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Abstract.
This paper focuses on the laboratory experiments of low-temperature adsorption of CO2 at elevated

pressure and on the validation of our mathematical model with the data obtained. The numerical
approach uses fitting of adsorption isotherm parameters and sensitivity analysis of parameters influencing
the breakthrough curve shape and onset time. We first evaluate the results of breakthrough experiments
for zeolite 13X. Then, we use the results obtained to design a dynamic mathematical model to predict
the breakthrough curve profile. Experimental results show that zeolite 13X possesses high adsorption
capacities (over 10 % of its weight at adsorption temperatures of 293 K and below), as expected.
The mathematical simulation was accurate at predicting the breakthrough onset time; however, this
prediction accuracy declined with the outlet CO2 concentration exceeding 75 %, which is discussed.
The sensitivity analysis indicated that the choice of different estimates of mass transport and bed
porosity, as well as the choice of numerical scheme, can lead to a more accurate prediction, but the
same set of parameters is not suitable for all process conditions.

Keywords: Adsorption, breakthrough experiment, CO2 capture, mathematical modeling, sensitivity
analysis.

1. Introduction
A gradual increase in burning fossil fuels emitting
primarily CO2 to the atmosphere has been considered
as one of the reasons for steadily warming our planet
over the past several decades. Carbon dioxide is a
minor contributor to global warming or climate change
among greenhouse gases [1], but EU climate policy
has unanimously agreed through the Green Deal on
targets to reduce CO2 emissions and to phase out
fossil fuels production, while supporting subsidies for
non-carbon emitting alternatives [2].

Post-combustion technologies represent a group of
non-carbon methods to capture CO2 from an off-gas
downstream of the original plant. Conventional meth-
ods are CO2 scrubbing (e.g., using amine or ammonia
solvents), adsorption, and membrane separation [3].
Apart from the principle of CO2 separation itself,
these technologies differ in the field of application
where their deployment is the most efficient [4, 5].
Hence, a combination of them is another alternative,
however, technically complicated [6]. The amine scrub-
bing for CO2 capture is currently operating on a large
scale; trade-offs are associated with energy intensive
regeneration, toxicity, and instability of solvents [7].
Polymeric membranes generally suffer from expensive
materials, laboratory equipment, and manufacturing,
which prevents rapid development [8]. The adsorption

phenomenon is based on a simple physical principle,
however, there are challenges to be overcome, e.g.,
improvement of adsorption materials, large pressure
drops in packed bed, and technical aspects of heat-
induced desorption.

1.1. CO2 capture by adsorption
In the adsorption system, emphasis must be placed
on two key aspects: i) the technology and ii) the
adsorbent [9].

In terms of technological aspects, the main empha-
sis should be put on the desorption method and on
the bed configuration [10]; the choice of process pa-
rameters during adsorption, temperature and pressure
can influence the working capacity [11] or the effect
of adsorbing water if present in the flue gas [12]. The
desorption of the adsorbent can be performed by al-
ternating pressure (pressure- or vacuum-swing cycles),
temperature (temperature-swing cycles), or by its
combination, i.e., coupling cycles [9]. Pressure-swing
systems take place in a fixed-bed reactor, whereas
moving-bed, rotary-bed, or fluidised bed reactors are
often used in a combination with temperature-swings
due to a significantly higher heat transfer rate [10].

The choice of the desorption method and its operat-
ing conditions is influenced by the process economy, cy-
cle duration, adsorbent life span (cyclic stability) and
working capacity, etc., and by the demands for quality
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(purity) and quantity (productivity) of the captured
CO2. The PSA method is well-recognized in industry,
for example, in air separation and hydrogen produc-
tion. However, for the post-combustion CO2 capture,
the atmospheric (desorption) pressure is insufficient to
obtain high purity CO2 and the energy consumption
associated with gas pressurisation increases rapidly
with volumetric flow. VSA cycles are a method of
choice by many, for the simplicity and reliability of
fixed-bed operation, and a favourable performance
of readily available activated carbon or zeolite-based
adsorbents; however, producing high purity CO2 may
require inclusion of a second desorption stage. Fixed-
bed column sizing, resulting in large column trains for
large flue gas throughput, may be overcome by TSA
cycles. These cycles have received increasing attention
due to the proliferation of research in alternative bed
concepts enabling faster cycling by better heat prop-
agation or processing of larger amounts of gas in a
single column, as in the case of rotary adsorbers [3, 13].
Furthermore, temperature swings allow to operate on
a wider range of working capacities, for example, of
metal-organic frameworks (MOFs) [14]. Generally,
adsorbents with higher working capacities are bet-
ter suited for pressure-swing-based cycles, whereas
TSA can exploit the potential of high working capac-
ities better, achieving a lower energy consumption
relative to sorbent inventory [15, 16]. Solving the
long TSA cycle times decreasing productivity, among
other factors, is still a challenge. Therefore, carefully
combining pressure- and temperature-swings becomes
attractive [13].

An adsorbent is a solid substance (carbonaceous
or non-carbonaceous) that should possess high CO2
sorption capacity, high CO2 selectivity, good kinetics,
mechanical strength, and so on, while being inexpen-
sive to manufacture [17].

