (Fi) against time 
and using the following equation:  
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2.3.2. Mathematical model: A PSA cycle 

is a sequential combination of elementary pre-
defined steps including co-current pressurization 
with feed in a fixed bed. A mathematical model 
used to reproduce this step must consider the 
phenomena taking place in the gas phase, in the 
solid phase where adsorption and diffusion take 
place and the column wall where energy may be 
transferred to (or from) the surroundings (Ribeiro 
et al., 2008). Material, momentum and energy 
balance equations (Figure 1) were applied to 
describe the dynamic behavior of multicomponent 
adsorption in a fixed bed (Cavenati et al., 2006; 
Ribeiro et al., 2008).  

The main assumptions and simplifications of 
this model are: (i) micropore diffusion controls the 
mass transfer resistance; (ii) the whole system is in 
thermal equilibrium (column wall, gas and particle 

has the same temperature); (iii) adsorption 
equilibrium exists only between gas and solid 
phases; (iv) the effects of heat axial dispersion 
were neglected (λ = 0); (v) adiabatic operation was 
assumed (Ug = 0), since real adsorptive processes 
operate near to an adiabatic condition due to rapid 
cycles of operation that do not allow the exchange 
of heat between the bed and the environment.  

In order to solve this model with partial 
differential equations, boundary and initial 
conditions are needed. These conditions were used 
to reproduce co-current pressurization with feed 
(adsorption step) and are also shown in Figure 1. 
This mathematical model was implemented in 
gPROMS environment (Process System 
Enterprise, UK) and numerically solved using 
orthogonal collocation on finite elements method 
(OCFEM).   

2.3.3. Model parameters: The gas phase 
viscosity, µ, was estimated using Wilke’s equation 
(Bird et al., 2006). The axial mass dispersion 
coefficient, Dax, was calculated as described in 
Lopes et al. (2009), using the Equation 2: 

 
(0.45 0.55 ) 0.35ax m p iD D r uε= + +             (02) 

 
where Dm, the molecular diffusivity, was 
calculated using the Chapman–Enskog equation 
(Do, 1998), ε is the bed porosity, rp is the particle 
radius and ui is the interstitial velocity. The film 
heat transfer coefficient between the gas and wall, 
hw, was calculated according to Equation 3.  
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The Nusselt number, Nu, was assumed to be 5.77, 
which corresponds to plug flow with constant wall 
temperature in a circular tube (Bird et al., 2006) 
and the gas mixture thermal conductivity, kg, was 
calculated as reported in Bird et al. (2006) at feed 
conditions and assumed to be constant along the 
column. The geometric parameters αw and αWl were 
calculated as reported Santos (2001). All other 
parameters were obtained from Perry et al. (1999). 
The diffusivity in the micropores was estimated 
using the gPROMS from the comparison between 
the model and the experimental data.   
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Momentum balance (0 ≤ z ≤ L): 
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Energy balance of the fluid phase (0 < z < L): 
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Energy balance of the wall (0 ≤ z ≤ L): 
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Boundary conditions for z = 0: 
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Figure 1. Mass, momentum and energy balance equations and boundary and initial conditions of the 
mathematical model of a fixed bed adsorption system. 



 

3. RESULTS AND DISCUSSION 

3.1. Adsorbents Characteristics   
The textural characteristics of the adsorbent 

samples are summarized in Table 1. It can be 
observed that the C141 is essentially microporous, 
showing a microporosity of around 91% whereas 
for the WV1050 this value was slightly higher than 
53%. The specific volume of the solid phase of 
C141 and WV1050 measured in the magnetic 
suspension balance was 0.494 and 0.573 cm3/g, 
respectively.     

 

Table 1. Textural characteristics of the adsorbent, 
obtained from adsorption isotherms of N2 at 77 K. 

Textural characteristics C141  WV1050  

BET surface area [m2/g] 813 1674  

Micropore volume [cm3/g] 0.43 0.59 

Total pore volume [cm3/g] 0.47 1.10 

Average pore width [Å] 14 18 

3.2. Adsorption Isotherms  
Single component adsorption isotherms of 

CO2 and N2 were measured on C141 and WV1050 
at 298 K in the pressure range from 0 to 1.0 MPa 
and their respective fits were achieved by using the 
Langmuir equation as shown in Figure 2.  

