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The paper presents the results of experimental and model studies of the pressure swing adsorption (PSA) 
process in a column with a zeolite 13X bed with a height of 0.5 m. The gas mixture consisted of CO2 
(10–20%), N2, and H2O (RH 50%) in different ratios. As a result of the column tests, concentration, and 
temperature evolutions were obtained for each of the adsorption and desorption stages, which were used 
to determine the breakthrough and bed saturation times and other parameters important for the analysis 
of the column operation. A mathematical model of the PSA process for the separation of CO2 from the 
gas mixture was developed. The system of second-order partial differential equations was solved using 
Matlab software. The research focuses on adsorptive CO2 capture and shows the infl uence of water vapor 
and operational parameters on the quality of model validation.
Keywords: column adsorption, PSA, carbon dioxide, mathematical model, zeolite 13X.

INTRODUCTION

Flue gas streams emitted during fuel combustion or 
other technological processes contain numerous com-
pounds that pollute the air, e.g. carbon dioxide, sulfur 
oxide, nitrogen oxides, methane, ozone, and freons. 
Carbon dioxide is the main greenhouse gas that causes 
global warming and is emitted into the atmosphere ma-
inly in the processes of electricity and heat generation. 
One of the future methods of reducing CO2 emissions 
into the atmosphere are separation processes based on 
adsorption1.

In practice, adsorption is carried out in column appa-
ratus and consists in passing gases through a fi xed bed 
fi lled with a properly selected adsorbent. The process 
of adsorptive capturing of carbon dioxide from the gas 
mixture is usually carried out at elevated pressure becau-
se in this way the adsorption capacity of the adsorbent 
bed is signifi cantly increased. Adsorbent regeneration is 
carried out in situ in adsorption-desorption installations 
operating cyclically in the PSA (Pressure Swing Adsorp-
tion) process. This technology is used in chemical and 
petrochemical processes as well as in metallurgy, for 
example for the recovery of hydrogen from coke oven 
or conversion gases. PSA can also be used to separate 
a mixture of gases, e.g. for obtaining oxygen and nitrogen 
from the air, separating methane or hydrocarbons, and 
drying gases. This process is characterized by low energy 
input and short cycle times. The development of this 
technology is aimed at obtaining a high concentration 
of CO2 in the product with a high degree of recovery 
and at reducing the demand for the adsorbent and the 
energy necessary in the separation process. Thus, the 
separation of the gas mixture is possible due to kinetic 
effects and differences in adsorption equilibrium. The 
PSA process consists of four stages: compression, ad-
sorption, expansion, and desorption2–5

.
The aim of the work is to extend the knowledge in the 

fi eld of the cyclic PSA pressure swing adsorption process, 
applicable to the separation of diffi cult to adsorb gases, 
by example of CO2 removal from streams containing 
nitrogen and water vapor.

EXPERIMENTAL

Experimental studies were performed for carbon dio-
xide, nitrogen, and water vapor. These compounds are 
the main components of the fl ue gas mixture and are 
often found in industry. The source of carbon dioxide 
(99.995%) and nitrogen (99.999%) were pressure gas 
cylinders (Messer, Poland), while the water came from 
the municipal water supply and was distilled before use.

The tests were performed on zeolite 13X (Hurtgral, 
Poland). Zeolite 13X is a reference material for CO2 
capture due to its unique structure, and resistance to 
high temperatures. The properties of the adsorbent are 
presented in Table 1.
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Table 1. Physical Properties of Zeolite 13X6, 7

The PSA pressure swing adsorption process was used 
to separate carbon dioxide from the model gas mixture. 
The installation of the cyclic PSA process (Fig. 1) con-
sists of a thermally isolated stainless steel column with 
an internal diameter of 26 mm, an external diameter 
of 30 mm, and a length of 500 mm. The installation is 
equipped with 6 solenoid valves (VE1 – VE6) controlled 
by computer software.

