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253 Bragança, Portugal
d Aveiro Institute of Materials, CICECO, Department of Chemical Engineering, University of Aveiro, Campus Universitario de Santiago, 3810-193 Aveiro, Portugal

A R T I C L E  I N F O

Editor Name: Yeshui Zhang

Keywords:
Zeolite
Ion-exchange
Breakthrough experiments
Response surface methodology
Net zero emissions

A B S T R A C T

Ion-exchange modification of commercial binder-free zeolites offers a promising strategy to improve adsorption- 
based CO2 capture from post-combustion flue gases. In this study, the CO2/ N2 separation performance of ion- 
exchanged binder-free Linde-Type A (LTA) zeolites—namely 4 A, 5 A, Sr(40)A, and Sr(80)A—was systemati
cally evaluated under post-combustion capture (PCC) conditions. Adsorption isotherms were measured over the 
temperature range of 306–344 K and pressures up to 350 kPa. The CO2 uptake followed the order: 5 A > Sr(40)A 
> Sr(80)A > 4 A, with 5 A achieving the highest loading of 5.58 mol•kg− 1 at 120 kPa and 306 K, compared to 
4.47 mol•kg− 1 for Sr(40)A, 4.45 mol•kg− 1 for Sr(80)A, and 3.73 mol•kg− 1 for 4 A. The presence of divalent 
cations (Ca2+ and Sr2+) strengthened the electrostatic interactions, thereby enhancing CO2 affinity relative to the 
Na-exchanged 4 A. Binary CO2/N2 breakthrough experiments demonstrated that Sr(80)A exhibited the highest 
selectivity (75 at 10 kPa and 306 K), followed by 5 A (60), 4 A (51), and Sr(40)A (47). Which the developed 
mathematical model accurately captured the breakthrough behavior and dynamic performance of the fixed-bed 
system. Finally, a Response Surface Methodology (RSM) was applied to the statistical analysis of selectivity of 
different studied zeolites and getting the optimum operating conditions.

1. Introduction

Addressing carbon dioxide (CO2) emissions from industrial processes 
remains a critical challenge in advancing global decarbonization stra
tegies [1,2]. Carbon Capture and Storage (CCS) has emerged as a pivotal 
technology in mitigating climate change and achieving net-zero emis
sion targets [3,4]. CCS involves the capture of CO2 generated from in
dustrial and power generation sources, followed by its transportation to 
suitable storage sites and long-term sequestration in geological forma
tions [5,6]. Within CCS, solid adsorbents play a central role due to their 
high efficiency and selectivity in separating CO2 from complex emission 
streams [7]. Their large surface areas, tunable pore architectures, and 
specific molecular affinities facilitate efficient CO2 capture while 
reducing the energy penalty typically associated with separation 

processes, thereby enhancing the cost-effectiveness of CCS systems 
[8,9]. Among the various solid adsorbents, porous materials such as 
zeolites, activated carbons, metal–organic frameworks (MOFs), and 
porous organic polymers have attracted considerable attention owing to 
their high surface areas, adjustable pore structures, and versatility in 
tailoring adsorption properties [10–13].

Among the zeolite families, Linde-Type A (LTA) zeolites have 
attracted increasing attention owing to their strong molecular sieving 
properties, high CO2 adsorption capacity, and excellent selectivity 
[11,14,15]. Zeolite A, the first zeolite to be successfully synthesized in 
the laboratory [16], has remained one of the most widely used industrial 
adsorbents for more than five decades [1,17]. First reported by Breck 
et al. [16], Linde molecular sieve zeolite A consists of nearly spherical 
cavities with a diameter of 11.4 Å located at the center of each unit cell. 
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These cavities are arranged in a cubic framework and interconnected 
with six neighboring cavities via rings of eight oxygen atoms, with each 
aperture providing a restricted opening of approximately 4.2 Å [18,19]. 
In the case of zeolite 4 A, sodium (Na+) ions act as the exchangeable 
cations, with eight Na+ ions per cavity situated near the pore openings. 
Their positioning effectively reduces the pore diameter to about 3.5 Å 
[20]. These Na+ ions within the intracrystalline voids can be readily 
replaced through ion-exchange processes in aqueous solutions. Substi
tution of Na+ with divalent calcium ions (Ca2+) yields zeolite 5 A, which 
enlarges the pore openings and enables the selective adsorption of 
straight-chain hydrocarbons, while excluding branched-chain hydro
carbons from adsorption [16,19].

The sodium- and calcium-exchanged forms of type A zeolites, namely 
Linde 4 A and Linde 5 A, have been extensively investigated for gas 
separation applications [21–24]. Zeolite 4 A offers several advantageous 
properties, largely attributed to its narrower pore openings and high 
structural reproducibility [25,26]. By contrast, zeolite 5 A is well known 
for its superior CO2 adsorption capacity, which arises from pore 
enlargement achieved through ion exchange, specifically the substitu
tion of Na+ ions with Ca2+ ions. This modification increases the effective 
pore aperture, thereby improving the accommodation and interaction of 
CO2 molecules within the framework. Saha et al. [27] further demon
strated that zeolite 5 A exhibits preferential adsorption of CO2 over CH4 
and N2, identifying it as one of the most suitable adsorbents when 
compared with alternative materials such as MOF-5 and MOF-177, 
owing to its high equilibrium selectivity and favorable CO2/N2 adsor
bent selection parameter.

Loughlin and Ruthven [18] demonstrated that, for Linde 5 A zeolite, 
both the sorption kinetics and equilibrium behavior are comparable 
between crystals and pellets. In contrast, Linde 4 A zeolite exhibits 
significantly higher diffusional resistance in pellet form relative to its 
crystalline counterpart. Although cation exchange only minimally alters 
the overall lattice dimensions, the exchangeable cations can partially 
obstruct the pore windows connecting adjacent cavities, thereby intro
ducing marked variations in sorption kinetics across different cationic 
forms [21,22]. Despite the apparent similarity in the manufacturing 
processes of Linde 4 A and Linde 5 A pellets, their performance differs 
substantially [23,28]. This distinction is largely attributed to the well- 
established dependence of zeolite lattice thermal stability on the type 
of exchangeable cation, with the Ca2+-exchanged form (5 A) demon
strating greater structural stability compared to the Na+-exchanged 
form (4 A).

