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ABSTRACT: In this study, zeolite type A and four Cu2+ ion-exchanged zeolites were
synthesized through cationic ion exchange process with Cu concentrations of 0.05, 0.1,
0.15, and 0.2 M respectively. The physicochemical properties of both the prepared and
ion-exchanged zeolites were thoroughly analyzed. Field Emission Scanning Electron
Microscopy (FESEM) micrographs revealed that the synthesized zeolites exhibited an
“ice cube”-shaped morphology, and this morphology was maintained even after the ion
exchange process. N2 adsorption/desorption studies indicated a typical type IV isotherm
with an H3 hysteresis loop for both the prepared and Cu2+ ion-exchanged zeolites. CO2
adsorption data followed a type I isotherm, with the highest adsorption capacity of 4.02
mmol/g observed for the 0.1 M Cu2+ ion-exchanged zeolites. The adsorption behavior
was modeled using a nonlinear isotherm, with good agreement between experimental
and fitted data.

1. INTRODUCTION
One of the primary reasons for the greenhouse effect’s escalation
is the burning of fossil fuels, which releases carbon dioxide into
the atmosphere. Due to the excessive energy demand in the
industrial sectors, there is a rapid increase in pollution, which
results in the enormous release of CO2 into the atmosphere.

1 On
the other hand, increased awareness of climate change has
prompted the usage of technology to reduce greenhouse gas
emissions. Despite the accessibility of renewable and other
alternative energy supplies, fossil fuels remain as the world’s
principal energy source, and finding a viable replacement for
them is a challenging task.2 Many environmental problems have
arisen as a result of the significant increase in CO2 emissions,
which has increased from 280 to 410 ppm between 1760 and
2020. The average world temperature has risen by 1 °C as a
consequence of the significant emission of greenhouse gases.3,4

According to the International Energy Agency (IEA)
publication’s Energy Perspective 2020, carbon capture and
storage are going to be critical in implementing the Paris
Agreement. Consequently, steps are being taken to stop major
climate change by bringing the global temperature down by 2
°C.4,5
For the CO2 capture process techniques such as membrane

separation, adsorption, absorption, and cryogenic distillation are
most often used to reduce the CO2 release concentration
internationally. Flue gas CO2 separation is traditionally
accomplished by using an alkanolamine-based absorption
technique. Even though the method performs better, it still
needs to be modified extensively to prevent corrosion and the
energy penalty because of oxygen present in the flue gases.
However, it appears that the “perfect” sorbents that meet every

need are still unattainable.6 For instance, solid adsorbents have
drawn a lot of interest due to their exceptional selectivity and
CO2 adsorption capacity, they have been found to be viable
substitutes for amine-based aqueous CO2 capture methods.

7

Additionally, the adsorption process is easily accessible for
several adsorption regenerative processes that use relatively less
energy and produce less corrosion. The effective solid
adsorbents for CO2 capture should be inexpensive, show
selective adsorption for CO2, have a large pore volume and
high surface area, and allow quick intraparticle diffusion.7,8

There are several porous solid adsorbents that can be used to
accomplish the gas adsorption process. Solid adsorbents, such as
a metal−organic framework (MOF), are well recognized for
their large surface area and changeable pore surface. Because of
their superior adsorption selectivity, they perform as good CO2
adsorbents. However, compared to that of other adsorbents,
their adsorption is still limited. Their industrial applications are
further limited due to their low availability, high cost, and poor
chemical and thermal stability. On the other hand, zeolitic
imidazolate framework (ZIF) has been widely employed in CO2
adsorption because of its high performance and diversity of
structures.9 However, there are substantial drawbacks with ZIF
such as high-cost material synthesis and inadequate chemical
and thermal durability. Activated carbon (AC) has a high surface
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area compared to the other materials which is favorable for CO2
adsorption. However, it has drawbacks of its own, such as low
thermal durability at higher temperatures, which limits the
amount of CO2 that can be adsorbed.

10 Several researchers are
currently working to find solutions for the problems mentioned
by utilizing materials that are economically feasible and have
high adsorption and improved CO2 selectivity.
In recent years, zeolite, the porous solid adsorbent, has been

considered a promising material for CO2 adsorption because of
its better framework constructive structure. Zeolites are widely
recognized for having excellent ion exchange capabilities, great
heat and chemical durability, and they benefit from the variable
Si/Al ratio, which makes them ideal for high CO2 adsorption
properties.11 In general, zeolites are hydrated aluminosilicates
that contain alkali or alkaline earth metal cations linked through
oxygen atoms to a 3-dimensional tetrahedral TO4 (T = Si or Al).
The tetrahedral atoms joined by oxygen create the primary
building block unit (PBU). Repeated PBUs combine to form
secondary building units (SBU), which lead to the 3-
dimensional zeolite framework structure. Zeolites are naturally
occurring materials, however in recent years, synthetic materials
have received much attention since they can be readily altered in
size and shape according to specific requirements. The
application of zeolites in industrial technology has grown during
the 20th century. The commercial world has witnessed the rise of
new synthetic zeolite materials due to the development of novel
architectures by researchers inspired by the growing interest in
microporous materials.12

In recent years, ion-exchange zeolites have caught great
attention due to their properties that are suitable for many
applications. The adsorption capability of zeolites is greatly
influenced by the state, number, and arrangement of cations
within the framework.7,13Microporous solids have drawn a lot of
attention due to their capacity to interact with species both on
the outside and within their internal porous network. The
presence of cations balances the negative charge inside the
porous zeolite framework porous structure. This makes zeolites
exhibit ion-exchange properties, which enables the zeolite to
incorporate various metal ions for catalytic applications. The
most common cationic ion exchange materials are lithium (Li),
potassium (K), lead (Pb), copper (Cu), zinc (Zn), ammonia
(NH3), and silver (Ag). Through an ion exchange procedure,
transition metals can be added to the zeolite structure to
improve its performance, and open up for potential
applications.14