The system is fi tted with 2 control valves (VR1, VR2) 
to regulate the gas fl ow and a fl ow meter (MF). The 
accuracy of the fl ow setting is +/– 1%. A steam ge-
nerator was used to generate the steam stream, which 
consists of a saturator made of acid-resistant steel with 
a capacity of about 200 ml. The saturator was placed in 
an AD07H200 water bath (PolySience, USA). Gas fl ows 
are regulated by mass fl ow controllers MFC (Aalbrog, 
USA), where the fl ow is regulated in the range of 0÷20 
L/min for nitrogen and 0÷2 L/min for carbon dioxide.
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The next element of the equipment is the pressure 
gauge (P) made of acid-proof steel. It is an absolute 
pressure gauge with a measurement range of 0÷1 MPa 
and an accuracy of 0.5%. Thermocouples (Tb, Tm, Tt) 
are connected to the column, which allows recording 
changes in gas temperature in the adsorbent bed. The 
thermocouples are located at 55, 250, and 450 mm from 
the bottom of the adsorption column.

For the analysis of gases in the installation, an analy-
zer based on the HPR-20 QIC (MS) quadrupole mass 
spectrometer (Hiden Analytical, UK) was used.

MATHEMATICAL MODELING

The cyclic PSA adsorption process consists of four 
stages: compression, adsorption from the model gas 
stream (model off-gas), exhaust, and bed regeneration 
(desorption). The work includes mathematical modeling 
of the following stages: adsorption and desorption. This 
approach is related to the fact that in the cyclic PSA 
process, the most important are the stages of adsorbent 
adsorption and regeneration, during which both mass 
and heat transfer take place.

When developing the mathematical model of the PSA 
process the following assumptions are made8:

• The fl ow pattern is described by a gas phase plug 
fl ow model with axial mass and heat dispersion;

• The gas phase obeys the ideal gas law;
• Pressure drop in the column is negligible;
• Gas velocity is constant;
• Radial temperature and concentration gradients are 

negligibly small;
• The mass transfer rate is represented by the linear 

model of the driving force (LDF);
• The isosteric heat of adsorption is constant;
• The adsorption isotherms of CO2, N2 and H2O are 

described by the extended Langmuir model;

• There is no thermal equilibrium between the gas 
phase and the solid grains;

• Physical properties of the adsorbed substances and 
the walls of the adsorption column are independent of 
temperature and pressure.

According to the above assumptions the mathematical 
model consists of several partial differential equations 
(PDEs). The differential mass balance equation of 
component i in the gas phase in the PSA process is as 
follows9–11:

 (1)

The energy balance for the gas phase can be described 
by the following equation8, 9:

 (2)

The energy balance for the solid phase is presented 
by equation8, 9:

 (3)

The adsorption rate was described by the linear dri-
ving force (LDF) model, which can be represented by 
the equation9, 12:

 (4)

The LDF model is usually used to analyze the dyna-
mics of an adsorption column and to design adsorption 
processes due to its simplicity and analytical consistency.

Figure 1. PSA installation diagram (VE – solenoid valve; MFC – mass fl ow controller; VR – manual control valve; MF – fl ow meter; 
P – pressure meter; T – thermocouple; MS – mass spectrometer, TC – temperature controller).
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The equilibrium concentration of the component q*i 
is described by the extended Langmuir adsorption iso-
therm equation13:

 (5)

The Langmuir isotherm model parameters obtained 
from own experimental measurements of adsorption 
equilibrium are presented in Table 2.

The Sherwood number is calculated from the following 
equation8:

 (13)

The Prandtl number was calculated from the following 
equation8:

 (14)

The Reynolds number is determined from the equ-
ation8:

 (15)

The thermal conductivity of the gas phase kg was cal-
culated from the equation using the analogy between 
heat conduction and mass diffusion8:

 (16)

The mathematical model was solved with the numerical 
method of lines (NMOL) in Matlab R2021b using the 
ODE23s solver function. The basic idea behind NMOL 
is to replace spatial derivatives in partial differential 
equations (PDEs) with algebraic approximations. Once 
this is done, spatial derivatives are no longer explicitly 
stated in terms of spatial independent variables. Then 
only the initial value variable remains, usually time in 
the physics problem. In other words, with only one in-
dependent variable left, we have a system of ordinary 
differential equations (ODE) that approximates the ori-
ginal PDE equation. The resulting ordinary differential 
equations can then be solved using numerical methods 
such as Runge-Kutta method. The NMOL is an effi cient 
and effective method for obtaining accurate numerical 
results17, 18.