The classification of adsorbent usually has to be
known prior to the technology. It can be performed ex-
perimentally in several ways, most commonly: break-
through experiments, volumetric analysis, thermo-
gravimetric analysis, or zero-length column technique
[18]. The selection of suitable adsorbents is followed
by a process analysis. Its performance is evaluated
by a theoretical calculation or measurement of CO2
purity after desorption, adsorbent recovery, CO2 pro-
ductivity, and energy consumption of the process.
These parameters are typically related to each other
[19]. Productivity is related to the management of
captured CO2, e.g., storage or utilisation (in most
cases, 95 % purity is required [20]). Energy consump-
tion is of great importance in the industrial sector
[21]. An experimental acquisition of these param-
eters is the most valuable, but generally expensive
and time-consuming. The prevailing trend is to use a
mathematical simulation to predict the physical prop-
erties of certain adsorbents (typically, finely tuned
MOFs by so-called "adsorbent screening" [22, 23]), as
well as the process performance in a fraction of the

time [24]. Once verified by experimental data, the
mathematical model can be applied to any system
with a similar configuration, allowing to use different
parameters or materials.

In this paper, we address an experimental charac-
terisation of CO2 adsorbents in a fixed bed laboratory
apparatus and validation of a mathematical model
using the obtained results. The model was designed
in accordance with the ongoing process in the appa-
ratus. It is used to predict the shape of the break-
through curve, obtained from the experiments, and
subsequently subjected to a sensitivity analysis.

2. Materials and Methods
2.1. Materials
In this work, we have selected a commercial sample of
porous non-polar adsorbent without any further modi-
fications, molecular sieve 13X (Merck - Sigma-Aldrich,
Germany), for the CO2 adsorption experiments. The
adsorbent particles with homogeneous structure had
a regular spherical shape and smooth surface. Their
diameter ranged from 1.9 to 2.1 mm with a volume of
2.84 − 3.46 mm3; other characteristics are summarised
in Table 1.

2.2. Experimental setup
An experimental apparatus for the adsorption ex-
periments was built on the basis of a former high-
temperature fluidized bed system [25]. Details are
listed in Table 1 and Figure 1.

The apparatus is composed of the gas distribution
and flow control systems, the adsorption column and
humidifier, the climate chamber with programmable
temperature controller, and the analytical terminal.
The front and top views (same measuring scale) are
shown in Figure 3. Figure 4 shows a glazed cham-
ber after the apparatus is placed inside the climate
chamber, which ensures the desired temperature of
the entire system.

The core of the adsorption apparatus is a cylindri-
cal stainless steel adsorption column, in which the
adsorbent is placed.

The gas mixture simulating the pre-purified flue gas
(i.e., undergoing a denitrification, desulphurisation,
and eventual drying since it is virtually impossible
to separate CO2 from untreated flue gas with a sin-
gle layer of adsorbent [26]) is supplied from a gas
cylinder. After passing through the flow controller,
the gas is split into two streams by a manual ball
valve switch, and can be fed directly into the adsorber
or into the spectrometer. This principle is used to
evaluate the adsorption capacity. Before entering the
adsorber, the gas stream is split again. The first path
leads to humidifiers capable of achieving a relative
humidity (RH) of 70 − 85 % at a given temperature
and pressure. The second path, used in this study,
bypasses the humidifier. The gas passes through the
adsorber from the top to the bottom. The gas leaving
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Figure 1. Adsorption column scheme.

Figure 2. Scheme of the adsorption apparatus: 1, 2 - gas cylinders, 3 - mass flow meter with controller, 4 - three-way
valve of the main bypass, 5 - hygrometer display unit, 6 - safety valve, 7 - control manometer, 8 ball and needle
valves of humidifier, 9 - pair of humidifiers, 10 - hygrometer pressure sump, 11 - spiral heat exchanger, 12 - three-way
valve of the adsorber internal bypass, 13 - adsorber, 14 - climate chamber, 15 - liquid cooler, 16 - condensate sump,
17 - back pressure regulator, 18 - thermometer / data-logger, 19 - PC for data collection and process setting, 20 -
infrared spectrometer, 21 - spectrometer bypass setting, 22 - drum-type gas meter.
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Figure 3. Adsorber and humidifier assembly: 1 - gas inlet of the humidifier, 2, 3 - humidifier chambers, 4 - hygrometer
pressure sump, 5 - water discharge, 6 - adsorber, 7 - hygrometer probe, 8 - heat exchanger, 9 - three-way valve of the
adsorber internal bypass, 10 - dry gas path inlet 11 - adsorber outlet, 12 - water inlet regulator (humidifier wetting).

A) B)
Figure 4. Outside view of the testing apparatus: A) 1 - glazed chamber, 2 - adsorber assembly in the climate
chamber, 3 - PC (data collection and process control), 4 - side chamber passage of pipes and cables, 5 - liquid cooler,
6 - thermometer with data-logger, 7 - infrared spectrometer, 8 -mass flow meter with controller, 9 - safety valve, 10 -
drum-type gas meter, 11 - condensate sump; B) climate chamber with the assembled adsorption apparatus.
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Adsorption column - Fixed bed
Material Stainless Steel
Inner column length, Lcol 0.26 m
Empty space length, Lemp 0.08 m
Inert bed length, Lgb 0.019 − 0.025 m
Adsorbent bed length, L13X 0.155 − 0.161 m
Inner diameter, Din 0.04 m
Wall thickness, tw 0.002 m

Adsorbent - Zeolite 13X
Material Molecular sieve 13X, Sigma Alrich
Material volume, Vm 195 − 202 cm3

Material weight, mm 0.1425 − 0.1435 kg
Bulk density, ρb 710 − 730 kg/m3

Bed porosity, εb 0.373∗

Particles shape Homogenous spheres
Particle diameter, dp 1.90 − 2.10 mm
Particle volume, Vp 2.84 − 3.46 mm3

Estimated using Equation 2.