Tao et al.15 in their recent research, have reported about the
adsorption of CO2, N2, and CH4 by metal cation-exchanged
LTA zeolites (Si/Al = 3 and 6) in the 0.04−100 kPa pressure
range. Na+, Ca2+, Mn2+, and Ce3+ were chosen as representative
examples of monovalent alkali metal cations, divalent alkaline
earth metal cations, divalent transition metal cations, and
trivalent transition metal cations, respectively. The benchmark
used in this study is proton (H+) from LTA zeolites. In their
study, they confirmed that, at moderate pressures, metal cation-
exchanged small-pore zeolites are efficient adsorbents for
capturing carbon. Wang et al.16 have synthesized zeolite X
from agricultural waste rice hull ash (RHA). Rare earth metal
cations such as lanthanum (La) and cerium (Ce) of about 0.2 M
were used as ion exchange cations in their work. They also
studied the physical properties of the materials by using CO2
adsorption/desorption experiments.
Liu et al.17 synthesized Zeolite NaKA with varying

proportions of Na+ and K+ cations through an ion-exchange

method. The proportion of potassium to the total cations K+/
(Na+ + K+) was varied from (0 to 97.0 atom %) by adjusting the
concentration of potassium chloride, as well as the temperature
and duration of the ion exchange process. Their research
demonstrated that optimizing the potassium content enhances
the selective adsorption of CO2 over N2. They concluded that
lower ion exchange concentrations have a more significant
impact on CO2 adsorption than intermediate or higher
concentrations. Wang et al.18 in their study utilized rice husk
ash as a raw material to prepare Na-ZSM-5 zeolite through a
hydrothermal method. This zeolite was then modified through
cation exchange using various cations such as Li+, Mg2+, Ca2+,
Cu2+, Zn2+, La3+, and Ce3+. The process was achieved via
solution impregnation by adjusting the molar ratio to about
(0.2−0.3 M), respectively. They also found that ZSM-5 zeolites
modified with transition metal cations Cu2+ and Zn2+ exhibit the
highest adsorption capacities at 0 °C, with values of 70.24 and
74.38 cm3/g, respectively.
Based on the reviewed literature, it has been identified that

lower concentrations of ion exchange are preferable for
enhancing the CO2 adsorption efficiency. This insight guided
the optimization of our process, where a lower concentration
(0.05, 0.1, 0.15, and 0.2 M) was chosen to achieve high CO2
adsorption performance. Also, higher concentration may lead to
changes in the preferred framework structure.
Furthermore, to the best of our knowledge, only a few

reported efforts have been made to synthesize copper ion-
exchanged zeolite A type materials, highlighting their superior
CO2 adsorption properties. In this view, the present work
focuses on the synthesis of zeolite NaA material using the
hydrothermal method. Another primary goal of this work is to
optimize the cationic ion exchange method for synthesizing
copper ion-exchanged zeolites. They were synthesized through a
cationic ion exchange process using copper concentrations of
0.05, 0.1, 0.15, and 0.2 M respectively. Initially, insights into the
chemical and textural properties of the prepared and copper ion-
exchanged zeolites were studied through a combination of
characterization techniques. Then their CO2 adsorption/
desorption performance is measured at an operating temper-
ature of 297.15 K and is discussed in detail. Moreover, we also
studied the fitted adsorption isotherm of Langmuir, Freundlich,
and Toth adsorption isotherms with experimentally observed
CO2 adsorption data.

2. EXPERIMENTAL SECTION
2.1. Preparation of Zeolite NaA. The synthesis procedure

outlines the preparation of zeolite NaA, denoted as “A”, using a
hydrothermal method. Zeolite NaA with a molar ratio of 2
Na2O: Al2O3:1.96 SiO2:132 H2O was synthesized by using the
hydrothermal method without using any organic templating
agent. Typically, two identical solutions were prepared
separately, each containing 40 mL of double distilled (DD)
water and 0.295 g of sodium hydroxide (NaOH). These
solutions were designated as SOL A and SOL B. Then, 2.46 g of
sodium aluminate (NaAlO2) was added to SOL A, while 3.31 g
of sodium silicate (Na2SiO3), was added to SOL B. Both
solutions are stirred for 30 min at room temperature to ensure
homogeneity. SOL B is then added quickly to SOL A, and the
mixture is stirred for an additional 30 min at room temperature
until homogeneity is achieved. The resulting hydrogel, formed
from the mixture, is transferred to a Teflon-lined stainless-steel
autoclave and subjected to hydrothermal crystallization. The
autoclave is maintained at 100 °C for 12 h in a thermostat-
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controlled oven to facilitate the crystallization process. After
crystallization, the hydrogel is washed repeatedly with DD water
to reduce the pH to 7. The washing process is carried out to
remove unreacted silica and alumina source materials along with
sodium cations if any are present in them. The obtained
crystalline residue products from the centrifugation step are then
desiccated at 80 °C overnight in an oven to remove any
remaining moisture and to obtain the final zeolite NaA product.
The following equation, representing the possible synthesis

mechanism of zeolite NaA-type materials, has been derived from
existing literature and validated in accordance with established
methodologies and findings, ensuring consistency with previous
reported data.19,20

+ +

[

· · ]

°

NaOH(aq) NaAl(OH) (aq) Na SiO (aq)

Na (AlO ) (SiO )

NaOH H O (amorphous gel)

T
a b c

4 2 3
1 25 C (Room Temperature)

2 2

2 (1)

[ · · ]

[ ]· +

[ ]

°
m

Na (AlO ) (SiO ) NaOH H O

Na (AlO ) (SiO ) H O solution

zeolite NaA

a b c

x x y

2 2 2
100 C for 12 h

2 2 2

(2)

Equation 1 illustrates the formation of an amorphous gel
when NaOH, NaAl(OH)4, and Na2SiO3 react together at room
temperature. This gel formation results mainly from the
copolymerization of silicate and aluminate species during the

condensation-polymerization process. Equation 2 shows that
maintaining the hydrothermal condition for 12 h at 100 °C leads
to the transformation of the amorphous gel into a crystalline
phase of zeolite NaA-type material.19,21

