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Abstract: At present, mitigating carbon emissions from energy production and industrial processes
is more relevant than ever to limit climate change. The widespread implementation of carbon capture
technologies requires the development of cost-effective and selective adsorbents with high CO2

capture capacity and low thermal recovery. Coal fly ash has been extensively studied as a raw
material for the synthesis of low-cost zeolite-like adsorbents for CO2 capture. Laboratory tests for
CO2 adsorption onto coal fly ash zeolites (CFAZ) reveal promising results, but detailed computational
studies are required to clarify the applicability of these materials as CO2 adsorbents on a pilot and
industrial scale. The present study provides results for the validation of a simulation model for the
design of adsorption columns for CO2 capture on CFAZ based on the experimental equilibrium
and dynamic adsorption on a laboratory scale. The simulations were performed using ProSim
DAC dynamic adsorption software to study mass transfer and energy balance in the thermal swing
adsorption mode and in the most widely operated adsorption unit configuration.

Keywords: carbon capture; coal fly ash zeolites; thermal-swing adsorption; dynamic process simulation;
plant design

1. Introduction

Energy production from the combustion of fossil fuels is considered a major emitter of
carbon dioxide (CO2) in the atmosphere. According to the latest data, global CO2 emissions
generated by the energy sector reached annual levels of 33.4 Gt in 2019, while in 2020 their
amounts were decreased to 31.5 Gt due to the decline in global energy demands by about
4% because of the economic collapse caused by the COVID-19 pandemic [1]. This reduction
in CO2 emissions is not sustainable, and after the normalization of life and industry, their
high levels will return. Efforts to mitigate climate change date back to 1997 for the countries
that have ratified the Kyoto Protocol, and even more ambitious goals have been imposed
by the Paris Agreement in 2015, adopted by 196 countries [2]. In the period 2021–2030, the
European Union (EU) is implementing the fourth phase of its long-term strategy to limit
greenhouse gas emissions (GHGEs). During this period, GHGEs allowances are reduced
by 2.2% per year and are managed by the European Emissions Trading System. At the
same time, the energy sector and industry will be supported by financial mechanisms to
meet innovation and investment in low-carbon technologies; the so called European Green
Deal. In the period 2030–2050, the ultimate goal for EU member countries is to achieve
“carbon neutrality” [2]. The main approaches for the development of a climate-neutral
energy sector are to increase investment in the utilization of energy from renewable energy
sources, improve energy efficiency, produce synthetic low-carbon fuels, and construct
next generation nuclear power plants, etc. In addition, the widespread implementation of
CO2 capture technologies in existing and in the construction of new thermal power plants
(TPPs) and industrial installations is of great importance [3]. CO2 uptake from the flue
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gases generated by fuel combustion is a commercially available full-scale technology in
TPPs; the so-called post-combustion carbon capture (PCC). PCC is commonly based on
a scrubber chemisorptions process with monoethanolamine (MEA) solutions or amine-
based mixtures [4]. The main drawbacks of this technology are related to the high energy
demands for regeneration, the harmful properties of the absorbents and the loss from
their thermal destruction [5]. For these reasons, membrane separation and adsorption
by solids are being intensively studied as opportunities to improve the economic and
environmental affordability of the PCC process [6–8]. Among the most promising CO2
adsorbents are zeolites due to their highly developed specific surface, strong thermal and
chemical resistance and favorable regeneration due to the physical nature of the sorption
processes. The highest carbon capture ability has been observed for commercial zeolite 13X,
the counterpart of which can be obtained in a technologically feasible manner utilizing
fly ash (CFA) from coal-supplied TPPs [9,10]. CFA utilization, instead of its disposal, is
another critical environmental issue for coal-fired TPPs [11]. Coal fly ash zeolites (CFAZ)
reveal a high potential for CO2 retention, even better than those of zeolite 13X due to the
significant content in their composition of iron oxides transferred from the raw CFA which
contribute to the adsorption process [12,13]. The adsorption-regeneration cycles of zeolites
in CO2 capture can be implemented as pressure-swing adsorption (PSA) or thermal-swing
adsorption (TSA) processes [14,15].