Table 1. Apparatus dimensions, physical properties of the adsorbent material (Zeolite 13X) and the fixed-bed.

the adsorber and the climate chamber is cooled in a
liquid bath. Any excess moisture is condensed, and
the gas pressure is reduced to atmospheric level. At
the outlet of the apparatus, the gas enters an infrared
(IR) spectrometer Ultramat 23 IR and then a drum-
type gas meter. Monitoring of the adsorption and
desorption is carried out by an online analysis of the
gas flowing through the apparatus. The method of
sorption rate evaluation is based on the comparison
of the adsorptive content in the gas at the adsorption
column’s inlet and outlet. A view of the apparatus in
operation is shown in Figure 4.

2.3. Breakthrough experiments
The breakthrough experiment is performed under dy-
namic conditions with a constant flow rate at the
inlet. The investigated gas mixture contains a known
concentration of the adsorptive. From the obtained
breakthrough curves, other physical parameters, such
as adsorption rate, separation efficiency under given
conditions, and specific consumption of sorbent can
be evaluated.

The actual measurement of one cycle consisting of
adsorption and desorption is performed as follows:

1. Regeneration: the adsorbent is first dried to a
constant weight and then placed into the adsorber.
Nitrogen at a flow rate of 2 dm3/min is introduced
into the adsorber, and the chamber temperature is
set to 393 K. After a complete regeneration, indi-
cated by the IC spectrometer, an adsorption step
begins.

2. Adsorption (breakthrough experiment): ini-
tially, a stream of nitrogen passes through the adsor-
ber, which is set to the working overpressure (2 or 5
bar). The temperature in the chamber is reduced to

the desired adsorption temperature, which was set
to 283, 293, 303 or 313 K. After the temperature in
the adsorbent layer has stabilised, the inert gas is
changed to the simulated flue gas. It consists of 13
vol. % of CO2 balanced by synthetic air. The ad-
sorption phase ends when the CO2 concentrations
at the inlet and outlet of the adsorber are equal.
This state indicates an adsorption equilibrium when
the adsorption capacity of CO2 at a given pressure,
q∗

i

[
g CO2

/
g dry adsorbent

]
, is reached. Blank exper-

iments have been carried out using inert material
(glass beads of the same total volume as the real
sample) prior to CO2 adsorption. The blank curves
are shown in Figure 5.

3. Desorption: the desorption was carried out at
atmospheric pressure and elevated temperature (i.e.,
PTSA cycle). Once the CO2 is released from the
solid phase, the column is purified by N2 or any
other non-reactive gas (if CO2 is used as a purifying
gas, which is a common practice in the industry to
maintain maximum purity of the product, it is not
possible to use the IR spectrometer).

2.4. Mathematical modeling of
breakthrough data

The breakthrough experiment was described by a
one-dimensional plug-flow mathematical model in a
packed-bed with the following assumptions:

1. The gas is a binary mixture of CO2 and N2 and be-
haves according to the ideal gas law (O2, contained
in the synthetic air, has similar adsorption charac-
teristics as N2, because its affinity towards Zeolite
13X is more-or-less equal to the affinity of N2, thus
both gases adsorb weakly [27]; the literature gener-
ally provides expressions for binary diffusion, the
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Figure 5. Blank experiments performed prior to each measurement; operating conditions: T = 10 - 40 ◦C, P = 2,
5 bar. The time interval is shortened from about 1800 s to 500 s, when the CO2 concentrations at the outlet are
almost stable.

diffusion of gas mixtures with more components is
less accurately predictable [28].).

2. The system is isothermal (without generation of
adsorption heat) and adiabatic (heat loss to the
outside environment is not considered).

3. The system is radially homogeneous without the
occurrence of concentration, diffusion, and temper-
ature radial gradients.

4. The change in kinetic and potential energies is neg-
ligible.

5. The physical properties of the gas mixture, such as
adsorption enthalpy, density, diffusion coefficients,
specific heat capacity, and dynamic viscosity, are
constant.

6. The physical properties of the adsorbent as well as
the bed porosity are uniform.

7. The mass transfer rate between the solid and gas
phases is described by the linear driving force (LDF)
model.

8. The adsorbent is fully regenerated at the beginning.
9. The pressure drop is negligible, and the interstitial

velocity of the gas is assumed to be constant.

The ongoing adsorption process in our experimental
setup differs from the real adsorption systems by the
placement of the apparatus and by its configuration.
The adsorption column is placed inside a thermally
insulated chamber, which makes it possible to reach
isothermal conditions after a few minutes from the
start of the process. Normally, the temperature varies
continuously with respect to the generated adsorption
heat and the volumetric flow having a higher overall
effect on the adsorption phase such as the propagation

of the concentration front. By assuming isothermal
conditions (assumption 2), the prediction error is thus
reduced; we discuss its effect within the following Sec-
tion. Assumptions 1, 3, 5, 6 and 7 simplify the phe-
nomena, but their application is proven to be sufficient
[29]. Assumption 8 characterizes the breakthrough
experiment [30], or the first cycle in the adsorption
systems, because subsequent cycles do not allow full
adsorbent regeneration after the desorption, leading
to a cyclic deterioration of the adsorption capacity.
Adsorption of gases causes a different volumetric flow,
i.e., velocity of the purified gas at the column outlet.
However, due to the nearly constant pressure and the
small amount of strongly adsorbable components, this
effect is less significant [31]. The change in volumetric
flow, which we measured experimentally and which
will be discussed later, occurs only when CO2 is de-
tected at the outlet (adsorbent is, at this time, almost
saturated) and dilutes the purified gas, that is, N2.