2.2. Preparation of Zeolite Cu2+ Ion Exchange Process.
To prepare Cu2+ ion-exchanged zeolites, copper nitrate was
employed as the source material for the ion-exchange process.
For the synthesis of CuA zeolites, the cation exchange process
was carried out. 0.05 M Cu2+ ion-exchanged zeolite was
synthesized by using copper nitrate as the cation exchange
source material. Copper nitrate is dissolved in DD water to
prepare a solution with a desired concentration. The amount of
copper nitrate used determines the concentration of Cu2+ ions in
the solution. Then 1 g of synthesized zeolite is added to the
copper nitrate solution. The mixture is aged and stirred for 24 h
to facilitate the ion exchange process, during which Cu2+ ions
from the solution replace some of the original cations in the
zeolite structure. The ion-exchanged products are recovered by
centrifugation to separate them from the solution. The
recovered products are dried in an oven at 80 °C overnight to
remove any remaining moisture and the obtained product is
named C1. Similarly, for 0.1, 0.15, and 0.2 M copper ion
exchanged zeolites, an appropriate amount of copper nitrate was
added separately to 100 mL of DD water. For each 100 mL of
copper nitrate solution, 1 g of zeolite was added, and then the
solution was aged and stirred for 24 h to ensure the uniform
distribution of ions throughout the solution. Finally, the ion-
exchanged products were obtained through centrifugation and

Figure 1. (a) Schematic representation of the synthesis of ion-exchanged zeolites and (b) Illustrating the synthesis scheme of Cu2+ ion-exchange
zeolites.
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then dried in an oven at 80 °C overnight. The obtained ion-
exchanged products are named C2, C3, and C4, representing
different concentrations of Cu2+ ions in the zeolites.
The schematic representation of the ion exchange process is

depicted in Figure 1a, illustrating the sequence of steps involved
in the process. The scheme for the formation of ion exchange
Cu2+ zeolites is shown in Figure 1b.22 The mechanism, denotes
the reaction between two monovalent sodium (Na+) cations
were replaced by one divalent copper (Cu2+) cation to form the
respective copper ion-exchanged zeolites.22,23

3. RESULTS AND DISCUSSION
3.1. X-ray Diffraction (XRD) Studies. The powder X-ray

diffractogram is used to analyze the type and purity of the

prepared and ion-exchanged zeolite materials. Figure 2a−e
displays the diffraction patterns of both the prepared and ion-
exchanged zeolites, with patterns observed within the 2θ range

of 5−50°. The presence of sharp peaks in these patterns
indicates the crystalline nature of the materials. The indexed
peaks closely match with the previously reported data.24,25

The XRD patterns of the prepared and ion-exchanged zeolites
are shown in Figure 2a−e. The recorded diffraction patterns

Figure 2. X-ray diffraction pattern of (a) prepared zeolite A type and
(b−e) Cu2+ ion-exchanged zeolites (C1−C4).

Figure 3. Fourier Transform Infrared spectra of (a) prepared zeolite A
type and (b−e) Cu2+ ion-exchanged zeolites (C1−C4).

Figure 4. Thermogravimetric/Differential thermal analysis (TG/
DTA) analysis of the prepared zeolite A type.

Figure 5. (a) Thermogravimetric and derivative thermogravimetric
analysis (TG/DTG) and (b) Differential thermal analysis (DTA)
analysis of the Cu2+ ion-exchanged zeolites (C1−C4).
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have peaks at 2θ = 7.3, 10.2, 12.5, 16.1, 20.4, 21.6, 23.9, 26.1,
27.1, 29.8, 30.8, 32.5, 34.1, 42.2, and 44.1°. The sharp peaks
show the crystalline nature of the materials, and they match well
with the International Centre for Diffraction Data (ICDD) card
number 39-0222, Na96Al96Si96O96·216H2O∼ Si/Al/Na = 1:1:1.
The lattice parameters and space group of the zeolite A type are
found to be a = b = c = 24.61 Å and Fm3̅c respectively. Also, the
obtained zeolites belong to face centered cubic structure, similar
results have been studied by earlier workers.25,26

From the obtained results, it is observed that compared to the
peaks of parent NaA zeolite, the ion exchanged zeolite peaks
show different intensities, indicating that Cu2+ ions are
predominantly deposited in distinct areas of zeolite. It has also
been reported by Yao et al.27 and Benaliouche et al.28 that the
intensity of the zeolite characteristic peaks decreases as the
concentration of Cu2+ is increased. Hence, the decrease in peak
intensity as the degree of exchange increases suggests a
reduction of crystallinity. The size and charge of exchangeable
cations play a significant role in altering the zeolite framework
during the exchange process.29

The crystallite size value of both prepared and ion exchanged
zeolites is calculated by using Debye−Scherrer’s relation. The
average crystallite size value of the prepared zeolite A and ion
exchanged zeolite (C1−C4) has been calculated and is given in
the Table S1.
3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Analysis. FTIR spectroscopy is employed to analyze the

functional group in materials. Each functional group exhibits a
unique vibrational energy, allowing for the identification of
molecules. Additionally, it is an efficient tool for analyzing the
zeolite framework structure. The FTIR spectra of the prepared
and ion exchanged zeolite are given in Figure 3a−e.
In Figure 3a, the vibrational band at 3354 cm−1 is linked to the

OH stretching vibration. The band at 1641 cm−1 corresponds to
the scissor-type bending vibration of the adsorbed water
molecules. According to Hassan and Hameed,30 the presence
of water molecules in zeolite is responsible for bands between
1600 and 3700 cm−1. The asymmetrical stretching υ(as) band at
966 cm−1 is associated with T−O bonds, where T denotes the
tetrahedron of the zeolite frameworkmaterial (T = Si or Al).31,32

The band at 667 cm−1 is due to the internal vibration of the Al−
O−Si symmetrical stretching υ(s). The 551 cm−1 band is
attributed to a D4R vibration, resulting from the interaction
between the υ(s) vibrations of silicon and aluminoxy tetrahedra,
which form the SBU of zeolite A type, as also reported by earlier
reports.33 The band at 468 cm−1 is attributed to the Si−O−Si
bending vibration of the zeolite.
Similarly, in Figure 3b−e for Cu2+ ion-exchanged zeolites, the

band at 3404 cm−1 corresponds to the OH stretching vibration.
The band at 1648 cm−1 is associated with the scissor-type
bending vibration of water molecules, consistent with previous
studies.26,34 The band at 977 cm−1 indicates the υ(as)
characteristic internal vibration of the T−O bonds. where T
represents the tetrahedral elements of the zeolite framework,

Figure 6. (a, b) FESEM morphology at two magnifications (c) EDAX spectrum and (d) Elemental composition of the prepared zeolite A type.
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specifically (T = Si or Al).31 The 663 cm−1 band represents the
υ(s) of Al−O−Si. The bands at 549 cm−1 suggest the presence
of D4R, resulting from the interaction between the υ vibrations
of silicon and aluminum tetrahedra, which form the SBU of the
zeolite structure. It is also noted that the intensity of band
present at 549 and 663 cm−1 for C3 and C4 zeolites are further
reduced compared to other zeolites.35 The reduction in intensity
is due to the presence of the vibration mode of Cu−O obtained
during the ion exchange process.35,36 The band at 463 cm−1

corresponds to the Si−O−Si bending vibration of the ion-
exchanged zeolite, aligning with the findings of earlier
research.37,38