The fi rst-order partial derivatives were replaced by an 
upwind differencing scheme:

 (17)

The second-order partial derivatives have been replaced 
by a central differencing scheme:

 (18)

In the modeled system, a single-layer bed with a height 
of 0.50 m was divided into 30 nodal points. The distance 
between nodes is 0.017 m.

The presented general mathematical model of the 
cyclic PSA process should be solved for the appropriate 
boundary conditions. Accepted initial conditions and 
boundary values are presented in Table 3.

The conditions at the inlet to the column (gas phase 
temperature Tg, molar concentration Ci), had constant 
values throughout both the adsorption and desorption 
stages of the PSA process. The PSA process parameters 
are presented in Table 4.

Table 2. Langmuir isotherm model parameters for N2, CO2, and 
H2O on zeolite 13X

The axial dispersion coeffi cient Daxi
 was calculated 

from the equation14:

 (6)

The axial dispersion coeffi cient does not affect the 
adsorption process in the gas phase to a large extent, 
but its use has a positive effect on the stability of nu-
merical calculations.

The Fuller and Giddings equations were used to cal-
culate the molecular diffusion coeffi cient15:

 (7)

The mass transfer kinetic coeffi cient ki, k was calculated 
from equation8, 16:

 (8)

The resistance coeffi cient in the gas fi lm surrounding 
the adsorbent grain kfi  was calculated from the equation 
for the Sherwood number8:

 (9)

The diffusion coeffi cient in the pores of the adsorbent 
particle kpi was calculated on the basis of the equation8, 9:

 (10)

The Knudsen diffusion coeffi cient DKi was defi ned as8:

 (11)

The following equation was used to determine the 
heat transfer coeffi cient between the gas phase and the 
solid phase of the adsorbent8:

 (12)

The value of the jk coeffi cient depends on the Rey-
nolds number8:
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Table 3. Initial and boundary conditions of the mathematical model of the cyclic PSA process

Figure 2. Experimental and simulated breakthrough curves for carbon dioxide, nitrogen, and water vapor in cycles 1 (a), 2 (b), 
and 3 (c)

Table 4. The PSA process parameters

RESULTS AND DISCUSSION

Measurements and simulations were carried out for 
a ternary mixture obtaining breakthrough curves for 
various concentrations of CO2, N2, and H2O which are 
presented in Figures 2–3 for pressures of 0.3 and 0.5 MPa. 

Based on the column tests, experimental and simulated 
temperature evolution (three control points) obtained 
for the adsorption stage of 15% carbon dioxide from 
the ternary mixture at pressures of 0.3 and 0.5 MPa 
are presented in Figure 4. The adsorption stage was 
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followed by a blowdown and then a desorption step. The 
data for the desorption stage (breakthrough curves and 
temperature evolution) are presented in Figures 5–6. The 
desorption stage was conducted at atmospheric pressure. 

The experimental breakdown curves (Fig. 2 and Fig. 3) 
show asymmetry. However, the results of the separation 
of ternary gas mixtures in the PSA adsorption stage are 
very well reproduced with model curves in almost the 
entire concentration range, in particular in the breakdown 
and stoichiometric regions.

Increasing the process pressure from 0.3 to 0.5 MPa 
increases the bed breakthrough time by about 20%, 

which is benefi cial due to the longer protection time of 
the adsorbent bed. Changes in concentration also cause 
changes in bed breakthrough time. An increase in the 
CO2 concentration at the inlet to the column reduces 
the bed breakthrough time. For the 10% and 15% CO2 
fractions, the differences are small (2177 s and 2098 s 
for 0.5 MPa), while increasing the CO2 fraction to 20% 
results in a signifi cant decrease in the bed breakthrough 
time (1095 s for 0.5 MPa).