In certain dehydration processes, potassium-exchanged molecular 
sieve 3 A is preferred over 4 A due to its narrower pore openings of 
approximately 3 Å. This structure enables selective adsorption of small 
molecules such as water (dynamic diameter ~ 2.8 Å), while excluding 
larger molecules such as alcohols and heavier hydrocarbons [29]. 
Coughlan and Shaw [30] systematically investigated the sorption 
properties of Type A zeolites exchanged with various metal ions, 
including Na+, K+, Li+, Ag+, Ca2+, Sr2+, Co2+, Ni2+, Zn2+, and Cd2+. At 
333.15 K and ~ 25 kPa, the CO2 uptake sequence was reported as: CaA 
> SrA > NaA > LiA >> NiA > CdA = ZnA > CoA. Strontium-exchanged 
zeolite A (SrA) ranked second in CO2 uptake, positioned between CaA (5 
A) and NaA (4 A), with the performance strongly influenced by the 
location of exchangeable cations. Cations situated near six- and eight- 
membered rings extending into the supercage generate high-energy 
adsorption sites for quadrupolar CO2 due to the strong electric fields 
and field gradients [30]. X-ray diffraction studies further confirmed that 
Sr2+ ions predominantly occupy the centers of six-membered rings, with 
~80% extending into the supercage and the remaining ~20% located in 
the sodalite units [31]. Also, some interesting detailed molecular-level 
analyses of CO2–cation interactions on LTA zeolites can be found in 
[17,32–36]. These findings highlight the strong potential of SrA for gas 
adsorption applications. However, literature on Sr-exchanged A-type 
zeolites remains limited, motivating the present study, which system
atically investigates binder-free 4 A, 5 A, and SrA zeolites for CO2 

capture.

1.1. Research objectives

The objective of this study is to rigorously determine how cation 
exchange in binder-free Linde-Type A zeolites governs their suitability 
for post-combustion CO2 capture, by coupling systematic experiments 
with predictive modeling. Specifically, the work compares Na- (4 A), Ca- 
(5 A), and Sr-exchanged (Sr(40)A, Sr(80)A) LTA beads through single- 
and binary fixed-bed breakthrough tests across 306–344 K and relevant 
partial pressures, extracting multicomponent equilibria with a dual-site 
Langmuir framework, quantifying adsorption energetics via isosteric 
heats, and validating bed-scale transport with Aspen Adsorption. Af
terwards, a Response Surface Methodology was developed for statistical 
analysis of selectivity of different studied zeolites for CO2/N2 separation. 
Using selectivity and pressure-swing working capacity as process- 
relevant performance metrics, the study identifies how cation identity 
and exchange degree modulate CO2 affinity, N2 co-adsorption, and 
mass-transfer/dispersion effects, and benchmarks LTA variants against 
literature adsorbents. The overarching aim is to deliver experimentally 
anchored parameters and a vetted dynamic model that together nomi
nate the most promising LTA formulation(s) and operating window for 
integration into VPSA-type PCC processes.

2. Materials and methods

2.1. Adsorbent and adsorbate

All zeolite materials investigated in this study were supplied in 
binder-free bead form by Chemiewerk Bas Köstritz GmbH (Germany), 
ensuring industrially relevant morphology and mechanical integrity for 
fixed-bed applications. Commercial binder-free LTA-type zeolites in the 
Na+ (4 A, Köstrolith® 4ABFK) and Ca2+ (5 A, Köstrolith® 5ABFK) forms 
were employed as received. The materials were supplied as spherical 
beads with particle diameters in the range of 1.6–2.5 mm. All LTA ze
olites examined in this work possess a Si/Al ratio of 1. Strontium- 
exchanged LTA zeolites were prepared via controlled aqueous ion- 
exchange starting from the binder-free 4 A material (Köstrolith® 
4ABFK) by Chemiewerk Bas Köstritz GmbH (Germany). In this process, 
the parent Na–LTA beads were contacted with an aqueous strontium salt 
solution (typically SrCl2) under controlled temperature and continuous 
agitation for a defined exchange period. The degree of Sr2+ exchange 
was adjusted by varying the number of ion-exchange cycles and ex
change conditions (solution concentration, contact time, and liquid-to- 
solid ratio), with intermediate washing steps using deionized water to 
remove residual electrolyte. After completion of the exchange process, 
the beads were thoroughly washed, dried, and thermally activated prior 
to adsorption measurements. The resulting materials exhibited nominal 
Sr2+ exchange degrees of 40% and 80%, herein referred to as Sr(40)A 
and Sr(80)A, respectively. The exchange degrees were determined and 
certified by the supplier based on elemental composition analysis.

All zeolite samples were investigated as received from the supplier 
and were activated under appropriate conditions prior to adsorption 
measurements. The use of binder-free commercial beads ensures that the 
reported equilibrium, kinetic, and dynamic data are directly relevant to 
industrial fixed-bed adsorption processes. Also, the adsorptive and car
rier gases were supplied by Air Liquide with the following certified 
purities: helium (He), ALPHAGAZ 2 (99.9998% purity); carbon dioxide 
(CO2), N48 (99.998% purity); and nitrogen (N2), N50 (99.999% purity).

2.2. Characterization

The detailed textural characterization of the binder-free LTA zeolite 
beads was carried out through nitrogen adsorption–desorption analysis 
at cryogenic temperature (77 K) using an accelerated surface area and 
porosimetry analyzer (ASAP® 2420, Micromeritics) (as reported in 
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Table S1, Supporting Information). The adsorption measurements were 
performed over the relative pressure range corresponding to absolute 
pressures up to 101.3 kPa, allowing for accurate determination of the 
specific surface area and pore volume distribution. Before analysis, all 
samples underwent thermal activation to eliminate moisture and any 
residual adsorbates. Degassing was conducted under high-vacuum 
conditions (≤ 10− 7 mbar) at 573 K for a duration of 12 h, ensuring 
complete regeneration of the microporous framework and full accessi
bility of adsorption sites. To complement the gas sorption data and to 
gain further insight into the pore structure, mercury intrusion poros
imetry (MIP) was performed using a Micromeritics AutoPore IV 9500 
porosimeter. The measurements were carried out using a non-wetting 
mercury phase with an applied contact angle of 130◦, over a pressure 
range extending from 0.003 MPa to 207 MPa. This approach provided 
information on the interparticle voids and macropore connectivity 
within the spherical beads. The MIP samples were subjected to the same 
activation treatment as used for the N2 adsorption tests to maintain 
consistency in pore accessibility. The surface morphology and structural 
homogeneity of the LTA zeolite beads were further examined by scan
ning electron microscopy (SEM) using a JEOL JSM-6490 microscope 
equipped with a secondary-electron detector. The instrument, capable of 
achieving a spatial resolution of approximately 3.0 nm, enabled detailed 
visualization of the external surface texture, grain boundaries, and 
particle uniformity. These combined characterization techniques 
ensured a comprehensive assessment of the structural and morpholog
ical features governing the adsorption behavior of the binder-free LTA 
zeolites.