Another manner for CO2 sequestration that attracted research interest in recent years is
direct air capture (DAC). DAC is based on enhanced CO2 uptake from air into natural sinks
or by developing capture installations that require media with a strong affinity, high reten-
tion potential and CO2 selectivity, while being economically affordable, environmentally
compatible and regenerable with low energy consumption [16]. Once CO2 is captured from
the point-source or ambient air, it can be released in a concentrated stream, compressed to
liquefaction, transported and used as a feedstock for the production of dry ice, polymers
and synthetic fuels, or stored for a long time in geological formation or underwater depths,
so-called carbon capture, utilization and storage technologies (CCUS) [12,17,18].

The synthesis of cost-effective adsorbents with a strong capacity to retain CO2 is a
key stage in the development and industrialization of carbon capture technologies. The
steps in the elaboration of novel adsorbents for industrial applications are demonstrated in
Figure 1.

Figure 1. Stages in the development and testing of adsorbents for industrial applications.

Studies on the application of CFAZ as carbon adsorbents have successfully passed the
steps of CFA processing, characterization of the products, optimization of the synthesis
procedures to control the phase composition, morphology, degree of zeolitization and
the surface characteristics of the materials. In view of the applicability of CFAZ for CO2
capture, experimental adsorption tests were performed under equilibrium and dynamic
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conditions [13,19]. The present study is a step towards the validation of a digital model
for a reliable description of the experimental carbon capture tests. This work is focused on
simulation studies of a dynamic TSA process for CO2 adsorption in a fixed-bed column
with CFAZ as an adsorbent to validate a computational model in accordance with the
experimental results. Once validated, the simulation model will be applied for scaling
PCC installations and for evaluation of their technological and economic performance.
The present study is part of our broad research program for smart utilization of the huge
resource of coal ash through its technologically viable processing into highly porous
materials with applications in environmentally friendly technologies, one of which is PCC.

2. Materials and Methods
2.1. Material Characterization

The adsorbent used in this study was a CFAZ sample synthesized from lignite CFA by
ultrasonically assisted double-stage fusion-hydrothermal alkaline conversion. The synthe-
sis procedure is described in detail in [20]. Class F CFA, containing 74 wt% SiO2+Al2O3,
13 wt% Fe2O3 and less than 4.5 wt% CaO, was used as a raw material for the synthesis. The
exact chemical composition of CFA has been studied in [19,20]. Sodium hydroxide (NaOH),
pure for analysis (Valerus, Bulgaria), was applied as an alkaline activator to convert CFA
into zeolite. A mixture of NaOH and CFA in a ratio of 2:1 was melted in a Ni-crucible at
550 ◦C, and then ground and dissolved in distilled water. The suspension thus obtained
was sonicated and subjected to hydrothermal activation for 2 h at 90 ◦C. The resulting
product was removed from the reaction slurry by filtration, washed to neutral pH and
dried at 105 ◦C for 1 h.

The synthesized CFAZ was characterized by X-ray diffraction (XRD) using a Bruker D8
Advance diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with CuKα radiation
to determine the type and yield of the crystallized zeolite phase. The CFAZ morphology
was observed by Scanning electron microscopy (SEM) with a ZEISS SEM EVO 25 LS-
EDAX Trident spectrometer (Carl Zeiss QEC, GmbH, Peine, Germany). More experimental
results and details of the sample characterization are available in [20]. Surface studies of
CFAZ were performed by N2-physisorption using a Tristar II 3020 volumetric adsorption
analyzer, Micromeritics (Micromeritics Instrument Corporation, Norcross, GA, USA), by
measuring adsorption/desorption isotherms at liquid nitrogen temperature (−196 ◦C). The
sample was preliminary degassed in a FlowPrep 60 sampler, Micromeritics (Micromeritics
Instrument Corporation, Norcross, GA, USA), at 260 ◦C for 4 h under helium flow. More
details about the phase, morphological and surface studies regarding the zeolite product
can be found in [13,19,20].

2.2. Experimental Studies on CO2 Adsorption

The adsorption of CO2 onto CFAZ was studied experimentally under equilibrium and
dynamic conditions. The results of the experimental tests were applied as input data for the
model studies of the dynamic adsorption process. Equilibrium adsorption was studied in
the TriStar II 3020 system, Micromeritics, (Micromeritics Instrument Corporation, Norcross,
GA, USA) using CO2 with 4N purity as working gas at 0 ◦C. A detailed description of the
experimental conditions is provided in [21].