Based on the assumptions, the system is described
by two governing Equations (1) and (4). The mass
balance equation for component i in the gas phase
assumes advection-diffusion plug-flow and is defined
as follows:

∂ci

∂t
= ∂

∂z

(
Dax

∂ci

∂z

)
−u

∂ci

∂z
−ρp

(
1 − εb

εb

)
∂qi

∂t
(1)

Where ci = (yi P )
/

(R T ) is the concentration in
the gas phase

[
mol/m3], u is the interstitial velocity

[m/s], ρp is the adsorbent particle density
[
kg/m3],

and εb is the bed porosity. Bed porosity was calculated
using a correlation proposed by [32], which takes into
account the column dimensions and the mean particle
size of the adsorbent dp [m]:
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εb = 0.373 + 0.917 exp
(

−0.824 Din

dp

)
(2)

An alternative would be a comparison of the gas
flow rate before the gas enters the adsorbent and
of the gas flow rate inside the adsorbent. In the
experiments, this measurement was obtained only for
a single experimental case, 283 K and 5 bar, and
therefore, using an experimentally verified formula is
more rigorous. This approach was also used for the
determination of interstitial velocity.

The Dax represents the axial dispersion coefficient
of the gas mixture

[
m2/s

]
, which is dominant in the

axial direction at higher Reynolds numbers (Rep > 10)
[33]. Radial gradients are neglected. A correlation of
Edwards and Richardson (1970) incorporating Wicke’s
(1973) approximation of coefficient γ and Bischoff’s
(1969) expression of coefficient β was used. The cal-
culation of the Dax is described in detail in [30] for a
packed-bed adsorption of CO2:

Dax = γ · DM, CO2 − N2 +
Pe−1

∞ (u · dp)

1 +
β · γ · DM, CO2 − N2

u · dp

(3)

The advantage of this equation is that it accounts
for the size of the adsorbent particles by a function
of limiting value of Péclet number, Pe∞, which was
calculated by [34] as Pe∞ = 6.7 dp for particle size of
the adsorbent lesser than 0.25 cm.

The last term in Equation (1), a source term, rep-
resents a mass transfer of the adsorbate in the solid
phase and is simplified by the LDF model [35] assum-
ing that the mass accumulation of a component i in the
adsorbent is proportional to the difference between the
amount adsorbed at equilibrium q∗

i

[
mol/m3] (given

by the equilibrium adsorption capacity of the adsor-
bent measured during the breakthrough experiments)
and the mean value of the amount adsorbed in the
adsorbent particle qi

[
mol/m3]:

∂qi

∂t
= ki (q∗

i − qi) (4)

The mass transfer coefficient of component i, ki

[1/s], is simplified to the resistance of mass transport
by diffusion in macropores, which usually dominates
in commercial zeolites that are purposely made to min-
imise micropore diffusion and depends on the r2

p

/
dp

ratio. The resistance to gas permeation through the
film layer around the adsorbent is usually insignificant
[36]:

ki = 15 Deff

r2
p

· c in, i

ρp · q∗
in, i

(5)

Where rp is the adsorbent particle diameter [m],
Deff is an effective value of the diffusion coefficient[
m2/s

]
and c in, i

/
q∗

in, i represents a dimensionless
slope of the adsorption isotherm that must be used
for adsorbent particles with homogeneous structure.

Effective diffusion depends on the flow regime in the
macropores, which is determined from the Knudsen
number [37]. The diffusion transport in macropores
in zeolites takes place in the transition area, where
both mechanisms, Knudsen and molecular diffusions,
play an equal role:

Deff = εp

τ

(
1

DM, CO2 − N2

+ 1
DK

)−1
(6)

A pore geometrical factor τ , tortuosity, ranges from
approximately 2 to 3 in packed beds filled with a non-
structured zeolite adsorbent [38], but a value of 3 was
chosen [30]. The porosity of the adsorbent particle εp

was calculated using both the estimated (εb) and the
experimentally measured (ρb, Vpore) values:

εp = ρp · Vpore, (7)

where ρp is the particle density
[
kg/m3] and Vpore

is the volume of pores
[
m3/kg

]
.

There are many correlations that can be applied to
estimate the molecular diffusivity. An approximation
by Fuller et al. (1969) was used, which, according to
[28], provides high accuracy for the binary mixture of
CO2 − N2:

DM, CO2 − N2 =

0.00143 T 1.75

P · MCO2 − N2

[
(
∑

νCO2)1/3 + (
∑

νN2)1/3
]2

(8)

Where P is the gas pressure [bar], T is the temper-
ature [K], and ν is the molar volume of the gas phase[
m3/mol

]
. The Knudsen diffusivity of component

i, DK

[
m2/s

]
, was approximated by the Derjaguin

correlation [39]:

DK, i = 9
13

(
dpore

3

√
8 R T

π · Mi

)
(9)

Where dpore is the pore diameter [m], R is the uni-
versal gas constant [J/ (mol.K)] and Mi is the molar
weight of component i [kg/mol]. The overall Knudsen
diffusion, DK

[
m2/s

]
, of gas mixture was calculated

as resistances connected in parallel.
The system of governing equations with fixed ini-

tial and boundary conditions was differentiated with
respect to the axial axis z and the time t to obtain
the concentration of CO2 and N2 in the gas phase and
the adsorption rate in the solid phase. The adsorption
is a dynamic process accompanied by step change
of concentration caused by the decomposition of the
transport mechanism from purely convective to convec-
tion and diffusion once the gas enters the unsaturated
empty bed, hence the Danckwers boundary condition
Dax