2.3. Experimental procedure

A single- and multicomponent breakthrough apparatus was 
employed to investigate the fixed-bed adsorption dynamics of CO2 and 
N2, as well as to determine adsorption equilibrium data. The detailed 
configuration of the setup and the corresponding experimental proced
ures have been reported previously [37]. However, the detailed speci
fications and geometric characteristics of the adsorption bed are 
provided in Table S2 (Supporting Information).

2.4. Adsorption equilibrium model

Single- and multicomponent adsorption behaviors of the LTA zeolite 
samples were evaluated through dynamic fixed-bed experiments, and 
the resulting equilibrium data were analyzed using the dual-site Lang
muir (DSL) isotherm model [38]. This model was selected because it 
effectively captures the intrinsic heterogeneity of the zeolitic frame
work, in which two classes of adsorption sites coexist-typically repre
senting sites of high and low energetic affinity toward the adsorbate 
molecules [39]. By distinguishing between these surface domains, the 
DSL model provides a more realistic description of the adsorption pro
cess compared to the conventional single-site Langmuir formulation, 
particularly for materials exhibiting strong electrostatic fields or 
cationic heterogeneity such as LTA zeolites. For gas mixtures, the 
extended form of the DSL approach was employed to account for 
competitive adsorption phenomena, enabling accurate prediction of 
multicomponent equilibria based on single-component parameters 
[38,40]. Moreover, the temperature dependence of the affinity constant 
was described through a van't Hoff-type relationship, which links the 
adsorption strength to the enthalpic interaction between adsorbate and 
framework [41]. This thermodynamic treatment allows the model to 
reflect variations in binding energy with temperature, offering insight 
into the energetic diversity and adsorption selectivity of the zeolite. 
Overall, the DSL-based analysis provided a consistent and physically 
meaningful interpretation of the adsorption data, bridging experimental 
observations with the underlying microscopic characteristics of the LTA 
structure [39]. The detailed information of this model and related pa
rameters are described in Supporting Information.

2.5. Isosteric heat of adsorption

The isosteric heat of adsorption (qst) was evaluated to quantify the 
energetic interactions between the adsorbate molecules and the LTA 
zeolite surface [38,42]. This parameter reflects the strength of the 
adsorbate–adsorbent bonding and provides direct insight into the het
erogeneity of adsorption sites. It was determined using the Clausius–
Clapeyron thermodynamic relationship, which describes how the 
equilibrium pressure varies with temperature at constant surface 
coverage. In practice, the value of qst can be obtained from the slope of 
the linear correlation between the logarithm of equilibrium pressure and 
the reciprocal of absolute temperature at a fixed loading [39,43]. 
Alternatively, a numerical approach based on differentiation of the dual- 
site Langmuir (DSL) model was employed, which allows prediction of 
the local adsorption enthalpy associated with each class of adsorption 
sites. This method captures the contribution of both high- and low- 
energy sites, reflecting the structural and energetic heterogeneity 
inherent to the LTA framework. The positive magnitude of qst corre
sponds to the exothermic nature of the adsorption process, with higher 
values indicating stronger interactions between CO2 molecules and the 
zeolitic surface. Consequently, analysis of the isosteric heat provides a 
valuable tool for correlating adsorption thermodynamics with the dis
tribution of active sites and the overall selectivity of the material [39]. 
The detailed information and considered parameters are described in 
Supporting Information.

2.6. Adsorption performance metrics

The adsorption performance of the LTA zeolites was evaluated in 
terms of two essential thermodynamic indicators: selectivity and 
working capacity. The selectivity (α) represents the ability of an 
adsorbent to preferentially capture one gas component in the presence 
of others, serving as a direct measure of separation efficiency in multi
component systems [40,44]. It reflects the ratio of relative uptakes 
normalized by the corresponding partial pressures of the components, 
thereby indicating how strongly the adsorbent discriminates between 
competing species under identical thermodynamic conditions. In this 
study, the selectivity of component i over component j was determined 
using equilibrium loadings derived from the dual-site Langmuir (DSL) 
model, which enables accurate prediction of competitive adsorption 
behavior within heterogeneous zeolitic frameworks. Complementarily, 
the working capacity was employed as a practical performance metric to 
assess the cyclic adsorption potential of the material. It quantifies the 
difference between the amount of gas adsorbed during the capture step 
and the amount released during regeneration, thus reflecting the effec
tive quantity of gas that can be processed per cycle under given oper
ating conditions [40]. Both temperature and pressure were incorporated 
into the calculation of working capacity to simulate realistic process 
scenarios. Collectively, these two parameters - selectivity and working 
capacity-provide an integrated assessment of the thermodynamic and 
operational performance of the LTA zeolites, offering critical insights 
into their suitability for gas separation and CO2 capture applications. 
More details accompanied with calculated parameters are available in 
Supporting Information.

2.7. Breakthrough mathematical modeling

Numerical simulations of the fixed-bed adsorption breakthrough 
experiments were carried out using the Aspen Adsorption v.10 software 
package, following a validated modeling framework previously estab
lished in the literature [45,46]. The model incorporated a comprehen
sive set of governing equations describing mass, energy, and momentum 
balances within the adsorption column, as summarized in Table S3 
(Supporting Information), while the empirical and semi-empirical cor
relations employed for the estimation of transport parameters are pro
vided in Table S4. These correlations facilitated the determination of 
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critical kinetic descriptors, such as the overall mass transfer coefficient 
and the axial dispersion term, which collectively define the dynamic 
response of the adsorption front within the packed bed. Accurate eval
uation of these parameters was essential for reproducing the charac
teristic shape and progression of the breakthrough curves, particularly 
in capturing the broadening of the mass transfer zone under different 
operating conditions. The model further accounted for non-isothermal 
effects, interparticle diffusion resistance, and gas-phase dispersion to 
ensure consistency with the experimental behavior. The relevant phys
ical and geometrical properties of the packed bed, as well as those of the 
adsorbent particles employed in the simulations, are detailed in Sup
porting Information. This comprehensive modeling approach provided a 
reliable predictive tool for interpreting the experimental data and 
elucidating the underlying mass transfer mechanisms governing the 
adsorption process.