For ion exchanged zeolite, the only visible change in the
observed spectra is the slight shift of the asymmetrical stretching
vibrational band of the T−O band toward the higher
wavenumber. Similarly, the shift of Al−O−Si symmetrical
stretching toward the lower wavenumber with the increase of ion
exchange process, the findings are consistent with previous
reports.39 Correspondingly, the intensity of the bands of the ion
exchanged zeolites is less compared to the prepared zeolites and
is this due to the removal of Al from the framework which leads
to the formation of an additional framework of Al species and
condensation of silanol groups.38 Hence, this results in a
frequency shift and a reduction in intensity for the ion exchanged
zeolites. The vibrational spectral values and their associated

functional groups are consistent with those published in
literature.26,34,37

3.3. Thermal Analysis. Thermal analysis is utilized to
explore the thermal properties, such as mass loss, thermal
stability, and structural changes, of the prepared zeolite samples
under a nitrogen atmosphere at elevated temperatures. During
the analysis of prepared and ion exchanged zeolites, two forms of
weight loss were observed. The primary cause of mass loss is the
release of water molecules from the zeolite framework structure.
This loss occurs at lower temperatures, typically between 100
and 150 °C, and this is attributed to the removal of surface and
cavity-bound moisture. Mass loss at elevated temperatures
results from the removal of water molecules present between
adjacent framework molecules without significantly altering the
structure. Figures 4 and 5(a and b) depict the Thermogravi-
metric/Differential thermal analysis (TG/DTG) analysis of
both prepared and Cu2+ ion-exchanged zeolites, conducted at
temperatures ranging from 25 to 950 °C under N2 atmosphere.
The TG curve obtained from thermogravimetric analysis

illustrates the hydration behavior of the synthesized zeolites,
showing a consistent loss of water molecules with increasing
temperature. Both synthesized and ion-exchanged zeolites
experience primary mass loss starting at around 30 °C and
continuing up to approximately 200 °C. This initial loss is
attributed to the evaporation of water and volatiles present
within the pores. Figures 4 and 5(a) indicate a mass loss in the

Figure 7. (a, b) FESEM morphology at two magnifications (c) EDAX spectrum and (d) Elemental composition of the Cu2+ ion-exchanged zeolite
(C1).
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temperature range of 15−17%. The mass loss during this phase
is primarily because of the removal of water molecules from
various energy levels within the zeolite lattice structure. This
process is influenced by the type of coordinated cations present,
consistent with the earlier findings.40 Beyond 200 °C, mass loss
in both prepared and ion-exchanged zeolites is primarily due to
the loss of moisture. At temperatures exceeding 600 °C, mass
loss occurs gradually as water molecules strongly bound to the
sodalite cages are removed, in line with earlier research.41

Figure 4 displays the DTG curve of the prepared zeolite, while
Figure 5a shows those of the ion-exchanged zeolites. The
desorption peak for the synthesized zeolite is approximately 156
°C, whereas for Cu2+ ion-exchanged zeolites, it occurs around
146 °C. The variation in loss is due to the type of coordinated
cations within the produced zeolite and is consistent with
previous findings.42 The presence of a single water desorption
peak in both the synthesized and ion-exchanged zeolites
suggests a singular bonding form, indicating a specific type of
water grafting loss within the zeolite material.40 At elevated
temperatures, themaximum loss is observed to be approximately
1−2.5% for both synthesized and ion-exchanged zeolites,
indicating structural stability, resulting in the expulsion of
additional water molecules from the zeolite framework cavities
as similar results have been reported by earlier workers.41,43

Figure 4 illustrates the DTA of the prepared zeolite, while
Figure 5b displays those of the ion-exchanged zeolites. The
endothermic region observed in the range of 100−200 °C

indicates the early desorption of physisorbed water, leading to
the emergence of the anhydrous phase. At around 400 °C, the
nature of the curve reflects the elimination of trapped water
molecules from the zeolite cages.31,43 Additionally, the curve
displays a slight weight loss above 500 °C, indicating the final
stage of zeolite dehydration, with stabilization occurring around
700 °C. The exothermic region at higher temperatures provides
insight into the thermal stability of the prepared zeolites. An
exothermal peak observed in the range of approximately 760−
800 °C suggests the collapse of the synthesized material
framework structure. It is worth noting that the heat resistant
strength of the preparedmaterials correlates directly with the Si/
Al ratio of the zeolites. The Si/Al ratio of both prepared and ion
exchanged zeolites is identified by using energy dispersive X-ray
analysis (EDAX) spectra and is consistent with the reported
results.43

3.4. Field Emission Scanning Electron Microscopy
(FESEM) and Energy Dispersive X-ray Analysis (EDAX).
FESEM analysis is employed to examine the morphology and
particle size of both prepared and ion-exchanged zeolites.
Figures 6−10(a−d) display FESEM images of prepared and ion
exchanged materials at various magnifications. Two specific
micrographs are selected to highlight the morphology of each
synthesized and ion-exchanged zeolite. In Figure 6a,b, the
FESEM images of prepared zeolites reveal an “Ice cube” shaped
morphology. This morphology is attributed to the interconnec-
tion of sodalite cage secondary building units (SBUs) via D4R,

Figure 8. (a, b) FESEMmorphology at twomagnifications (c) EDAX spectrum& (d) Elemental composition of the Cu2+ ion-exchanged zeolite (C2).
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resulting in a three-dimensional micropore cubic structure (α-
cage), and is consistent with previous findings.44 The particle
size of the prepared zeolites lies between 1.8 to 2.1 μm, with an
average size of 2 μm.
Similarly, Figures 7−10(a,b) represent the FESEM images of

the Cu2+ ion exchanged zeolites at two different magnifications.
According to micrographs, the guest ions (Cu2+ replacing Na+)
incorporated in the zeolite morphology are found to be identical
to synthesized zeolites. Even after ion exchange with ternary
Cu2+ the morphology shows a nearly identical look, demonstrat-
ing that the zeolite structure is unaffected, and this is in
agreement with the reported result.45 For ion exchange zeolite, it
is found that their particle sizes lie between 1 and 2 μm. While
themajority of the ion-exchanged zeolites preserved their typical
morphologies even after the ion-exchange process but there are
tiny changes like the presence of some broken crystals.31,46