As expected, both activated carbons 
exhibited preferential adsorption for carbon 
dioxide in relation to nitrogen over the whole 
pressure range. At lower pressures, CO2 isotherm 
is steeper for the C141 in comparison to the 
WV1050, which presents lower adsorption 
capacity until ca. 0.58 MPa at 298 K. This means 
that for use in PSA cycles at moderate pressures 
(over 0.6 MPa), WV1050 sample is expected to be 
slightly better than the other activated carbon. 
Regarding the N2 isotherms, C141 showed higher 
adsorbed amount than the WV1050 sample over to 
the entire analyzed pressure range (up to 1.0 MPa). 

Table 2 shows the parameters of the 
Langmuir equation for each gas and the respective 
adsorbed amount at 0.1 MPa and 298 K for both 
adsorbents.  
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 Figure 2. Single component adsorption isotherms 
of CO2 and N2 on the C141 and WV1050 at 298 K. 
Symbols: Experimental data; Lines: Langmuir fits.  

 

Table 2. Fitting parameters of the Langmuir 
equation, isosteric heat and amount adsorbed at 

0.1 MPa and 298 K. 

Adsorption  

Information 

C141 WV1050 

CO2 N2 CO2 N2 

qmax [mol/kg] 7.71 3.61 11.97 4.85 

b [MPa-1] 5.36 1.23 1.61 0.40 

∆H [kJ/mol] 25.22 17.68 20.76 16.06 

q* [mol/kg] 2.69 0.43 1.85 0.18 
 

3.3. CO2-N2 Breakthrough Curves  
Figures 3 and 4 show the breakthrough 

curves of a CO2-N2 mixture in helium (15 mol% 
CO2, 75 mol% N2 and 10 mol% He) at 298 K on 
C141 and WV1050, respectively. 

Even at a concentration of 15 mol%, CO2 
presented higher adsorption capacity with respect 
to N2 for both adsorbents, by the analysis of the 
area under the curve for each gas. This might be 
explained by the fact that carbon dioxide has a 
lower critical temperature and therefore it is more 
likely to behave as a condensable steam rather than 
as a supercritical gas, becoming less volatile and 
increasing its surface loading.  
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Figure 3. Breakthrough curve of CO2-N2 in He 
(15 mol% CO2, 75 mol% N2 and 10 mol% He) at 
0.1 MPa and 298 K on C141. Experimental data 

are symbols and model are the lines. 
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(15 mol% CO2, 75 mol% N2 and 10 mol% He) at 
0.1 MPa and 298 K on WV1050. Experimental 
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As shown in Table 3, the adsorbent bed had 
the same size for both materials, but the mass of 
C141 was about 16% higher than the mass packed 
of WV1050. From the analysis of Figures 3 and 4, 
one may also observe that the difference between 
the bed saturation time of CO2 in relation to N2 for 
C141 was 152% higher than for WV1050. For 
C141 sample, the difference time was 265 seconds 
while for WV1050, this difference was 

approximately 105 seconds, which means that in 
an industrial application would have more time 
production of the raffinate (N2-rich stream) using 
C141 than the WV1050.  

It may be also noticed that the mathematical 
model reproduces quite well the experimental data 
even with the considered simplifications. Table 3 
shows the main model’s parameters used in this 
work.  

 

Table 3. Model parameters for breakthrough 
curve simulations at 0.1 MPa and 298 K. 

Model Parameters C141 WV1050 

Bed / column   
L [m] 0.25 0.25 
di [m] 0.0046 0.0046 
ρb [kg/m3]  1065 928 
ρw [kg/m3]  7860 7860 
αW [m

-1] 929 929 
αWL [m

-1] 1017 1017 
ε  0.474 0.468 

Particle  
rp [m] 4×10-4 4×10-4 
ρap [kg/m3]  2026 1745 
εP 0.486 0.658 
ks 2 2 

Momentum   
µ [Pa.s] 1.32×10-5 1.32×10-5 
uinlet [m/s] 0.054 0.047 
Pinlet [MPa] 0.1505 0.1708 

Transport   
Dax [m

2/s] 2.824×10-5 2.496×10-5 
Dc/rc

2[s-1]  CO2: 4×10-2 CO2: 4×10-2 
 N2: 2×10-2 N2: 2×10-2 
hw [W/m2.K]  39.21 39.21 
Ug [W/m2.K] 0 0 
λ [W/m.K] 0 0 

Energy   
Cpg [J/mol.K] 34.381 34.381 
Cvg [J/mol.K] 26.121 26.121 
Cps [J/kg.K] 820 820 
Cpw  [J/kg.K] 477 477 

 
Adsorption selectivity gives an idea of the 

efficiency of the separation. The theoretical 
selectivities of CO2-N2 for each adsorbent at ca. 
0.1 MPa and 298 K were compared to the 



 

selectivity at same conditions calculated from the 
breakthrough curves and are shown in Table 4.  