As can be seen in Fig. 4, the temperature evolution 
recorded during the adsorption stage shows a peak at 
the bed breakthrough, and the model accurately refl ects 
its location moderately underestimating the temperature 
of the upper thermocouple.

The good agreement between the experimental and 
model desorption curves (Fig. 5) confi rms the usefulness 
of the developed mathematical model for the PSA process 
and can be used to predict and simulate the process.

Figure 6 presents the experimental and model tem-
perature evolution curves in the desorption stage, which 
confirms the good agreement between the profiles 
calculated from the mathematical model and obtained 
from the experiment.

Table 5 presents characteristic parameters such as: 
dynamic adsorption capacity qd, actual adsorption capac-
ity q*, breakthrough times t5%, stoichiometric times t50%, 

Figure 4. Experimental and simulated temperature evolution 
in the adsorption step in cycles 2 (a) and 5 (b)

Figure 3. Experimental and simulated breakthrough curves for 
carbon dioxide, nitrogen, and water vapor in cycles 
4 (a), 5 (b), and 6 (c)
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The adsorption process takes place in the bed, at 
a certain height called the MTZ (Mass Transfer Zone). 
This zone moves towards the outlet of the adsorption 
column. In the case of practical application of adsorp-
tion, it is more advantageous when the shape of MTZ 
does not change along the entire length of the bed. 
The height of the MTZ mass exchange zone is the bed 
height at which the adsorbent concentration decreases 
from 95% to 5% of the initial concentration. This value 
can be calculated from the Michaels formula13: 

 (19)

The effi ciency of the adsorption column is greatly af-
fected by the length of the LUB (Length of Unused Bed), 
which may occur as a result of the breakthrough process 
and incomplete saturation of the bed. It is better for the 
process if this value is as low as possible. Calculations of 
this relationship are based on experimental breakthrough 
curves and can be calculated based on the equation:

 (20)

The symmetry factor φ can be calculated from the 
ratio of the area above the output curve to the total 
area above and below the output curve. The coeffi cient 
φ decreases with increasing concentration of carbon di-
oxide in the mixture, which increases the convexity of the 
breakdown curves. The height of the MTZ mass exchange 
zone increases with increasing CO2 concentration. The 
MTZ height at 0.3 MPa is higher than that at 0.5 MPa 
for 3 different CO2 concentrations and in three cases.

CONCLUSIONS

In many industrial processes, the exhaust gases released 
are characterized by a signifi cant content of carbon dio-
xide and a certain level of humidity. The paper presents 
a theoretical and experimental analysis of the possibility 
of using the PSA process for the separation of carbon 
dioxide from a nitrogen stream in the presence of water 
vapor. According to the available literature data, the 
adsorption of carbon dioxide from the gas mixture in the 
presence of water is problematic. Theoretical predictions 
of the breakthrough curves based on the equilibrium 
data require experimental verifi cation in the column 
installation, because the scientifi c publications to date 
show that water can limit the adsorption capacity of the 
adsorbent bed, but also increase the CO2 capture rate 
or have the opposite effect.

Experimental studies of the PSA process were carried 
out in a wide range of process parameter variability. The 
results of the experiments were presented in the form 
of concentration breakthrough curves and temperature 
evolution, which were a picture of the operation of the 
adsorbent bed at individual stages of the PSA process 
and were used to verify the results of model calculations. 
The key adsorbate was CO2, therefore the adsorption 
process was carried out each time until the bed was 
completely saturated, obtaining full breakthrough curves.