(
∂ci (t, 0+)

/
∂z
)

= u [ci (t, 0+) − ci, in (t, 0+)] [40]
for the column inlet was applied. A higher accu-
racy of approximation was achieved by using a higher
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Surface characteristics
BET surface area, SBET 511.65 m2/g
Total pore volume, Vpore 3.317 × 10−4 m3/kg
Pore average diameter, dpore 3.33 × 10−8 m

Breakthrough experiments
Adsorption pressure, P 2, 5 bar
Adsorption temperature, T 283, 293, 303, 313 K
Volumetric flow, V

→ 2 bar 0.024 − 0.045 m3/h
→ 5 bar 0.021 − 0.023 m3/h

CO2 molar fraction, yCO2 0.13
Adsorption capacities, q∗

→ 2 bar and 283, 293, 303, 313 K 0.1188, 0.1000, 0.0737, 0.0681 g CO2/g sorbent
→ 5 bar and 283, 293, 303, 313 K 0.1313, 0.1128, 0.0872, 0.0809 g CO2/g sorbent

Desorption pressure, P 1 bar
Desorption temperature, T 393 K

Table 2. Experimental results and model parameters.

Figure 6. Schematic discretisation of the adsorption
column using a finite volume method.

schemes with flux limiters recommended by [41] for
a lumped kinetic model to ensure stability of the
solution. A second-order TVD (total variation dimin-
ishing) explicit finite volume scheme was used, and
equations were solved in MATLAB for the length step
∆z = 0.003 m and time step ∆t = 0.003 s. The column
discretisation into a series of control volumes dV along
the axial axis z is shown in Figure 6. additional model
parameters, which were obtained experimentally or
by parameters estimation are specified in Table 2.

3. Results and discussion
3.1. Breakthrough experiments
The surface characteristics of the Zeolite 13X (BET
surface area, S BET

[
m2/kg

]
, and pore size distribu-

tion) were analyzed using a Coulter SA 3100 particle
size analyzer. The measurement consisted of a pure
nitrogen adsorption at 77 K, followed by determina-
tion of pore volumes from the obtained absorption
isotherms. The results are listed in Table 2, together
with the CO2 adsorption capacities measured in the
breakthrough experiments. The pore size distribution
is shown in Figure 7.

Figure 7. Pore size distribution.

BET analysis was also used to calculate the average
size of the pores: dpore = (4 Vpore)

/
S BET. Different

mechanisms of mass transport in pores (pore size
classification by IUPAC [42]) were not considered in
diffusivities, and except for macropores (> 50 nm), all
adsorbent pores were considered mesopores.

Each measurement of the breakthrough curve was
carried out after 24 hours of desorption by degassing
in an insulated reactor at 423 K.
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A total of 5 cycles of adsorption and desorption
at steady state were made for each temperature and
pressure, as described in Section 2.3. The measured
equilibrium adsorption capacities were averaged and
summarised in the graph shown in Figure 8.

Figure 8. Adsorption capacities averages over cycles
in each measurement.

A maximum variation for each individual adsorp-
tion pressure ranged from 0.97 % to 2.32 % at 2 bar,
and 0.49 % to 1.20 % at 5 bar. The dependence of the
magnitude of the error on the measurement conditions
did not show a clear trend for adsorption tempera-
ture, but the average adsorption capacity varied more
between cycles at the lower adsorption pressure, i.e.,
2 bar. A possible explanation could be that higher
pressures cause faster adsorption, as evidenced by the
breakthrough curves measured at 5 bar (Figure 11).
The adsorbate is, therefore, attracted by a greater
force (van der Waals forces), which may result in a
smaller deviation over a shorter period of time.

As expected, the commercial 13X molecular sieve
sample showed the highest CO2 adsorption capac-
ities at high pressure and low temperature, that
is, 0.1188 gCO2/gsorbent at 283 K and 2 bar and
0.1313 gCO2/gsorbent at 283 K and 5 bar. These con-
ditions can be reached only when the water vapor
is removed from the gas, which is a typical demand
for zeolite-based adsorbents. In case the water vapor
content is negligible or resistant adsorbent is used,
lowering the flue gas temperature from 303 K to 293
K would improve the adsorption capacity of CO2 the
most. However, if the temperature of the flue gas
containing a high amount of water vapor is around
303 K, it is due to consider adsorption at higher tem-
perature, where the adsorption capacity is no longer
significantly reduced, but the need for dehydration
may be eliminated.

Once most of the adsorbent is saturated, we ob-
served that the volumetric flow gradually increased
appropriately to the amount of non-adsorbed CO2
present. An almost linear dependence between both
curves is not surprising (see Figure 9); however, when
comparing the price of a CO2 sensor and the difficulty
of concentration sensing against sensing of a mass-flow
rate, it begs the question of whether a similar idea
could be interpreted into, for example, multi-column

systems where mass-flow meters could serve as indica-
tors of CO2 concentration at each outlet, detecting the
permitted amount of CO2 in the off-gas. Especially
in the industry, the requirement is aimed at process
control and management rather than at measuring
precision. However, knowing the information about
the change in CO2 concentration at the outlet, one
can inversely predict the off-gas volumetric flow-rate
and hence its velocity and pressure drop absolute vari-
ation. Further use of such information could also be
replicated in the simulation to estimate, for example,
the growth of axial dispersion in a system without
pressure loss. However, the prediction error rate would
require a deeper analysis.