2.8. Statistical analysis by RSM

A rigorous statistical analysis of the adsorption equilibrium data was 
performed using Response Surface Methodology (RSM), which com
bines mathematical modeling with statistical inference to explore vari
able interactions, identify governing trends, and determine optimal 
operating conditions [24,47]. RSM is particularly well suited to 
adsorption systems, as it allows key performance metrics—such as CO2/ 
N2 selectivity—to be expressed explicitly as continuous functions of 
operating parameters, including temperature and pressure. Within this 
framework, the process variables are treated as independent factors, 
while the adsorption responses are represented as continuous response 
surfaces [48]. The statistical significance of individual factors and their 

interactions was subsequently assessed through analysis of variance 
(ANOVA).

In this study, statistical modeling was carried out using the Historical 
Data module of Design-Expert® software (v8.0). Temperature and 
pressure were selected as the independent variables, whereas adsorption 
selectivity was defined as the response of interest. The relationship be
tween factors and response was described using a second order 
(quadratic) polynomial model, given by [49]: 

y = β0 + β1x1 + β2x2 + β12x1x2 + β11x1
2 + β22x2

2 + ε (1) 

In this formulation, y represents the predicted response, while x1 and 
x2 denote the coded independent variables, each evaluated at three 
levels (− 1, 0, and + 1) [50,51]. The coefficients β1 and β2 correspond to 
the linear effects, β12accounts for the interaction between the variables, 
and β11 and β22describe the quadratic contributions. The terms β0 and ε 
represent the intercept and the residual error, respectively [47]. Model 
coefficients were determined using multiple regression analysis based 
on the least-squares approach, and their statistical relevance was veri
fied through p-value analysis, ensuring an insignificant lack-of-fit [50].

The reliability and predictive accuracy of the developed response 
surfaces were evaluated using the standard deviation (Eq. (2)), along 
with the coefficients of determination (R2 and adjusted R2, Eqs. (3) and 
(4)): 

Std.Dev. =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(yi − ŷi)

2

n − P

√
√
√
√
√

(2) 

Fig. 1. Comparison of CO2 adsorption isotherms at (a) 306, (b) 326, and (c) 344 K between binder-free 4 A, 5 A, Sr(40)A, Sr(80)A zeolite. Experimental = symbols; 
DSL isotherm = lines.
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R2 = 1-

∑n

i=1
(yi − ŷi )

2

∑n

i=1
(yi − y

−

)
2

(3) 

AdjR2
= 1-

(
1 − R2

)
.(n − 1)

(n − P − 1)
(4) 

where n denotes the number of experimental observations, p the number 
of model predictors, and, ŷiand yi are the estimated data and experi
mental results, respectively [47]. Collectively, these statistical in
dicators confirm that the proposed quadratic models provide a robust 
and quantitative representation of adsorption selectivity behavior as a 
function of temperature and pressure.

3. Results and discussion

3.1. Adsorbent properties and characterization

The textural properties of the adsorbents were characterized by N2 
gas sorption (Fig. S1, Supporting Information), mercury (Hg) intrusion 
porosimetry (Fig. S1b), and scanning electron microscopy (SEM) 
(Figs. S1c–f). The corresponding data for the binder-free 5 A zeolite are 
summarized in Table S1. The N2 adsorption isotherm exhibited a steep 
uptake at low relative pressures (p/p₀ = 10− 4–10− 2), reflecting strong 
gas–solid interactions within narrow micropores and subsequent pore 
filling. The adsorbed volume increased from ≈140 cm3•g− 1 to ≈180 
cm3•g− 1, reaching a plateau following micropore saturation. At higher 
relative pressures (p/p₀ ≈ 0.9), a slight additional uptake was observed, 

indicative of a small fraction of meso- and macropores. Hg intrusion 
porosimetry further confirmed the hierarchical pore structure (Fig. S1b). 
The intrusion profile was concentrated in the meso- to macropore range 
(102–103 nm, according to IUPAC classification [52], while the extru
sion curve extended more broadly (102–104 nm), displaying pronounced 
hysteresis typical of mercury extrusion processes. The average pore size 
determined by intrusion was ≈500 nm, confirming that the majority of 
pores in binder-free 5 A belong to the macropore regime. SEM micro
graphs (Figs. S1c–f) revealed well-faceted crystals with an average size 
of ≈2 μm (2 × 103 nm), exhibiting predominantly cubic to near- 
spherical morphologies, characteristic of LTA-type zeolites.

3.2. Adsorption equilibrium isotherms

Pure-component adsorption equilibrium data for CO2 and N2 on 
binder-free LTA zeolites were obtained from breakthrough experiments 
at 306, 326, and 344 K and partial pressures of 10, 40, 120, and 350 kPa. 
The corresponding DSL model fitting parameters are provided in 
Table S5. It should be noted that the equilibrium measurements were 
performed at selected pressure points relevant to post-combustion cap
ture conditions to enable consistent comparison across materials and 
direct integration with dynamic breakthrough modeling, rather than to 
generate high-density isotherm datasets.

Fig. 1 compares the CO2 adsorption isotherms for binder-free 4 A, 5 
A, Sr(40)A, and Sr(80)A at (Fig. 1a) 306 K, (Fig. 1b) 326 K, and (Fig. 1c) 
344 K. Across all conditions, 5 A exhibited the highest capacity, followed 
by Sr(40)A, Sr(80)A, and 4 A. The enhanced performance of Ca2+- 
exchanged 5 A reflects the introduction of stronger adsorption sites 
coupled with enlarged pore apertures [16], which facilitate greater CO2 

Fig. 2. Comparison of N2 adsorption isotherms at (a) 306, (b) 326, and (c) 344 K between binder-free 4 A, 5 A, Sr(40)A, Sr(80)A zeolite. Experimental = symbols; 
DSL isotherm = lines.
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accommodation within the LTA framework. At 120 kPa and 306 K, the 
CO2 loading reached 5.58 mol•kg− 1 for 5 A, compared with 4.47 
mol•kg− 1 for Sr(40)A, 4.45 mol•kg− 1 for Sr(80)A, and 3.73 mol•kg− 1 

for 4 A. The similarity between Sr(40)A and Sr(80)A confirms that Sr2+

incorporation significantly enhances uptake relative to 4 A, but the in
cremental benefit diminishes beyond a certain exchange degree. These 
observations highlight the pivotal role of cation identity and distribution 
in governing CO2–framework electrostatic interactions and, conse
quently, adsorption affinity.