The investigation results indicate effective adsorption 
of CO2 on zeolite 13X already at relatively low pressures 
(0.3 and 0.5 MPa), reaching the dynamic adsorption value 

Figure 5. Experimental and simulated curves of the CO2 de-
sorption step on zeolite 13X at 0.1 MPa pressure

Figure 6. Experimental and simulated temperature evolution 
in the desorption step on zeolite 13X (15% CO2, 
pressure 0.1 MPa)

Table 5. Characteristic parameters of the adsorption stage of 
the PSA process

saturation times t95%, symmetry factor for the output 
curve φ, the height of the mass transfer zone (MTZ) 
and length of the unused bed (LUB) in the adsorption 
stage of the PSA process.
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of about 70% of the equilibrium value. The length of the 
mass transfer zone MTZ is shorter than the bed height, 
which indicates effi cient utilization of the adsorbent bed 
(low LUB value). The breakthrough time considered 
as the period of the adsorbent bed’s protective action 
is suffi ciently long, which is important from the point 
of view of the cyclic operation of the PSA installation.

A mathematical model was formulated, including all 
the mechanisms of mass and heat transport important 
for the PSA process, as well as assumptions regarding 
the individual stages of the process in accordance with 
the analysis of own experimental data. The developed 
model consisted of partial differential equations of the 
mass and energy balance together with equations de-
scribing the transport rate and adsorption equilibrium 
as well as boundary conditions enabling its solution. 
The developed and verifi ed model of the cyclic process 
of pressure swing adsorption (PSA) predicts well the 
concentration bed breakthrough curves and the tempe-
rature evolution in the column in the adsorption stage, 
but also the concentration and temperature evolution 
in the desorption stage. The mathematical model can 
be useful for the purposes of designing and optimizing 
the cyclic PSA process applicable to the separation of 
gases from a mixture.

SYMBOL DESCRIPTION

AL – Langmuir isotherm parameter, mol/kg
ap – specifi c particle surface per unit volume bed, 1/m
BL – Langmuir isotherm parameter, K
C – molar concentration, mol/m3

CL – Langmuir isotherm parameter, –
Cpg – specifi c gas phase heat capacity at constant 
 pressure, J/mol ∙ K
Cps – specifi c heat capacity of the adsorbent., J/kg ∙ K
D – internal diameter of the adsorption column, m
Dax – axial dispersion coeffi cient, m2/s
DL – Langmuir isotherm parameter, K
DK – Knudsen diffusion coeffi cient, m2/s
Dm – molecular diffusion coeffi cient, m2/s
dp – diameter of the adsorbent grain, m
h – gas-solid heat transfer coeffi cient, W/m2 ∙ K
Hw – gas-wall heat transfer coeffi cient, J/m2 ∙ s
j – factor for heat or mass transfer, -
k – mass transfer coeffi cient, 1/s
kg – gas phase thermal conductivity, W/m ∙ K
kf – fi lm mass transfer coeffi cient, m/s
kp – pore diffusivity, m2/s
ks – adsorbent thermal conductivity, W/m ∙ K
L – height of the adsorbent bed, m
M – molecular weight, kg/mol
M – molecular weight of gas phase, kg/mol
p – pressure, Pa
Pr – Prandtl number, -
q – adsorbed phase concentration, mol/kg
q* – equilibrium adsorbed phase concentration, mol/kg
R – ideal gas law constant, J/mol ∙ K
rp – dsorbent radius, m
Re – Reynolds number, -
Sc – Schmidt number, -
Sh – Sherwood number, -
t – time, s

Ta – ambient temperature, K
Tg – gas temperature, K
Ts – adsorbent temperature, K
w – superfi cial gas velocity, m/s
y – mole fraction, mol/mol
z  – axial coordinate in the bed, m

Greek letters
αk – heat transfer coeffi cient, W/m2 ∙ K
ΔH – heat of adsorption, J/mol
εb – bed porosity, m3/m3

εp – adsorbent grain porosity, m3/m3

μg – dynamic viscosity of gas phase, Pa ∙ s
ρg – gas density, kg/m3

ρs – adsorbent bulk density, kg/m3

τ – tortuosity factor, -

Subscripts
i – component i
j – component j
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