Figures 6−10(c) present the EDAX spectra of both
synthesized and ion-exchanged zeolites. Analysis of these spectra
reveals the presence of elements such as sodium, oxygen, silicon,
and aluminum in the prepared zeolite. Copper, sodium, oxygen,
silicon, and aluminum are present in Cu2+ ion-exchanged
zeolites, consistent with prior studies. The error percentage in
EDAX measurements was calculated using the ZAF correction
method to account for atomic number effects, X-ray absorption,
and fluorescence interactions, as described in the literature
Goldstein et al.,47 and Williams and Carter48 for ensuring

accurate elemental quantification. The original FESEM images
utilized for the EDAX data analysis are provided in Figure S1a−
e. Chemical composition data for both prepared and ion-
exchanged zeolites are shown in Figures 6−10(d). The Si/Al
ratio is a critical factor in the zeolite synthesis process. For both
prepared zeolite A and ion exchanged zeolites (C1−C4) they
have nearly reached saturation in aluminum content within their
framework compositions, with a Si/Al molar ratio close to one.
This ratio represents the maximum aluminum content allowable
in tetrahedral aluminosilicate frameworks, adhering to Loewen-
stein’s rule.49,50 As a result, they possess the maximum number
of cation exchange sites to balance the framework aluminum,
resulting in the highest cation contents and exchange capacities.
The obtained results are in agreement with the previously
reported results.50,51

Elemental mapping of the prepared and ion-exchanged
zeolites are provided in Figures S2−S6. Zeolite A type typically
exhibits an average Si/Al ratio of ≤1. The Si/Al ratio for
prepared zeolite A type is found to be 1.02 and for ion exchanged
zeolites (C1−C4) it is found to be 1.01, 1.01, 1.01, and 1.02
respectively. For both prepared and Cu2+ ion-exchanged
zeolites, the obtained Si/Al ratio was approximately 1.
3.5. N2 Adsorption/Desorption Studies. By using the

Brunauer−Emmett−Teller (BET) method, the materials sur-
face area and pore size were determined by measuring the
volume of N2 gas adsorption and desorption at a constant liquid

Figure 9. (a, b) FESEM morphology at two magnifications (c) EDAX spectrum and (d) Elemental composition of the Cu2+ ion-exchanged zeolite
(C3).
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N2 state of −196 °C (77 K).52 Figure 11a illustrate the N2
adsorption/desorption isotherm studies of both prepared and
Cu2+ ion-exchanged zeolites. At low relative pressure, because of
the strong contact between the adsorbent and adsorbate, the
ion-exchanged zeolites display much stronger N2 adsorption. N2
molecules are predominantly present at the pore openings of the
zeolite framework structure.53

The prepared and ion-exchanged zeolites (C1−C4) displays a
type IV adsorption isotherm accompanied by an H3 hysteresis
loop, consistent with IUPAC classification criteria.25,54 Thus,
the isotherm results confirm the mesoporous nature of the
synthesized material. The presence of smaller pore sizes (4 Å) in
the synthesized zeolites indicates microporosity at low pressure
regions (P/Po = 0.01).
Additionally, the presence of a slit-shaped curve denotes the

H3 hysteresis loop in the region between 0.4 < P/Po < 0.9, and
this is attributed to the filling of the mesoporous region within
the zeolite framework, similar results have been reported by
earlier workers.31,55 The emergence of a weak desorption
hysteresis loop curve is attributed at high relative pressures (P/
Po > 0.9), indicating the coexistence of micropores and
mesopores within the zeolite framework structure.
The BET surface area of about 96.12 m2/g is observed for the

synthesized zeolite. Similarly, for the different Cu2+ ion
incorporated zeolites, BET surface areas of 81.92, 133.16,
116.14, and 90.63 m2/g, were obtained for (C1−C4) ion

exchanged zeolites. In comparison to synthesized zeolite A and
other ion exchanged zeolites, the 0.1 M Cu2+ ion exchanged
zeolite has a larger surface area because of the presence of fewer
Na+ cations per unit cell in its pores, resulting in a relatively
greater BET surface area. The ion exchange process leads to an
expansion of the zeolite structure, creating more surface area
that is available for adsorption. As the concentration Cu2+
increases more than 0.1 M, it results in pore blockage and/or
mesopore formation as stated in the literature.25 Due to its high
concentration of Na+ cations and low Si/Al ratio, the
synthesized zeolite A type has a small BET surface area
compared to ion-exchanged zeolites as N2 is not able to enter
most of the micropores.
Figure 11b shows the pore size distribution (PSD) of both

prepared zeolite and Cu2+ ion-exchanged zeolites. The PSD of
prepared zeolites is determined using the BJH equation.
According to IUPAC classification criteria, pores with diameters
less than 2 nm are classified as microporous, the pores present in
the region between 2 to 50 nm are considered as mesoporous,
and those exceeding 50 nm fall into the macroporous category.
Figure 11b illustrates the PSD of the prepared zeolite, with an
average pore size found to be about 4.79 nm. Also, the PSD of
the Cu2+ ion-exchanged zeolites with an average size of 4.24,
4.17, 4.69, and 4.73 for C1, C2, C3, and C4, respectively. The
pore size distribution depicted in Figure 11b reveals that the
samples exhibited a multimodal distribution of mesopores

Figure 10. (a, b) FESEM morphology at two magnifications (c) EDAX spectrum and (d) Elemental composition of the Cu2+ ion exchanged zeolite
(C4).
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within the small-size range of 3 to 13 nm, similar results have
been reported by earlier workers.43,56 After the addition of
copper species into the zeolite framework, the pore structure of
the material was not greatly altered. The appearance of the
characteristic H3 hysteresis loop is associated with the presence
of irregular meso- or micropores formed during the ion exchange
process. Limited access of Cu2+ ions to the zeolite pores can lead
to channel distortion.57 Some investigations have highlighted
the fact that one Cu2+ ion replaces two Na+ ions during ion
exchange.25,57 The channels may become distorted as a result of
the Cu2+ ions having a limited accessibility to the zeolite pores.
The ion-exchanged zeolite shows an increase in micropores to
multimodal mesoporous region, leading to a more complex
distribution of adsorption surface energy. This modification in
porosity is attributed to variations in the type and quantity of
cations within the zeolite structure.16 As a result, the higher
concentration of ion-exchange zeolites significantly affects the
SBET surface.