Figure 9. Experimentally measured values of volu-
metric flow and of CO2 concentration at the column
outlet. The curves shown have the highest deviation
of values measured at 283 K and 5 bar.

3.2. Simulation results
The model parameters that were obtained by the ad-
sorbent classification and breakthrough experiments
or by using the aforementioned correlations are pre-
sented in Table 2, the rest of the input values can be
found in Table 1.

The breakthrough curve modelling had to deal with
incomplete experimental data, because the CO2 ad-
sorption isotherm was not measured. Its impact on
the breakthrough curve is significant, as it influences
the mass transfer rate coefficient representing the mag-
nitude of the adsorption rate and defines the affinity
of the adsorbate species towards the adsorbent (maxi-
mum adsorption amount at equilibrium was known).
Generally, there are fewer experimental data available
at higher pressures, and each of them usually differs
in the sorbent used (for example, manufacturer, the
Si/Al ratio, the framework structure, etc.). The inter-
ested reader is referred to, e.g., study by Hefti et al.
[43] and summary within, or to the NIST ARPA-E
[44] database currently containing 35 studies with CO2
adsorption isotherms up to 5 bar. Due to the afore-
mentioned diversity of adsorbent samples, making it
difficult to replicate other data on the 13X sample
tested in our study, we decided to follow the approach
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Figure 10. Comparison between the experimentally measured breakthrough curves and curves obtained by the
simulation at 283, 293, 303 and 313 K, and 2 bar. Note: Exp. = Experiment; Sim. = Simulation; the curves obtained
by the simulation are ploted in the black, and green, respectively, for the 30 ◦C.

Figure 11. Experimentally measured breakthrough curves at 283, 293, 303 and 313 K, and 5 bar.

used by [45] and fit parameters of a single-site Lang-
muir isotherm:

q∗
i = qsat · bi · ci

1 + bCO2 · cCO2 + bN2 · cN2

(10)

The use of the single-site Langmuir isotherm may
look like a simplification because more complex mod-
els can better approximate the nonlinearity of CO2
adsorption. For example, Bekhti et al. [46] compared
8 adsorption isotherm models for CO2 on NaY zeo-
lite up to 1 bar, and although the dual-site and the
multi-site Langmuir isotherms had the smallest error,
the single-site Langmuir isotherm was considered suffi-
cient. We wanted to start with a simple model, which
turned out to be sufficient even for higher pressures,

despite the recommendation of Hefti et al. [43]. Using
another model could raise the question of the number
of fitting parameters, and therefore uncertainty, which
is why we did not investigate other models. Such a
comparison with the absence of the actual adsorption
isotherm may be an interesting topic for further study.

We used a similar optimisation technique by chang-
ing the Langmuir equilibrium constant b0, i [m3/mol],
the internal energy ∆Ui [J

/
mol] (functions of an equi-

librium constant bi [m3/mol]), while respecting the
range of values for CO2 and N2 recommended by [45],
and the maximum saturation capacity of the mono-
layer, qsat [mol

/
kg]. The aim of this optimisation

was to predict the breakthrough onset time by one-
time adjustment of the adsorption isotherm within
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the range of 5 experimentally measured isotherms at
each of 4 cycles at 2 bar.

The fitting process was performed in MATLAB for
283 K. The best possible shape of the breakthrough
curve was achieved by changing mostly the qsat, b0, CO2

(∆Ui remained constant, because of high sensitivity to
the stability of the numerical solution in the region be-
fore the breakthrough occurred), and the flux limiter,
which showed a high influence on the breakthrough
curve slope. the following parameters were used:

Fitting
constraints



qsat = 3.6 − 4.6
b0, CO2 = 2 − 2.5 × 10−6

∆UCO2 = −35 000
∆UN2 = −10 000
Flux limiter: van Leer (1974)

(11)

The "optimum solution" was obtained for qsat =
3.7 mol/m3 and b0, CO2 = 2.1 × 10−6 m3/mol. The
Langmuir constant for N2 had a value of b0, N2 =
1.0 × 10−6 m3/mol. More details on calculating the
single-site Langmuir adsorption parameters can be
found in Pai et al. [45]. The breakthrough onset time
correlated with a high degree of accuracy for other
adsorption temperatures, 293, 303 and 313 K, while
the fitting parameters remained constant. The region
where the adsorption rate slows down as a result of
high saturation of the adsorbent (the upper end of
the curve) was accompanied by the highest deviation
across the adsorption temperatures. An improvement
was achieved by adapting the flux limiters used in the
non-linear schemes, namely, van-Leer (1974) limiter
instead of using the QUICK scheme.

Applying this approach, results can be generalised
as follows:

• The prediction of the breakthrough onset time can
be made with satisfying accuracy with 2 % maxi-
mum deviation from the experimental values (aver-
aged over 5 cycles that were tested) across the range
of adsorption temperatures. This also includes the
area where the amount of 5 to 15 % of the inlet CO2
concentration appears in the outlet, which would,
in a real application, be an indication to terminate
the adsorption process. The highest deviation was
found for 283 K, where the predicted time for the
occurrence of 15 % CO2 from the inlet CO2 concen-
tration was 4.3 % (the deviation for 293 K was 0.2
%).