The dynamic adsorption in the CFAZ-CO2 system was investigated as a gas mixture
of N2 and CO2 in a volume ratio of 90/10 is fed through the adsorbent. The gas mixture is
passed at a flow rate of 30 mL/min through a fixed-bed laboratory column filled with the
adsorbent in an amount of 1.2 g at an adsorption bed height of 20 mm. Adsorption is mea-
sured under isothermal conditions in a thermostated system at 24 ◦C. The concentration of
CO2 in the outlet gas is measured by a detector device. More details about the experimental
procedure can be found in [21]. The breakthrough curves of dynamic adsorption were
measured and applied as input data to the model studies.
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3. Results
3.1. Material Characterization

The experimental X-ray diffractogram of CFAZ used as carbon capture material in
this study is plotted in Figure 2. The diffraction pattern of the reference Na-X taken from
the International Zeolite Association (IZA) database is also presented for comparison [22].
XRD studies reveal that the product of alkaline conversion of CFA is a zeolite of the Na-X
type, which is a synthetic counterpart of the natural mineral Faujasite (FAU). No reflexes
of iron oxide phases are found on the diffraction pattern, which shows their homogeneous
distribution in the zeolite matrix, most likely in the form of ions, taking place as charge
compensators or as nanosized particles. Since zeolite Na-X crystallizes as a metastable
phase, it is in most cases accompanied by other zeolite phases. In this case, however, it
could be assumed the formation of monophasic Na-X, zeolite as only a small single reflex of
sodalite (SOD) is detected, which confirms the proper synthesis procedures. Zeolite Na-X
is characterized by a unique porosity with a large pore diameter of 7.4 Å and high polarity
determined by the formation of a supercage in its structural framework [23]. In addition,
the creation of hierarchical mesoporosity in the Na-X zeolite framework contributes to its
enhanced surface polarity and hydrophobicity [24]. The developed specific surface with
high polarity, in combination with the hydrophobicity of the zeolite Na-X, will contribute to
enhanced selectivity toward CO2 capture from gas mixtures containing CO2, N2 and H2O,
which are commonly exhausted from combustion plants. Zeolite Na-X, commercialized as
zeolite 13X, is widely used in practice as an adsorbent, catalyst and molecular sieve, and in
recent years its applicability in carbon capture technologies has been intensively studied
due to its unique surface characteristics combined with thermal stability and chemical
inertness [25–27]. However, the CO2 capture capability of modified and hierarchical
zeolite Na-X has not yet fully discovered. Moreover, the production of this type of zeolite
from waste aluminosilicates is currently being intensively studied in the context of the
modern concept of circular economy and free of waste productions. Depending on the
chemical and phase composition of the raw material, zeolites obtained by waste recovery
are characterized by a number of specifics that reflect on their surface properties. The
influence of the various components transferred from the raw materials on the adsorption
properties of zeolites is still being studied.

Figure 2. XRD studies of CFAZ.

Morphological studies revealed fine individual submicron crystallites of the zeolite
product due to the applied ultrasonic homogenization of the reaction mixtures and frag-
mentation of CFA particles. SEM micrographs in different magnifications are presented in
Figure 3.
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Figure 3. SEM images of CFAZ.

The submicron texture of CFAZ is expected to contribute to a higher ratio of the
specific surface to the internal free volume of the material, which is a prerequisite for
accelerated mass transfer processes.

Surface parameters are of key importance for material adsorption applications. The
experimental adsorption/desorption isotherms of CFAZ and its pore size distribution func-
tion are plotted in Figure 4. The adsorption isotherm can be assigned to type IV according
to the classification of the International Union of Pure and Applied Chemistry (IUPAC),
typical for materials with a mixed micro-mesoporous structure [28]. Rapid adsorption in
the micropores of the material was observed at low values of the relative pressure p/p0,
followed by prolonged adsorption in the mesopores with increasing pressure (Figure 4a).
At p/p0 > 0.8 the amount of adsorbate in the macropores increases. The adsorption and
desorption branches of the isotherm describe a hysteresis loop that is related to capillary
condensation in the mesopores. The distribution of the internal volume relative to the pore
width confirms a significant yield of mesopores with a diameter of about 40 Å (Figure 4b).

Figure 4. Surface studies of CFAZ: (a) N2-adsorption/desorption isotherms; (b) BJH-pore size distribution function.