The N2 isotherms (Fig. 2) displayed nearly linear behavior, consis
tent with the weak quadrupole moment of N2 and its limited interaction 

with extra-framework cations. The adsorption hierarchy generally 
mirrored that of CO2, with the exception that Sr(80)A exhibited the 
lowest uptake. At 326 K and 350 kPa, Sr(80)A adsorbed 0.78 mol•kg− 1 

of N2–2.6% lower than 4 A, 17.0% lower than Sr(40)A, and 31.0% lower 
than 5 A. Suppressed N2 adsorption is advantageous for separation, as it 
enhances CO2/N2 selectivity. This behavior suggests that Sr2+ exchange 
not only strengthens CO2 adsorption sites but also disfavors N2 uptake, 
thereby amplifying separation performance under flue gas–relevant 
conditions.

Fig. 3. Selectivity of CO2/N2 at (a) 306, (b) 326, and (c) 344 K for binder-free 4 A, 5 A, Sr(40)A, Sr(80)A zeolite. Experimental = symbols; DSL isotherm = lines.

Fig. 4. Isosteric heats of sorption plotted against loading for (a) CO2 and (b) N2. Experimental = symbols; Numerical (Eq. S1, Supporting Information) = lines.
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3.3. Separation indicators

The CO2/ N2 adsorption selectivities of the binder-free LTA zeolites 
are compared in Fig. 3. Sr(80)A clearly stands out, delivering the highest 
selectivity of 75 at 10 kPa and 306 K, relative to 60 for 5 A, 51 for 4 A, 
and 47 for Sr(40)A. Examination of the selectivity profiles across tem
peratures (Figs. 3a–c) reveals a consistent upward trend with increasing 
temperature. At 40 kPa and 306 K, the selectivities were 17 (4 A), 20 (5 
A), 19 (Sr(40)A), and 25 (Sr(80)A). At 344 K, these values increased by 
64.7%, 60.0%, 63.2%, and 52.0%, respectively. This systematic 
enhancement indicates that N2 adsorption is more temperature-sensitive 
than CO2, thereby amplifying separation performance under elevated- 
temperature conditions. Overall, these results highlight the strong po
tential of Sr(80)A as a highly selective adsorbent for post-combustion 
CO2 capture. The combination of high intrinsic selectivity and 
improved performance at higher temperatures makes Sr-exchanged LTA 
zeolites particularly attractive for integration into industrial flue-gas 
treatment systems. It should be noted that the enhanced CO2 adsorp
tion and selectivity observed for divalent-cation-exchanged LTA zeolites 
are interpreted here based on macroscopic adsorption thermodynamics, 
breakthrough behavior, and established literature, rather than direct 
molecular-scale characterization. Future studies employing in situ 
spectroscopic techniques or molecular simulations would be highly 
valuable to directly elucidate the nature and strength of CO2–cation 
interactions in these systems [32,34–36,53].

The strength and nature of adsorbate–adsorbent interactions were 
further examined through isosteric heat analysis. Fig. 4 compares the 
heats of adsorption predicted by the DSL model (Eq. S1, Supporting 
Information) with those obtained experimentally (Eq. S5) for (a) CO2 
and (b) N2 across all binder-free LTA zeolites. The isosteric heats of 
adsorption were calculated from temperature-dependent DSL fits using 

the Clausius–Clapeyron relation; therefore, the reported heat values 
reflect model-based interpolation, and their physical relevance should 
be considered primarily within the experimentally observed loading 
range and care must be taken with extrapolated data regarding N2 above 
1.5 mol/kg. As expected, the magnitude of –ΔH follows the hierarchy 
CO2 ≫ N2, with values ranging from 45.9 to 36.6 kJ•mol− 1 for CO2 and 
from 16.8 to 12.4 kJ•mol− 1 for N2. The degree of energetic heteroge
neity is dictated by molecular properties such as size, polarity, and 
quadrupole moment [54]. CO2, with its substantial quadrupole moment, 
strongly interacts with the electrostatic field gradients induced by extra- 
framework cations, resulting in elevated adsorption energies [55]. In 
contrast, N2, being nonpolar and characterized by negligible dipole and 
quadrupole moments [56,57], engages in much weaker interactions, 
yielding lower and nearly constant isosteric heat values across the 
loading range (Fig. 4b). For CO2, the gradual decline in –ΔH with 
increasing uptake (Fig. 4a) indicates preferential filling of high-energy 
sites followed by progressive occupation of lower-energy sites, con
firming the energetic heterogeneity within the LTA cavities. Higher 
values of –ΔH correspond to stronger binding forces and enhanced af
finity toward CO2. Among the materials examined, binder-free 5 A 
demonstrated the highest –ΔH, decreasing from 45.9 to ~39 kJ•mol− 1, 
which aligns with its superior CO2 capacity and highlights the strong 
Ca2+–CO2 electrostatic interactions responsible for its performance.

3.4. CO2 single-component breakthrough experiments

The dynamic behavior of CO2 adsorption on binder-free 5 A zeolite 
was investigated through both experimental and simulated break
through curves, as shown in Fig. 5. Experiments were performed at a 
CO2 partial pressure of 50 kPa (balanced with He) and temperatures of 
(Fig. 5a) 306 K, (Fig. 5b) 326 K, and (Fig. 5c) 344 K. The breakthrough 

Fig. 5. Breakthrough curves (▴) and temperature fronts at the middle position of the bed (■) for binder-free 5 A zeolite in pure CO2 fixed bed experiments at (a) 306, 
(b) 326, and (c) 344 K and 50 kPa partial pressure. Experimental = symbols; Aspen numerical predictions = lines.
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profiles are expressed as mole fractions normalized to the feed compo
sition, while the corresponding temperature fronts, monitored at the 
column midpoint, are presented on the right Y-axis. The transport pa
rameters applied in the Aspen Adsorption simulations are listed in 
Tables S6 (Supporting Information). The results confirm the strong CO2 
affinity of 5 A, with clear temperature dependence. Retention times 
decreased from ~75 min at 306 K to ~60 min at 326 K and ~ 50 min at 
344 K, consistent with exothermic adsorption behavior. Temperature 
fronts further illustrate this effect, showing maximum rises of 16 K at 
306 K (322K), 12 K at 326 K (338 K), and 10 K at 344 K (354 K).