 

Table 4. Selectivity of CO2-N2 at 0.1 MPa and 
298 K on C141 and WV1050. 

Selectivity CO2-N2 C141 WV1050 

theoretical 6.26 10.28 

breakthrough 8.83 8.57 
 
As the theoretical selectivity does not take 

into account the competition of components by 
adsorption sites, their values are quite different 
from a selectivity calculated from multicomponent 
data. The analysis of the selectivity at 0.1 MPA 
and 298 K estimated from column dynamics data 
(showed in this work), suggests that the C141 
sample has a greater potential for the separation of 
CO2 from N2, which was also inferred from the 
different retention times. For post-combustion 
scenarios, we should evaluate the selectivity at 
temperatures close to that found in these processes, 
which will be studied in future works.  

4. CONCLUSIONS 

The dynamic adsorption of CO2-N2 was 
evaluated at 298 K on activated carbons from 
breakthrough curves, as well as the single-
component adsorption capacity of CO2 and N2 at 
298 K from gravimetric measurements. A LDF 
model was implemented to reproduce these 
multicomponent data. The adsorption selectivity of 
CO2 over N2 was evaluated without taking into 
account the co-adsorption effects of CO2 and N2 
and then compared with the selectivity estimated 
from multicomponent breakthrough curves. The 
results show that C141 has selectivity CO2-N2 
about 8.8, slightly higher than the value for 
WV1050. The model could satisfactorily predict 
such dynamic behavior taking into account only 
micropore resistance and therefore it might be used 
to verify other scenarios of composition and 
operating conditions. 

5. NOMENCLATURE  

ib  Langmuir parameter, Pa-1 

,g iC  gas phase concentration of 
component i, mol/m3 

,g TC  total gas phase concentration, 
mol/m3 

gCp  gas mixture molar specific heat at 
constant pressure, J/mol.K 

sCp  particle specific heat at constant 
pressure (per mass unit), J/kg.K 

wCp  wall specific heat at constant 
pressure (per mass unit), J/kg.K 

,ads iCv  molar specific heat of component i 
in the adsorbed phase at constant 
volume, J/mol.K 

gCv  gas mixture molar specific heat at 
constant volume, J/mol.K 

,g iCv  molar specific heat of component i 
at constant volume, J/mol.K 

axD  axial dispersion coefficient, m2/s 

,c iD  micropore diffusivity of component 
i, m2/s 

id  internal bed diameter, m 

pd  particle diameter, m 

wh  film heat transfer coefficient 
between the gas and wall, J/s.m2.K 

iH∆  heat of adsorption of component i, 
J/mol 

sk  geometrical factor (0-slab; 1-
cylinder; 2-sphere), dimensionless 

P  bulk gas mixture pressure, Pa 
iP  partial pressure of component i, Pa 
*

iq  adsorbed concentration in equilibrium 
with ,g iC , mol/kg 

iq  particle averaged adsorbed 
concentration, mol/kg 

max,iq  specific saturation adsorption 
capacity in the Langmuir isotherm, 
mol/kg 

R  ideal gas constant, J/mol.K 
cr  “microparticle” radius, m 

t  time, s 
T  bulk phase temperature, K 

refT  ambient temperature, K 

wT  wall temperature, K 
u  superficial velocity, m/s 

gU  overall heat transfer coefficient, 
J/s.m2.K 

iy  component i molar fraction, 
dimensionless 

z  axial position, m 
 

Greek letters 

wα  ratio of the internal surface area to the 
volume of the column wall, m−1 



 

wlα  ratio of the log mean surface to the 
volume of column wall, m−1 

ε  bed porosity, dimensionless 

Pε  particle porosity, dimensionless 
λ  heat axial dispersion coefficient, 

J/s.m.K 
µ  bulk gas mixture viscosity, Pa.s 
ρ  bulk gas mixture density, kg/m3 

apρ  apparent particle density, kg/m3 

bρ  bed density, kg/m3 

wρ  wall density, kg/m3 

cΩ  LDF factor [Ωc = (ks + 1)(ks + 3)], 
dimensionless 
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