• To accurately predict the adsorbent utilisation effi-
ciency (indicated by the slope of the breakthrough
curve across its entire length) requires a deeper anal-
ysis of the parameters estimation and of the chosen
numerical scheme. There is a relatively long-time
interval before the breakthrough curve reaches its
peak point because the change in the CO2 concen-
tration at the outlet decreases after approx. 75 % of
the inlet CO2 concentration. In our simulation, the

deviation exceeded 10 % when the total amount of
90.2 % of CO2 in the simulated gas (about 11.72 vol.
% CO2 relative to synthetic air) appeared at the out-
let and the deviation continued to grow moderately.
One of the possible explanations may be the negli-
gence of the non-uniform generation of adsorption
heat, i.e., exclusion of energy balance by assuming
isothermal condition, or performing experiments in
a rather small adsorption column (Lcol/Din ratio of
6.5), for which any change in temperature becomes
more apparent relative to the breakthrough curve
shape [47]. Results of Sircar (1983) [47] suggest a
potentially higher correlation with our experimental
data if the energy balance is accounted for (using
temperature as a variable affecting both the adsorp-
tion rate and the equilibrium capacity results in a
flattened curve plateau, i.e., long tail, until the feed
concentration reaches the column outlet). Similar
differences between isothermal and non-isothermal
models using the LDF model for CO2 adsorption
were observed by [48]. On the contrary, Bollinini
et al. (2012) [49] found the isothermal model rele-
vant for lower flue gas velocities (higher velocities
increase temperature); however, underlined the ne-
cessity of an appropriate value of the LDF mass
transfer coefficient, ki. Therefore, a follow-up study
will be performed to confirm these claims as the ob-
jective of this study was to first verify the accuracy
of predicting the breakthrough curve using a simple
model.
Theoretically, the CO2 concentrations above, for
example, 90 %, could be neglected, because they do
not bring any significant improvement in the estima-
tion of the adsorbent utilisation efficiency. However,
using, e.g., a dimensionless factor π1 proposed by
[50] may be useful in this situation to ensure an
"optimal" breakthrough curve steepness from the
very beginning (recommended values of other cri-
teria: Bi and π2, proposed by the same authors,
are usually satisfied for the fixed-bed adsorption).
Furthermore, in a real process, it is unlikely that a
similar amount of CO2, at which our model showed
the highest deviation, is allowed to be released in the
atmosphere. Here, the inaccuracy of the isothermal
model is significantly less important.

The experimental and simulation breakthrough
curves are presented in Figure 10. The application
of optimisation at 5 bar would be identical; hence
Figure 11 shows only the experimental values.

3.3. Optimisation of the breakthrough
curve prediction

Based on the differences between the experimental
and simulation results, a sensitivity analysis was car-
ried out to assess the accuracy of the prediction of the
breakthrough onset time. Investigating the behaviour
of the breakthrough curve in higher CO2 outlet con-
centrations would be misleading in the sense that the
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findings could not be directly applied to other temper-
atures as the breakthrough onset time. The approach
was to assess parameters that are difficult to measure
experimentally by nature, but the literature provides
different ways of estimating them. For this purpose, a
single breakthrough curve with the highest deviation
(about 4 % from the original prediction) at 2 bar and
293 K was chosen, because it could represent a prac-
tical scenario in the CO2 capture from the measured
conditions.

First, it should be noted that the highest impact
on the breakthrough onset time lies in the dimensions
of the column and in the size of the adsorbent pack-
ing. For example, if the bed is fully filled with the
zeolite 13X, achieving a breakthrough takes 51.6 %
longer. Another obvious fact is that the breakthrough
onset time decreases (and the curve becomes wider)
with increasing volumetric flow. Second, the energy
balance was not included in our model (discussed in
Section 3.2), which partially limits the methodology
of sensitivity analysis performed here. Sensitivity
analysis was performed for 4 parameters:

• Axial dispersion: if the axial dispersion increases,
the mixing of the gas molecules becomes more in-
tensive, which results in an uneven adsorption and
the breakthrough curve widens. Several correla-
tions, chosen from [51], for the gas flow through
the fixed bed packed with solid spherical particles
were investigated. The values obtained were within
the range of 3 × 10 −5 m/s, and the breakthrough
curve showed a negligible slope change. The high-
est difference was found between the correlations
proposed by Edwards and Richardson (1968) and
Wen-Fan (1975) with a difference of 1.62 % in the
onset time.

• Bed porosity: it is proportional to the increase
of the interstitial velocity, and therefore influences
the axial dispersion. The estimation proposed by
Ribeiro et al. [32] was in between the area of validity.
Therefore, the calculation suggested by Dixon [52]
for packed beds with regular spherical particles and
a small ratio of the diameters of the column and
the particles was analysed. The increase in the
estimate of the bed porosity by approximately 14
% moved the results towards the experimentally
obtained onset time by approx. 3.2 % and achieved
the highest accuracy for the studied breakthrough
curve (0.8 %; considering the average onset time for
2 bar, this change would also provide the best fit).

• Mass transfer coefficient: the mass transfer coef-
ficient used in our model accounted for the transport
resistance in macropores. As mentioned previously,
commercial zeolites are made to minimise microp-
ore diffusion; hence we have investigated whether
the film layer slows down the gas penetration to a
noticeable degree or whether the effect is negligible
as suggested by [36]. An external mass transfer
coefficient, kf [m/s], with the [53] approximation

of the Sherwood number, was included in the calcu-
lation of the overall mass transfer resistance. The
obtained deviation of about 0.3 % confirmed the
parameter’s insignificance.

• Molecular diffusion coefficient: a less sensi-
tive parameter. Any of the well-known expressions,
e.g., Fuller et al. (1965), Wilke & Lee (1955) or
Chapman-Enskog (1967), all contained in [28], pro-
vided almost identical results.