58 The comparison of textural properties of the
prepared and Cu2+ ion exchanged A type zeolites are given in
Table 1.
3.6. CO2 Adsorption Studies. The pore size of a material

and the strength of the gas−solid interaction are critical factors
in determining the gas adsorption capacity. This interaction

strength is explored through the pore structure, surface
chemistry, and other properties of the adsorbent, such as
polarizability, molecular size, and quadrupole moments. For
instance, the polarizability of a CO2 molecule is approximately
26.5 × 10−25 cm3, while its quadrupole moment is about 4.3 ×
10−26 esu cm2 respectively.66 Figures 12−16(a) illustrates the
CO2 adsorption/desorption properties of both synthesized and
ion-exchanged zeolites at a steady temperature of 297.15 K,
covering a pressure range from 0 to 1 bar, respectively.
The adsorption curves of both prepared and ion-exchanged

zeolites exhibit a type I adsorption isotherm, consistent with the
IUPAC classification criteria. Themaximum adsorption capacity
is measured as 2.14 mmol/g for the synthesized sample.
Similarly, for Cu2+ zeolites (C1, C2, C3, & C4), the observed
capacities are 2.58, 4.02, 3.19, and 2.78 mmol/g, respectively. In
the low-pressure region, a sharp gradient is observed due to high
adsorption, while at higher pressures, this gradient gradually
decreases, and the isotherm curve flattens out toward saturation.
CO2 molecule adsorption by zeolites is attributed to significant
quadrupolar interactions among the adsorbate molecules and
the gradient electric field generated by the charge-balancing
cation of zeolite structure.43,67−69

It is noteworthy to mention that the cations located in the
Primary building blocks unit (PBU) can readily interact with
guest molecules, in contrast to those situated in the double 4-
ring cavities (SBU). The exchangeable vacant cations that
occupy positions within this PBU framework are considered
extra-framework cations.67 In summary, the cations (Na+ and
Cu2+ ions) can reduce the acidity and enhance the basicity of the
zeolite framework, which is advantageous for the adsorption of
acidic CO2.

67,70

In the zeolite structure, some of the Si atoms can be replaced
by other elements, with Al being the most favorable alternative.
A negatively charged framework is produced when Al (oxidation
state +3) is present rather than Si (+4). The presence of extra-
framework counter-cations (such as Na+ and Cu2+) balances out

Figure 11. (a) N2 adsorption/desorption isotherm and (b) Pore size
distribution (PSD) of prepared zeolite A type and ion-exchanged
zeolites (C1−C4).

Table 1. Comparison of Textural Properties of Both Prepared
Zeolite A Type and Cu2+ Ion-Exchanged Zeolites with
Previously Reported Zeolite Materials

Materials
BET surface area
(SBET) (m2/g)

Micropore volume
(cm3/g) References

Zeolite/Chitosan
(1:3:5)

7.0 0.030 59

Zeolite/Chitosan
(1:3:5)

0.5 0.003 59

Zeolite KA 0.26 ± 0.07 60
Zeolite RbA 0.95 ± 0.06 60
Zeolite CsA 0.47 ± 0.07 60
Zeolite Li-SSZ-13 27 0.27 61
Zeolite
Na-SSZ-13

7 0.24 61

Zeolite K-SSZ-13 65 0.18 61
Zeolite LTA −0.5 72.42 0.328 62
Zeolite A 58.29 0.071 31
Zeolite CAN 59.09 0.101 63
Zeolite A 5.16 0.006 64
Zeolite A 39 0.016 65
Zeolite A 96.12 0.231 this work
Zeolite C1 81.92 0.196 this work
Zeolite C2 133.16 0.331 this work
Zeolite C3 116.74 0.291 this work
Zeolite C4 90. 63 0.214 this work
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these negative charges.71 The CO2 adsorption isotherm exhibits
a rapid rise at low relative pressure due to the significant
electrostatic interaction between CO2 quadrupoles and vacant
cations within the zeolite material framework. Saturation occurs
at high relative pressure, where the isotherm curve reaches a
plateau, indicating the absence of free vacant cations in the
framework structure.67

The adsorption mechanisms for CO2 using synthesized and
ion-exchanged zeolites commonly involve two scenarios: (i)
One oxygen atom of CO2 interacts with an extra-framework
cation of zeolites, and (ii) Both oxygen atoms of CO2 interact
with multiple extra-framework cations of the zeolite structure
through a bridging mechanism. The interaction between the
CO2 molecules and the Na+/Cu2+ cation in the extra-framework
structure is primarily driven by ion-dipole interactions.
Consequently, the adsorption of adsorbate molecules is
facilitated by vacant alkali cations (such as Na+ and Cu2+)
present in the synthesized and ion-exchanged zeolite framework
structure.72

The results indicate that the 0.1MCu2+ ion-exchanged zeolite
exhibits maximum CO2 adsorption compared to those of other

prepared and ion-exchanged zeolites. This is because the 0.1 M
Cu2+ ion-exchanged zeolite contains a larger number of alkali
cations capable of interacting with the adsorbate molecules. The
existence of additional Na+/Cu2+ cations in the zeolite
framework enhances its basic nature, leading to greater
adsorption of acidic CO2 molecules. Consequently, the
adsorbed molecules accumulate in the pores of the zeolite
framework.43,67

Zeolite A is a small-pore zeolite composed of sodalite cages
that are connected by D4R forming an accessible super cage via
an eight-membered ring (8MR). The window of the 8MR
provides access to the super cage situated near the alkali cations.
The kinetic diameter of ion-exchanged zeolite is about 0.4 nm,
which is nearly identical to the diameter of a CO2 molecule of
about 0.33 nm thus resulting in increased adsorption of CO2.

73 It
is evident from Figure 14a that 0.1 M of Cu2+ ion-exchanged
zeolites show better adsorption compared to the synthesized
and other ion-exchanged zeolites. When compared to the other
zeolites, the 0.1 M ion-exchanged zeolite has the maximum
intake of CO2 molecules, which may be due to its better surface
area and also favorable Si/Al ratio.