The values of the main surface parameters obtained by applying mathematical models
to the experimental adsorption/desorption data are summarized in Table 1. The specific
surface area (SBET, m2/g) is computed by the multi-point Brunauer–Emmett–Teller (BET)
model applied to the adsorption data in the region of monolayer formation. The mean
diameter of the mesopores (dmeso, Å) was calculated by a mathematical description of
the desorption isotherm using the Barrett–Joyner–Halenda (BJH) model. The volume
(Vmicro, cm3/g), specific surface area (Smicro, cm2/g) and mean diameter (dmicro, Å) of
the micropores were determined by applying the t-plot model to the adsorption data.
Mathematical models used for surface studies have been described elsewhere [29]. The
total pore volume (Vtotal, cm3/g), the volume described by the mesopores (Vmeso, cm3/g)
and the external surface area (Sextern, m2/g) were also determined from the model studies
of the experimental adsorption/desorption data. CFAZ for this study was selected on the
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basis of its affordable specific surface value reaching 486 m2/g. In addition to its well-
developed specific surface, CFAZ is characterized by mixed micro-mesoporosity, which
stipulates mass transfer of gas molecules to the inner surface of the adsorbent particles.
Surface parameters were used as input parameters for the model studies.

Table 1. Surface parameters of CFAZ studied as an adsorbent of CO2.

Sample SBET,
m2/g

Smicro,
m2/g

Sextern,
m2/g

Vmicro,
cm3/g

Vmeso,
cm3/g

Vtotal,
cm3/g

dmicro,
Å

dmeso,
Å

CFAZ 486 334 166 0.13 0.17 0.31 14 42

3.2. CO2 Adsorption Studies onto CFAZ

The adsorption isotherm was built as a function of the equilibrium adsorbed quantity of
CO2 on the adsorbent to the relative pressure p/p0 = 0.001–0.030, where p0 ≈ 3485.6769 kPa
is the saturation pressure of CO2 at 0 ◦C. The experimental adsorption isotherms were
described by applying the Langmuir model, which is reliable for adsorption in a monolayer
on the same type of surface sites with equal energy [30]:

qi =
qmKPi

1 + KPi
(1)

where: Pi is the gas pressure, atm; qi is the equilibrium adsorption capacity of the adsorbent
at the corresponding pressure, mol/kg; qm is the saturated adsorption capacity of the
adsorbent, and mol/kg; K is the Langmuir isotherm parameter.

The experimental and Langmuir model isotherms of CO2 adsorption onto CFAZ are
presented in Figure 5.

Figure 5. Experimental and Langmuir model isotherms of CO2 adsorption onto CFAZ.

The parameters of the Langmuir model are summarized in Table 2. The CO2 adsorp-
tion capacity, calculated at a pressure of 100 kPa, reaches values of 133 mg/gCFAZ. It was
found that the Langmuir model describes with a high degree of correlation (R2 > 0.999) the
experimental isotherm of CFAZ. Because it is confined to solid surfaces with a uniformly
discrete distribution of the adsorption centers, this high correlation of the experimen-
tal and model data indicates that, despite the complex composition of the raw material,
homogeneous adsorbents can be obtained under optimal synthesis conditions.

Table 2. Langmuir model parameters of CO2 adsorption onto CFAZ.

Sample qm,
mol/kg

K,
atm−1

K,
kPa−1 R2 Cads, mmol/g

(100 kPa)
Cads,dyn,
mmol/g

CFAZ 3.0972 16.53 0.1244 0.9998 3.026 2.8
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The experimental breakthrough curve of dynamic CO2 adsorption onto CFAZ is
plotted in Figure 6. This represents the dependence of the ratio of the CO2 concentration in
the outlet (Cout) and inlet (Cin) flows to the time of the adsorption process. The retaining
capacity of CFAZ toward CO2 measured under dynamic conditions (Cads,dyn) reaches
values of 2.8 mmol/g CFAZ [19]. The experimental breakthrough curve was applied for
validation of the digital simulation model.

Figure 6. Experimental and model breakthrough curves of CO2 adsorption onto CFAZ.

3.3. Simulation of Dynamic Thermal-Swing Adsorption in the CFAZ-CO2 System

The model studies of dynamic thermal-swing adsorption of CO2 onto CFAZ were
performed using ProSim DAC dynamic simulation software (ProSim SA, France) based on
the mass and enthalpy balances. The input data delivered by the CFAZ characterization
and experimental CO2 adsorption studies are summarized in Table 3.

Table 3. Input parameters for dynamic simulation of TSA process in the CFAZ-CO2 system.