Lastly, the influence of the flux limiters was inves-
tigated. For this particular case, van-Leer (1974),
Superbee (1986), and Koren (1993) achieved almost
the same accuracy of 4 % (the highest of 3.8 % was
achieved by the Superbee (1986) flux limiter). The
highest difference between the numerical fluxes was
observed for the less steep breakthrough curves, where
van Leer (1974) provided the best interpretation of
the upper end of the curve (Figure 10). The results
of the sensitivity analysis of selected parameters are
shown in Figure 12 - each case differs from the "original
prediction" by only one investigated parameter.

Figure 12. A deviation from the breakthrough curve
onset time at 293 K and 2 bar. Note: Correlations
were taken from [28, 34, 36, 41, 51–55].

4. Conclusions
Two sets of breakthrough experiments were performed
at 2 and 5 bar at different temperatures in the labo-
ratory adsorption apparatus, each for 5 cycles. The
reported breakthrough curves showed no significant
deviation between the cycles at each adsorption tem-
perature, which established a solid ground for the
simulation studies. The most prominent feature was
the reduction of influence of the adsorption tempera-
ture on the amount adsorbed at 5 bar. Hence we can
conclude that high-pressure system could provide a so-
lution for processing wet gas stream by adsorbing CO2
at elevated temperatures, above the dew point of the
flue gas, without substantially lowering the amount
adsorbed - a further research will be conducted in
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this manner. Zeolite 13X possessed a high adsorption
capacity at low pressures and temperatures below 293
K, while adsorption at high pressures did not provide
significant advantages. The highest adsorption capac-
ity of 0.1313 g CO2

/
g dry adsorbent was measured at 283

K and 5 bar and 0.1188 g CO2

/
g dry adsorbent at 283 K

and 2 bar.
A quick assessment of the parameter optimisation

makes the simulation a powerful tool that can save
time, space, and financial funds once properly tuned
with respect to the experiment. It was particularly
evident for the breakthrough onset time, where the
deviation did not exceed 2 % from the averaged ex-
perimental value. The prediction of the breakthrough
curve tail, where the outlet CO2 concentration reaches
its plateau, yielded lower accuracy. A possible cause
could be the assumption of isothermal conditions,
which, in some studies, shortened the time of reaching
the plateau of the breakthrough curve (i.e., steepened
the breakthrough curve tail). Depending on the tem-
perature rise during the adsorption, this effect appears
to be more prominent and will be investigated further.
Therefore, this area was not easy to investigate by the
sensitivity analysis, which was therefore performed for
the breakthrough onset time. The main conclusions
can be summarised as follows:

• Column geometry, adsorption temperature and pres-
sure, and volumetric flow are the easiest way to reg-
ulate adsorption time, by reducing or postponing
the breakthrough onset time.

• The investigated parameters had a mild impact on
the breakthrough onset time of up to 3.6 % from
the original prediction. The bed porosity, which is
defined by the adsorbent particle size and shape,
bed configuration, and the type of packing, affects
the largest number of parameters, and should always
be accounted for.

• Non-linear numerical schemes are preferable for
modelling adsorption processes.
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List of symbols
b, b0 Langmuir equilibrium constant [m3/mol]
Bi Biot number [–]
c Concentration in the gas phase [mol/m3]
dp Adsorbent particle diameter [m]
dpore Adsorbent pore diameter [m]
Dax Axial dispersion coefficient [m2/s]
Din Bed inner diameter [m]
Deff Effective diffusion coefficient [m2/s]
DK =

(
yCO2

/
DK, CO2 + yN2

/
DK, N2

)−1 Overall
Knudsen diffusion [m2/s]

DM Molecular diffusion coefficient [m2/s]

k Mass transfer rate [1/s]
kf = (Sh · DM, CO2−N2 )

/
dp External mass transfer rate

[1/s]
L Length [m]
mm Material weight [kg]
M Molar weight [mol/kg]
P Pressure [Pa, bar]
Pe∞ = 6.7dp Péclet number (limiting value) [–]
rp Particle diameter [m]
R = 8.314 Universal gas constant [J/ (mol K)]
Rep = ρg u0 dp

/
µg Reynolds number for particle [–]

q Concentration in the solid phase [mol/m3, mol/kg]
q∗ Adsorbed amount at equilibrium[

mol/m3, g CO2

/
g dry adsorbent

]
S BET BET surface area [m2/kg]
Sh Sherwood number [–]
t Time [s]
tw Column wall thickness, [m]
u = u0

/
εb Interstitial velocity [m/s]

u0 Superficial velocity [m/s]
∆U Internal adsorption energy [J/mol]
Vflow Volumetric flow [dm3/min]
Vm Material volume, Fig.1 [m3]
Vp Particle volume [mm3]
Vpore Pore volume [m3/kg]
yi = ci/c Dimensionless concentration in the gas phase

[–]
z Axial coordinate of the column [–]

β, γ Coefficients, Eq. 2 [–]
εb Bed porosity [–]
εp Particle porosity [–]
µg Gas dynamic viscosity [Pa S]
ν Molar volume of gas [m3/mol]
π1 = (u0 εp d 2

p εb)/ [4 Lcol Deff (1 − εb)] Π − 1 factor [–]
π2 Π − 2 factor [–]
ρg Gas density [kg/m3]
ρp = ρb

/
(εb − 1) Particle density [kg/m3]

τ Tortuosity [–]

0+ Position right after the column inlet
0− Position right before the column inlet
13X Adsorbent bed of zeolite 13X
col Column
emp Empty space
gb Inert material (glass beads), Tab 1
i i-th component
in Column inlet
m Material
p Particle
sat State of adsorbent saturation
w Column wall
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