Figure 12. (a) Experimental CO2 adsorption/desorption isotherms of
prepared zeolite A type at 297.15 K and (b) Fitted Langmuir adsorption
isotherm with experimental CO2 adsorption data.

Figure 13. (a) Experimental CO2 adsorption/desorption isotherms of
C1 ion-exchanged zeolite at 297.15 K and (b) Fitted Langmuir
adsorption isotherm with experimental CO2 adsorption data.
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The Si/Al ratio obtained from the EDAX spectrum
significantly influences the adsorption capacity of CO2. A
lower Si/Al ratio, indicating a higher content of Al, results in the
presence of extra-framework cations in zeolites, which are
typically active sites for adsorption. This suggests that a lower
Si/Al ratio enhances the amount of adsorption per unit mass of
the material, thereby improving the CO2 adsorption capacity.

74

The presence of the cation (Cu2+) in ion-exchanged zeolites
helps balance the negative charge created by the Al atom in the
framework, leading to an increased level of CO2 adsorption. The
higher surface area and pore volume, along with increased
electrostatic field in the 0.1MCu2+ ion-exchanged zeolite due to
the presence of Cu2+ cations and a favorable Si/Al ratio,
contribute to higher CO2 adsorption. The interaction between
the CO2 molecules and zeolite metal ions Cu2+ in the linear
framework is depicted in Figure 17. The primary interaction is
an ion-dipole interaction between the adsorbate and the metal
cations in the zeolite framework. The adsorption of the CO2
molecule is driven by the presence of alkali cations Cu2+ in the
zeolite structure. The CO2 molecules interact with the metal
cation via their oxygen atoms.70,75

Typically, desorption isotherms are positioned above
adsorption isotherms, as shown in Figures 12−16(a). The

desorption isotherm was derived from depressurization
conditions following the completion of the adsorption experi-
ment.76 This hysteresis continues down to zero pressure along
the desorption path. A similar low-pressure hysteresis has been
observed in CO2 sorption studies of sodium alumino silicate-
Type 4A zeolite at room temperature, under pressures up to 20
bar.77 This kind of “open” hysteresis loop is generally linked to a
change in the sorbent volume, irreversible gas molecule uptake,
or chemisorption.78 The occurrence of an open hysteresis loop
for the synthesized zeolite indicates that CO2 molecules are
likely to enter the microporous structure of the material.
The absence of a closed hysteresis loop can be explained by

the behavior of the CO2 molecules during the adsorption
process. The CO2 molecules diffuse into the zeolites until they
reach a cation, which acts as a gatekeeper and limits further
movement of the materials. During the desorption phase, CO2
molecules can easily leave the framework, resulting in no
significant hysteresis loop was recorded.77,78

de Oliveira et al.79 in their work explained one of the possible
explanations for the open hysteresis loop is the partial blockage
of the small zeolite pores, which have an effective aperture of
0.43 nm in the sodium form. As a result, the adsorption phase is
primarily governed by the α-cages, which have a diameter of

Figure 14. (a) Experimental CO2 adsorption/desorption isotherms of
C2 ion-exchanged zeolite at 297.15 K and (b) Fitted Langmuir
adsorption isotherm with experimental CO2 adsorption data.

Figure 15. (a) Experimental CO2 adsorption/desorption isotherms of
C3 ion-exchanged zeolite at 297.15 K and (b) Fitted Langmuir
adsorption isotherm with experimental CO2 adsorption data.
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approximately 1.14 nm, according to Breck80 and Giannetto et
al.81 In contrast, the desorption phase is influenced by the
effective pore aperture of the zeolite NaA, leading to the open
hysteresis loop are observed. The obtained results are in
agreement with the previously reported studies.76,82

The experimental CO2 adsorption parameters for both
synthesized and ion-exchanged zeolites are presented in Table
2. These parameters were obtained by fitting the experimentally
observed data using Langmuir−Friedrich−Toth adsorption
isotherm models. Detailed discussion on the nonlinear
adsorption isotherm relations can be found in the Supporting

Information. The curve fitting was conducted using the Origin
program 2024. The experimental data fitted with Langmuir
adsorption isotherm are shown in Figures 12−16(b). Likewise,

Figure 16. (a) Experimental CO2 adsorption/desorption isotherm of
C4 ion-exchanged zeolite at 297.15 K and (b) Fitted Langmuir
adsorption isotherm with experimental CO2 adsorption data.

Figure 17. Schematic representation of a possible mechanism for the CO2 adsorption by ion-exchanged zeolite framework structure.

Table 2. Comparison of Experimental CO2 Adsorption
Capacity of Both Prepared Zeolite A Type and Cu2+ Ion-
Exchanged Zeolites With Previously Reported Zeolite
Materials

Materials
Temperature

(K)
CO2 adsorption
(mmol/g) References

K HXA 298.15 0.5 85
K HXA 273.15 0.7 85
Zeolite NaX 323 0.60 86
Zeolite CaA 323 0.75 86
Zeolite Mn-LTA-3 298 1.87 15
Zeolite Ce-LTA-3 298 2.60 15
Zeolite K-CHA 273.15 2.1 87
Zeolite Cs-Rho 298.15 1.2 88
Zeolite TEPA-ZSM-5 298.15 0.12 89
ZSM-5 298 1.79 89
LTA −0.5 298 0.43 62
Na-LTA-3 298 1.81 90
NaA-RS 273.15 1.46 91
Zeolite NaX-Ca2+ 298 1.7 92
Zeolite β 298 1.8 93
Zeolite A 297.15 2.14 this work
Zeolite C1 297.15 2.58 this work
Zeolite C2 297.15 4.02 this work
Zeolite C3 297.15 3.59 this work
Zeolite C4 297.15 2.78 this work

Figure 18.Overall comparison of experimental CO2 adsorption of both
prepared A type and ion-exchanged zeolites (C1−C4).
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the experimental CO2 adsorption data fitted with Freundlich
and Toth adsorption isotherm are shown in the Figures S7−S11.
It is found from the fitting that the determined coefficients (R2)
are close to 1, indicating a good fit of the experimental data to the
model. These results are consistent with previous findings.68,83

The overall CO2 adsorption of both prepared A type and ion-
exchanged zeolites (C1−C4) is shown in Figure 18. Table 3
presents the parameter values obtained from the fitted
isotherms.
Moreover, the pores in both prepared and ion-exchanged

zeolite materials are predominantly located in the mesoporous
region, as identified by N2 sorption studies. This positioning
may contribute to the development of linear OCO−X+
complexes, where X+ represents Na+ and Cu2+ cations. These
complexes arise from the interaction between the CO2
molecules and the zeolite cations. They are also responsible
for the perturbation of Si−O−Al bonds during this phase. Size
exclusion effects may become more significant in small-pore
zeolites and have a specific impact on CO2 adsorption.