Group Parameter Symbol Dimension Value

A
ds

or
pt

io
n

co
lu

m
n Column type Lengthwise flow column

Diameter of the adsorption column D cm 0.8
Length of the adsorption column L cm 11.15

Bed void ratio ε m3/m3 0.73
Initial temperature Tin

◦C 24
Initial pressure Pin atm 2

Temperature of the wall Twall
◦C 24

A
ds

or
be

nt

Density of the material ρ kg/m3 0.8
Specific heat of the solid cp J/kg·K 950

Particle diameter dp mm 0.002
Particle surface/volume ratio R m2/m3 300,000

Adsorption isotherm correlation Langmuir
Model parameter 1 qi mol/kg 3.0537
Model parameter 2 K atm−1 21.53156

A
ds

or
ba

te

Volume flow rate Qads L/min 0.03
Gas mixture volume ratio N2/CO2 vol%/vol% 90/10

Adsorbate pressure Pads atm 2
Adsorbate temperature Tads

◦C 24
Number of discretization cells z - 10

Simulation time t s 3600

The process flow sheet is presented in Figure 7. The configuration includes a CO2/N2
inlet flow to the adsorption column, a N2 flow for thermal regeneration and an outlet flows
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from the adsorption and regeneration. The simulations were made on a lengthwise flow
adsorption column with specified dimensions equal to the adsorbent bed used for the
laboratory experiment.

Figure 7. Process flow-chart built in the ProSim DAC simulation software.

The type and the column dimensions are illustrated in Figure 8. The description of the
dynamic adsorption model is based on the partial mass balance between the concentration
of CO2 in the gas phase flowing through the adsorbent bed and the amount of CO2 retained
in the solid phase, expressed by the following equation [31,32]:

− D
∂2Ci

∂z2 +
∂(vCi)

∂z
+

∂Ci
∂t

+
1 − ε

ε
ρp

∂qi
∂t

= 0 (2)

where: qi is the adsorbed CO2 concentration, mol/kg; Ci is CO2 concentration in the
gas phase, mol/m3; ε–free volume rate in the adsorbent bed; ρp–bulk adsorbent density,
kg/m3; D–axial mass dispersion coefficient, m2/s; z-column length, m; and v–superficial
velocity, m/s.

Figure 8. Lengthwise flow adsorption column for the numerical studies.

To calculate the adsorption dynamics in the CO2-CFAZ system, the mass transfer
can be divided into zones, as schematically presented in Figure 9. The adsorption and
desorption kinetics are described by applying the Linear Driving Force model (LDF), which
is widely applied to different adsorption systems [33]. The LDF model represents the
mass transfer rate, assuming a global mass transfer coefficient K, counting the difference
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between the actual adsorbed amount of CO2 qi and the potentially adsorbed quantity qeq
at equilibrium:

∂qi
∂t

= K
(
qeq − qi

)
(3)

which can be applied for the description of the combined mass transfer in gas and solid
phases, as follows:

1
K

=
ρgVMqi

Kexapy
+

rp

5Dgap
(4)

where: K–global mass transfer coefficient, s−1; VM is the gas molar volume, m3/mol; ρg
is the gas phase density, kg/m3; qi is the adsorbed quantity in the solid phase, mol/kg;
ap is the surface/volume ratio of the adsorbent particle; y is the molar fraction; Kex is the
external mass transfer coefficient, s−1; rp is the adsorbent particle radius, m; and Dg is the
global intra-particular diffusivity, m2/s.

Figure 9. Mass transfer zones in a simulation model of dynamic adsorption in the CO2-CFAZ system,
where C∗

i and q∗i are the gas phase partial concentration and the gas content in solid at the gas-solid
interface, correspondingly.

Simultaneously, mass transfer resistance phenomena occur, which have to be taken
into account for both the gas and solid phases in the model descriptions. The partial mass
transfer resistance in the gas phase is described by the following equation:

(1 − ε)ρp
∂(qi)

∂t
= K f iSp(Ci − C∗

i ) (5)

where: Kfi-mass transfer coefficient in the gas phase, m/s; Sp-Specific surface per bed
volume unit, m2/m3; ε–free volume ratio in the adsorbent bed; Ci–gas component partial
concentration, mol/m3; C∗

i -gas phase partial concentration at the interface (mol/m3); and
ρp-adsorbent particle density, kg/m3.