A high degree of consistency was observed between experimental 
data (symbols) and simulated profiles (lines), demonstrating the pre
dictive accuracy of the Aspen Adsorption model. The simulations suc
cessfully reproduced both the shape and timing of the breakthrough 
curves as well as the magnitude of the temperature excursions, thereby 
validating the reliability of the transport parameters and correlations 
employed. This strong agreement highlights the capability of the 
modeling framework to describe adsorption dynamics with high fidelity, 
supporting its application for process design and scale-up.

3.5. CO2/N2 binary breakthrough experiments

The binary adsorption dynamics of CO2/N2 on binder-free 5 A zeolite 
were examined through breakthrough experiments, with results pre
sented in Fig. 6 for three temperatures: 306 K (Fig. 6a), 326 K (Fig. 6b), 
and 344 K (Fig. 6c). The corresponding transport parameters used in the 
simulations are provided in Table S7. The breakthrough duration of CO2 
decreased with increasing temperature, from ~175 min at 306 K to 
~100 min at 344 K, consistent with the reduction in adsorption capacity 
at elevated temperatures. Temperature fronts exhibited peak rises to 
~316 K, 334 K, and 351 K at 306, 326, and 344 K, respectively, with 
shorter durations at higher temperatures reflecting accelerated 

breakthrough behavior. Computational simulations performed in Aspen 
Adsorption showed excellent agreement with the experimental data, 
validating the predictive capability of the model for describing CO2/ N2 
separation in the LTA framework. Both the timing of breakthrough and 
the magnitude of temperature excursions were reproduced with high 
fidelity, confirming the reliability of the transport correlations applied 
in this study.

To further probe the role of mass-transfer phenomena, a parametric 
sensitivity study was conducted using Aspen Adsorption v10. Two sets of 
simulations were performed: (i) varying axial dispersion while holding 
the overall mass-transfer coefficient constant, and (ii) varying the mass- 
transfer coefficient while keeping axial dispersion fixed. As shown in 
Fig. S3 (Supporting Information), axial dispersion strongly influenced 
the shape of the concentration profiles, with higher dispersion leading to 
broader spreading of the breakthrough curves. In contrast, variations in 
the overall mass-transfer coefficient produced minimal changes in curve 
profiles. These results demonstrate that zone spreading in the adsorption 
bed is governed predominantly by axial dispersion, underscoring its 
critical role in shaping breakthrough behavior in fixed-bed CO2/N2 
separations.

It is worth noting that the binary breakthrough experiments con
ducted in this study are intended as controlled benchmark tests to 
compare the intrinsic separation behavior of ion-exchanged, binder-free 
LTA zeolites under representative post-combustion conditions. While 
variations in feed composition, cyclic operation, and humidity are crit
ically important for industrial deployment, they are beyond the scope of 
the present work. Nevertheless, the validated dynamic model imple
mented in Aspen Adsorption provides a flexible and scalable framework 
for extending the present analysis toward more realistic post- 
combustion capture scenarios. Once calibrated against the experi
mental breakthrough data, the model can be readily adapted to simulate 
cyclic adsorption processes (e.g., PSA, VPSA, or TSA) through 

Fig. 6. Breakthrough curves for binder-free 5 A zeolite in binary CO2 (15%) (▴) and N2 (85%)(◆) fixed bed experiments and temperature fronts (■) at (a) 306, (b) 
326, and (c) 344 K. Experimental = symbols; Aspen numerical predictions = lines.
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appropriate step sequencing, boundary conditions, and cycle sched
uling. Moreover, moisture effects—via competitive adsorption equi
libria and transport parameters available in the literature—can be 
systematically incorporated within the same modeling framework. 
However to use the data shown through this work in the development of 
PSA/VPSA cyclic operations guard beds (e.g zeolite 3 A) must be used to 
capture humidity on the PCC streams As such, the current exper
imental–modeling integration establishes a robust foundation for future 
cyclic process simulations aimed at evaluating separation performance, 
productivity, and energy requirements under industrially relevant post- 
combustion conditions. However, the same methodology of gas 
adsorption process design model can be used for humid streams if the 
corresponding thermodynamic data is available on such conditions.

3.6. Statistical analysis by RSM

Response Surface Methodology (RSM) was systematically applied to 
all investigated LTA zeolites (4 A, 5 A, Sr(40)A, and Sr(80)A) using the 
Historical Data module within the RSM framework. For each material, 
independent statistical correlations were developed to quantify 
adsorption selectivity under varying operating conditions. Multiple 
regression analysis, combined with analysis of variance (ANOVA), was 
employed to evaluate model adequacy, identify statistically significant 
terms, and assess potential lack-of-fit. The initial polynomial models 
were rigorously examined using standard statistical metrics, including p- 
values, standard deviation, coefficients of determination (R2, adjusted 
R2, and predicted R2), and lack-of-fit tests. Insignificant terms and in
teractions were subsequently eliminated, resulting in reduced models 
with improved robustness and predictive accuracy.

In this context, RSM was employed to identify temperature–pressure 

regions corresponding to maximum CO2/N2 selectivity, providing 
guidance for future experimental investigations and cyclic adsorption 
simulations rather than introducing new fundamental adsorption in
sights. The ANOVA outcomes for all adsorbents are summarized in 
Tables 1–4, while the corresponding response surface plots are pre
sented in Fig. 7. All final models exhibit strong statistical significance (p 
< 0.0001) with no meaningful lack-of-fit, confirming their validity (See 
Tables 1–4). Furthermore, the obtained values of R2, adjusted R2, and 
standard deviation fall within acceptable ranges for reliable prediction. 
For example, zeolite 4 A shows R2, adjusted R2, and predicted R2 values 
of 0.95, 0.95, and 0.94, respectively (Table 1). The final regression 
equations—expressed in terms of real operating variables rather than 
coded factors—are also provided in Tables 1–4.