The partial resistance to the mass transfer in the solid phase is calculated by

∂qi
∂t

= Kpi(q∗i − qi) (6)

where: q∗
i is the gas content at the solid interface, mol/kg; and Kpi is the mass transfer

coefficient of the gas in the solid, m/s.
Kfi and Kpi were calculated by ProSim DAC software.
The dynamic adsorption was done at a slightly increased pressure of 2 atm and at an

ambient temperature of 24 ◦C. Therefore, the ideal thermodynamic profile was selected for
the thermodynamic calculations.
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For the adsorption modeling, the enthalpy balance was taken into account, consider-
ing the heat exchange in the CFAZ-CO2 adsorption system and the heat exchange between
the gas and the column walls. In the enthalpy balance for the adsorbent bed, the accumu-
lated heat in the solid phase, the accumulated heat in the adsorbed phase and the heat
exchanged between the solid and gas phases were considered by applying the Satterfield
equation [33]. The heat transfer between the gas and the column wall is estimated using
the Leva correlations [33].

The experimental and model breakthrough curves are plotted in Figure 6. The distri-
bution profile of CO2 concentration in a discretization cell of the adsorption bed relative
to the process dynamics is presented in Figure 10. The concentration distribution reveals
strong adsorption across the length of the discretization cell.

Figure 10. 3D concentration distribution of CO2 in a discretization cell of the adsorption bed.

The desorption process is simulated by passing a stream of nitrogen through the
adsorption column at a temperature of 60 ◦C after 15 and 30 min from the beginning of the
adsorption process. The simulation studies show an intensive desorption process at the
studied temperature, and with increasing the flow rate of the regeneration flow desorption
is accelerated.

The breakthrough curves of the desorption simulation are presented in Figure 11.

Figure 11. Breakthrough curves of the desorption of CO2 loaded CFAZ simulated by ProSim
DAC software.
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The validated model was applied for the simulation of pilot columns for carbon
capture based on TSA process with CFAZ adsorbent. The selected column dimensions
(diameter D, length L and volume Vcol), and the adsorbent quantity (mCFAZ) and bed
volume (VCFAZ) are summarized in Table 4. The computation cases were performed for
1000 m3/h of flue gas containing N2 and CO2 in a volume ratio of 90/10 vol%/vol%. The
adsorbate temperature was kept constant of 24 ◦C in all simulation experiments, while two
adsorbent pressures were studied. The simulated breakthrough curves for each studied
case are plotted in Figure 12.

Table 4. Parameters for computation of pilot plant adsorption columns for CO2 capture by TSA
onto CFAZ.

Case
Number

D,
m

L,
m

Vcol,
m3 ε

VCFAZ,
m3

mCFAZ,
kg

Pads,
atm

qCO2,
kmol

1 1.0 13 10.42 0.570 4.48 3585 4 8.04
2 1.5 5 8.84 0.493 4.48 3584 4 9.64
3 2.0 2 6.28 0.287 4.48 3584 4 9.19
4 2.0 2 6.28 0.287 4.48 3584 3 8.14

Figure 12. Break through adsorption curves of carbon caption in pilot adsorption columns with CFAZ as an adsorbent.

The obtained results reveal the influence of the D/L ratio of the adsorption column at
an equal mass of the adsorbent on the adsorbed amount of CO2 (qCO2) as the best retaining
ability is calculated in Case 2. This indicates that, for practical applications, optimization of
this parameter is required. With the same column size, the decrease in working pressure
significantly reduces the adsorption capacity, as found in the comparison of Cases 3 and 4.
Simulations show a complete retention of CO2 from a gas mixture, close in volume content
of CO2 to the real concentrations in the flue gases during the combustion of fossil fuels. Zero
CO2 concentrations were found at the outlet of the adsorption column for about 30 min,
after which the concentration increased sharply, reaching full saturation of the column.
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The adsorption capacity of CFAZ for CO2 capture calculated by the simulation experiment
reaches about 3 mol/kg adsorbent, which is a value that is comparable to that obtained
from model studies of pilot adsorption columns filled with activated carbon [34]. In zeolite
13X model studies, CO2 retention capacity values of about 8 mol/kg are expected [34], but
this does not take into account the textural properties of the material and the adsorption
dynamics. Zeolite 13X is predominantly a microporous material, while CFAZ has a mixed
micro-mesoporous structure, therefore accelerated adsorption/desorption in the coal ash
derived adsorbent is expected compared to pure zeolite [35].

The 3D distribution of the CO2 concentration in a discretization cell of the adsorption
bed for each studied case of a pilot plant simulation is plotted in Figure 13. The high-
est saturation of the adsorbent is found in the depth of the discretization cells. As the
adsorption capacity of the layer in the column increases, due to the optimization of the
geometric parameters, the adsorption front shifts towards the beginning of the cell. As the
pressure increases during the adsorption mode, the CO2 retention capacity is expected to
increase significantly when CFAZ is used as an adsorbent due to the capillary condensation
effects typical for mesoporous materials [36]. Studies at elevated pressures of 5.5 MPa
reveal more than a twofold increase in the adsorption capacity of CFAZ toward CO2. The
applicability of the LDF model for a reliable description of the adsorption of CO2 on zeolite
13X at supercritical pressures of 15 MPa has been reported in [37]. Model calculations at
supercritical parameters show an adsorption capacity of 13X to CO2 of 7.5 mol/kg, which
is a value that is comparable to that reported at pressures close to atmospheric [34,37].

Figure 13. 3D concentration distribution of CO2 in a discretization cell of the adsorption bed for the cases of a pilot plant
capture unit.
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4. Discussion

An excellent agreement was found between the experimental and model curves,
indicating that the LDF model describes with high reliability the dynamic adsorption in
the CO2-CFAZ system and can be applied in model calculations of adsorption columns
with higher capacity. Simulation studies that have been previously performed describe
the dynamic adsorption of CO2 on CFAZ obtained by magnetic homogenization of the
reaction mixtures, which are characterized by a lower degree of zeolitization [21]. By them
the application of the LDF model is also validated, but with a significant displacement in
the mass transfer front. In the CFAZ synthesized by ultrasonically stimulated synthesis, an
excellent overlap of the experimental and model breakthrough curves was found, which
could be explained by the higher uniformity, the finer morphology and the larger surface
to volume ratio of the adsorbent particles, which facilitates monolayer adsorption in close
to atmospheric pressures. When comparing the breakthrough curves of CO2 adsorption on
CFAZ, obtained by the two methods of homogenization, it was found that the time after
which 50% of the initial concentration of the adsorbate in the effluent (T1/2) was registered
is about 20 min for those synthesized by magnetic homogenization and 3.6 min for the
ultrasonically treated samples, while the dynamic adsorption capacities are 99 mg/g and
123 mg/g, correspondingly. These results confirm the faster kinetics of the adsorption
process in the ultrasonic CFAZ, and hence the better correlation with the LDF model

The main drawback for the widespread implementation of PCC technologies in
industrial scales is the high energy consumption from the regeneration of the sorbent,
which usually requires temperatures of 120–160 ◦C. Due to the physical nature of the
process of retention of CO2 molecules and the mixed micro-mesoporous structure of CFAZ
their regeneration takes place at much lower temperatures of the order of 60 ◦C. The high
adsorption capacity to CO2, the favorable regeneration, the low cost and the beneficial
ecological effect of the waste recovery, instead of its disposal, define CFAZ as promising
adsorbents for carbon capture technologies. The low regeneration temperature of CO2
loaded CFAZ was confirmed by experimental thermogravimetric studies, of which a degree
of regeneration over 90% has been established at temperatures of 60 ◦C [21].

5. Conclusions

As a result of the performed simulation studies of the dynamic adsorption and re-
generation in the CO2-coal fly ash zeolite system using ProSim DAC software the Linear
Driving Force model is validated, which describes with high reliability the processes kinet-
ics. Experimental results from structural, morphological and surface studies of the samples
and laboratory tests from the equilibrium and dynamic CO2 adsorption are applied as
input data for the model studies. A higher correlation of the LDF model was found in the
description of the dynamic processes of CO2 adsorption from coal ash zeolites obtained
by ultrasonic-assisted synthesis than in those synthesized by magnetic homogenization
from previous studies. This observation was explained by the greater uniformity and the
higher surface to volume ratio at the sonicated CFAZ, which contribute to the monolayer
adsorption of CO2 at pressures close to the atmospheric. Coal ash zeolites are promising
adsorbents for carbon capture and utilization technologies and represent an economically
viable technological solution with high environmental benefits. With the application of the
LDF model, carbon capture installations with CFAZ adsorption media can be scaled for
pilot studies.
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