Inspection of the coded coefficients reveals that linear terms exert 
the dominant influence on selectivity. For instance, the linear co
efficients associated with temperature and pressure for Sr(80)A (0.11 
and − 0.49, respectively; Table 4) indicate that temperature has a pos
itive effect on selectivity, whereas increasing pressure reduces it. This 
trend is consistent across all materials, as evidenced by the positive 
temperature coefficients (e.g., 0.97 for 4 A, Table 1) and negative 
pressure coefficients (e.g., − 0.41 for 5 A, Table 2). The interaction terms 
further suggest that at elevated temperatures, the adverse effect of 
pressure on selectivity becomes less pronounced. These statistical ob
servations are fully consistent with the experimental trends discussed 
earlier in Section 3.3.

Analysis of the response surface plots (Fig. 7) indicates that Sr(80)A 
achieves the highest selectivity, highlighting its strong potential for 
CO2/N2 separation. Building on this insight, an optimization procedure 
was performed using 30 iterative runs for each model to identify oper
ating conditions that maximize CO2/N2 selectivity for Sr(80)A in cyclic 

Table 1 
The results of analysis of variance (ANOVA) of selectivity of 4 A for CO2/N2 separation at studied temperatures and pressures.

Sum of squares Mean squares Coded coefficient Standard error Df p-value

Model 18.51 3.70 5 <0.0001
T 0.97 0.97 0.083 0.006 1 <0.0001
P 14.89 14.89 − 0.45 0.008 1 <0.0001
T × P 0.00006 0.00006 − 0.0001 0.010 1 0.9914
T2 0.00007 0.00007 − 0.004 0.011 1 0.6994
P2 2.63 2.63 0.36 0.016 1 <0.0001
Residual 1.10 0.005 207 –
Total 19.61 – 212 –
Std. dev. 0.073
R2 0.95
Adj-R2 0.95
Pred-R2 0.94
Developed approach:
Log10(SelectivityCO2/N2) = − 0.59 + (0.01 × T) −

(
6.84e− 3 × P

)
−
(
3.084e− 8 × T × P

)
−

(
9.33e− 6 × T2)+

(
1.18e− 5 × P2)

Table 2 
The results of analysis of variance (ANOVA) of selectivity of 5 A for CO2/N2 separation at studied temperatures and pressures.

Sum of squares Mean squares Coded coefficient Standard error Df p-value

Model 15.41 3.08 5 <0.0001
T 0.40 0.40 0.053 0.006 1 <0.0001
P 12.33 12.33 − 0.41 0.008 1 <0.0001
T × P 0.0002 0.0002 − 0.002 0.011 1 0.8567
T2 0.001 0.001 − 0.005 0.011 1 0.6321
P2 2.68 2.68 0.37 0.017 1 <0.0001
Residual 1.18 0.006 207 –
Total 16.59 212 –
Std. dev. 0.075
R2 0.93
Adj-R2 0.93
Pred-R2 0.92
Developed approach:
Log10(SelectivityCO2/N2) = − 0.48 + (0.01 × T) −

(
6.47e− 3 × P

)
−
(
5.32e− 7 × T × P

)
−

(
1.2e− 5 × T2)+

(
1.2e− 5 × P2)
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adsorption applications. The RSM-based optimization yielded an 
optimal selectivity value of 83, corresponding to an operating temper
ature of 348 K and a pressure of 5 kPa bar, underscoring the applicability 
of Sr(80)A for advanced separation process design.

3.7. Benchmarking adsorption performance

As already extensively discussed, the binary breakthrough experi
ments were carried out under standard PCC conditions for all binder-free 
LTA zeolites. The feed gas mixture contained 15% CO2 and 85% N2 (mol 
%) at 101 kPa and 306 K. The evaluation of CO2 separation performance 
followed established methodologies [44,58,59], including assessment of 
CO2 loadings, CO2/N2 selectivities, and working capacities. A summary 
of the key metrics alongside other benchmark adsorbents is provided in 
Table 5. The binary CO2 loading was 2.78 mol•kg− 1 for 4 A, 4.81 
mol•kg− 1 for 5 A, 3.68 mol•kg− 1 for Sr(40)A, and 3.62 mol•kg− 1 for Sr 
(80)A. Interestingly, the CO2/N2 selectivity followed a slightly different 
hierarchy, with Sr(80)A achieving the highest value of 65, followed by 5 
A (52), Sr(40)A (50), and 4 A (47). These findings are consistent with the 
equilibrium selectivity profiles shown in Fig. 3. The comparatively 
weaker performance of binder-free 4 A in both CO2 loading and selec
tivity can be attributed to its narrower pore size, reduced accessibility of 
adsorption sites, and slower diffusion kinetics relative to the Ca2+- and 
Sr2+-exchanged materials.

Working capacities were further calculated for VPSA-based PCC 
processes across regeneration pressures of 3, 10, and 15 kPa, relative to a 
feed pressure of 101 kPa, following prior studies [60–62]. For these 
evaluations, a CO2 feed molar fraction of 15% and a regeneration 
composition of 90% CO2 were assumed to approximate realistic 

operating conditions. Within the pressure range of 3–101 kPa, binder- 
free 5 A delivered the highest CO2 working capacity of 1.20 mol•kg− 1, 
surpassing 4 A by 28.3%, Sr(40)A by 29.2%, and Sr(80)A by 10.8%. 
Fig. S2 (Supporting Information) compares the CO2 working capacities 
of the LTA zeolites under these regeneration scenarios, highlighting Sr 
(80)A as the second-best performer. Its strong performance is primarily 
attributed to its elevated CO2/N2 selectivity, which favors CO2 adsorp
tion and maximizes utilization of the framework's adsorption sites. 
Taken together, the results confirm that while both 5 A and Sr(80)A 
exhibit strong performance, 5 A offers the most balanced profile for PCC 
applications, combining superior CO2 capacity with high working ca
pacity across realistic VPSA conditions. Sr(80)A, however, demonstrates 
competitive selectivity and remains a promising alternative for scenarios 
where maximizing separation efficiency is prioritized. However, while 
the separation mechanism discussed here is supported by experimental 
adsorption trends, isosteric heat analysis, and dynamic breakthrough 
behavior, future molecular simulations (e.g., GCMC or DFT) would be 
highly valuable to directly probe the adsorption sites and interaction 
energies governing CO2/N2 separation in ion-exchanged LTA zeolites, 
which some helpful details can be found in [32–36,53,63].

4. Conclusions

Adsorption equilibrium measurements of CO2 and N2 on ion- 
exchanged binder-free LTA zeolites were obtained from fixed-bed 
breakthrough experiments. At 120 kPa and 306 K, CO2 capacities fol
lowed the order 5 A (5.58 mol•kg− 1) > Sr(40)A (4.47 mol•kg− 1) ≈ Sr 
(80)A (4.45 mol•kg− 1) > 4 A (3.73 mol•kg− 1). The superior uptake of 5 
A arises from Ca2+ substitution, which enlarges pore apertures and 

Table 3 
The results of analysis of variance (ANOVA) of selectivity of Sr(40)A for CO2/N2 separation at studied temperatures and pressures.

Sum of squares Mean squares Coded coefficient Standard error Df p-value

Model 18.96 3.79 5 <0.0001
T 1.22 1.22 0.093 0.006 1 <0.0001
P 14.72 14.72 − 0.44 0.009 1 <0.0001
T × P 0.014 0.014 − 0.017 0.011 1 0.1339
T2 0.00002 0.00002 0.0002 0.012 1 0.9831
P2 2.98 2.98 0.39 0.018 1 <0.0001
Residual 1.31 0.006 207 –
Total 20.28 – 212 –
Std. dev. 0.081
R2 0.94
Adj-R2 0.94
Pred-R2 0.93
Developed approach:
Log10(SelectivityCO2/N2) = +0.06 +

(
4.89e− 3 × T

)
−
(
5.57e− 3 × P

)
−
(
4.68e− 6 × T × P

)
+

(
5.58e− 7 × T2)+

(
1.26e− 5 × P2)

Table 4 
The results of analysis of variance (ANOVA) of selectivity of Sr(80)A for CO2/N2 separation at studied temperatures and pressures.

Sum of squares Mean squares Coded coefficient Standard error Df p-value

Model 21.81 4.36 5 <0.0001
T 1.57 1.57 0.11 0.006 1 <0.0001
P 17.36 17.36 − 0.49 0.008 1 <0.0001
T × P 0.00005 0.00005 − 0.001 0.011 1 0.9181
T2 0.0002 0.0002 − 0.002 0.011 1 0.8309
P2 2.87 2.87 0.38 0.017 1 <0.0001
Residual 1.13 0.005 207 –
Total 22.94 – 212 –
Std. dev. 0.074
R2 0.95
Adj-R2 0.94
Pred-R2 0.94
Developed approach:
Log10(SelectivityCO2/N2) = − 0.33 +

(
8.37e− 3 × T

)
−
(
7.34e− 3 × P

)
+
(
2.97e− 7 × T × P

)
−

(
5.23e− 6 × T2)+

(
1.23e− 5 × P2)
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Fig. 7. Response surface plots of selectivity for (a) 4 A, (b) 5 A, (c) Sr(40)A and (d) Sr(80)A zeolites for CO2/N2 separation, as a function of the indepen
dent variables.

Table 5 
Comparison of adsorption performance metrics for various LTA zeolites under PCC conditions, alongside other benchmark adsorbents.

Flue gas conditions: CO2/N2 (15/85 Mol%), 306 K, 101 kPa

Adsorbents Binary CO2 loading 
qbCO2 
(Mol •kg − 1)

Binary CO2/N2 selectivity αbCO2/N2 (− ) Working capacity  
β1 

(Mol •kg − 1)

Working capacity  
β2 

(Mol •kg − 1)

Working capacity  
β3 

(Mol •kg − 1)

Ref.

Binder-free zeolites
4A 2.78 46.8 0.860 0.218 0.0441 This study
5A 4.81 51.7 1.20 0.270 0.0522 This study
Sr(40)A 3.68 49.7 0.847 0.194 0.0384 This study
Sr(80)A 3.62 64.5 1.07 0.232 0.0438 This study
NaY 3.29 89 2.01 0.66 0.14 [64]
K(95)Y 4.12 83 2.25 0.63 0.12 [64]
Ca(56)Y 1.98 58 1.26 0.44 0.09 [64]
Ca(71)Y 1.52 52 1.06 0.39 0.09 [64]
Other adsorbents
Zeolite 13X 3.14 80 1.28 0.41 0.09 [65]
Mg-MOF-74 6.07 52 2.26 0.53 0.10 [66]
UTSA-16 1.64 152 1.65 0.61 0.13 [67]
CS-AS 0.77 17 0.76 0.35 0.08 [68]

Conditions:
β1ads: q (T1, P1) = q (306 K, 101 kPa). β1des: q (T2, P2) = q (306 K, 3 kPa).
β2ads: q (T1, P1) = q (306 K, 101 kPa). β2des: q (T2, P2) = q (306 K, 10 kPa).
β3ads: q (T1, P1) = q (306 K, 101 kPa). β3des: q (T2, P2) = q (306 K, 15 kPa).
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enhances accommodation of CO2 within the framework. Sr-exchanged 
zeolites also outperformed 4 A, owing to high-energy adsorption sites 
created by Sr2+ ions positioned within the supercages. In contrast, N2 
adsorption displayed a more linear profile, with Sr(80)A showing the 
lowest uptake (0.78 mol•kg− 1 at 326 K and 350 kPa). This reduced N2 
uptake translates into higher CO2/N2 separation performance. Also, Sr 
(80)A achieved the highest CO2/N2 selectivity (75 at 10 kPa and 306 K), 
surpassing 5 A (60), 4 A (51), and Sr(40)A (47). Binary adsorption ex
periments under PCC conditions confirmed these observations: Sr(80)A 
consistently delivered the highest selectivity, while 5 A exhibited the 
largest CO2 working capacity (1.20 mol•kg− 1 across 3–101 kPa), 
exceeding 4 A, Sr(40)A, and Sr(80)A by 28.3%, 29.2%, and 10.8%, 
respectively. Finally, the RSM was employed for statistical analysis of 
different studied zeolites concerning their performance for CO2/N2 
separation and getting the optimum operating conditions. Taken 
together, these findings highlight the strong potential of ion-exchanged 
binder-free LTA zeolites, particularly Sr(80)A and 5 A, as efficient and 
scalable adsorbents for CO2 capture. The insights obtained from these 
single-cycle, dry binary breakthrough experiments provide a robust 
basis for material screening and dynamic model validation and can serve 
as a foundation for future investigations under cyclic in dried and humid 
post-combustion conditions.
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