84 In
conclusion, the 0.1 M Cu2+ ion-exchanged zeolites are observed
to adsorb more CO2 when compared with the synthesized and
other ion-exchanged zeolites.

4. CONCLUSIONS
In this work, zeolite A type material has been synthesized
through the hydrothermal method. Also, four types of Cu2+ ion-
exchanged zeolites were synthesized through a cationic ion
exchange procedure with Cu concentrations of 0.05, 0.1, 0.15,
and 0.2 M. Increasing the concentration of the copper nitrate
solution used during ion exchange had a significant impact on
the textural and morphological properties of the resulting
zeolites. Analysis of the XRD patterns revealed that the intensity
of the zeolite A characteristic peak decreases as the
concentration of Cu2+ increases in ion exchange zeolites. In
the FTIR spectra, vibration bands at 551 cm−1 were observed for
prepared zeolites, while a band at 549 cm−1 was observed for
Cu2+ ion-exchanged zeolites, indicating the presence of D4R and
confirming successful zeolite synthesis. The TG analysis showed
a mass loss of approximately 15−17% for both the synthesized
and ion-exchanged zeolites. FESEM imaging revealed an “ice
cube” shaped morphology for the synthesized zeolites. The
morphology of Cu2+ ion-exchanged zeolites closely resembled
that of the prepared zeolites. The EDAX spectrum of Cu2+ ion-
exchanged zeolites showed the presence of copper elements in
addition to sodium, oxygen, silicon, and aluminum elements.
The size and charge of the exchangeable cations significantly
influence changes in the zeolite framework during the ion
exchange process.

N2 adsorption−desorption studies revealed a type IV
adsorption isotherm with an H3 hysteresis loop. Among all
zeolites, the maximum BET surface area observed was
approximately 133.16 m2/g for the 0.1 M Cu2+ ion-exchanged
zeolites. Experimental CO2 adsorption studies for both
synthesized and ion-exchanged zeolites were conducted,
revealing a type I adsorption isotherm for synthesized A type
and Cu2+ ion-exchanged zeolites. The maximum CO2
adsorption capacity was approximately 4.02 mmol/g for 0.1 M
Cu2+ ion-exchanged zeolites. The experimental CO2 adsorption
values were fitted using nonlinear adsorption isotherms. Then,
the determined coefficients (R2) for the synthesized and ion-
exchanged zeolites were found to be nearly 1, indicating the
heterogeneous nature of the materials.
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Ingenieriá, UCV, 2000.
(82) Gunawan, T.; Wijiyanti, R.; Widiastuti, N. Adsorption−
desorption of CO2 on zeolite-Y-templated carbon at various temper-
atures. RSC Adv. 2018, 8 (72), 41594−41602. 10.1039/C8RA09200A.
Mukhtar, A.; Mellon, N.; Saqib, S.; Lee, S.-P.; Bustam, M. A. Extension
of BET theory to CO2 adsorption isotherms for ultra-microporosity of
covalent organic polymers. SN Appl. Sci. 2020, 2 (7), No. 1232.
(83) Panda, D.; Kumar, E. A.; Singh, S. K. Amine Modification of
Binder-Containing Zeolite 4A Bodies for Post-Combustion CO2
Capture. Ind. Eng. Chem. Res. 2019, 58 (13), 5301−5313.
(84) Coluccia, S.; Marchese, L.; Martra, G. Characterisation of
microporous and mesoporous materials by the adsorption of molecular
probes: FTIR and UV−Vis studies. Microporous Mesoporous Mater.
1999, 30 (1), 43−56.
(85) Liu, Q.; Jiang, J.; Zhang, F.; Jia, X.; Cheng, H.; Krasilin, A.;
Ouyang, J. CO2 fixation mechanism of kaolin treated with organic
amines at varied temperatures and pressure. Appl. Clay Sci. 2022, 228,
No. 106638.
(86) Yi, H.; Deng, H.; Tang, X.; Yu, Q.; Zhou, X.; Liu, H. Adsorption
equilibrium and kinetics for SO2, NO, CO2 on zeolites FAU and LTA.
J. Hazard. Mater. 2012, 203−204, 111−117.
(87) Shang, J.; Li, G.; Singh, R.; Gu, Q.; Nairn, K. M.; Bastow, T. J.;
Medhekar, N.; Doherty, C. M.; Hill, A. J.; Liu, J. Z.; Webley, P. A.
Discriminative Separation of Gases by a “Molecular Trapdoor”
Mechanism in Chabazite Zeolites. J. Am. Chem. Soc. 2012, 134 (46),
19246−19253.
(88) Lozinska, M. M.; Mowat, J. P. S.; Wright, P. A.; Thompson, S. P.;
Jorda, J. L.; Palomino, M.; Valencia, S.; Rey, F. Cation Gating and
Relocation during the Highly Selective “Trapdoor” Adsorption of CO2
on Univalent Cation Forms of Zeolite Rho. Chem. Mater. 2014, 26 (6),
2052−2061.
(89) Thakkar, H.; Issa, A.; Rownaghi, A. A.; Rezaei, F. CO2 Capture
from Air Using Amine-Functionalized Kaolin-Based Zeolites. Chem.
Eng. Technol. 2017, 40 (11), 1999−2007.

(90) Tao, Z.; Tian, Y.; Ou, S. Y.; Gu, Q.; Shang, J. Direct air capture of
CO2 by metal cation-exchanged LTA zeolites: Effect of the charge-to-
size ratio of cations. AIChE J. 2023, 69 (8), No. e18139.
(91) Najafi, A. M.; Soltanali, S.; Ghassabzadeh, H. Enhancing the
CO2, CH4, and N2 adsorption and kinetic performance on FAU
zeolites for CO2 capture from flue gas by metal incorporation
technique. Chem. Eng. J. 2023, 468, No. 143719.
(92) Lee, K.-M.; Lim, Y.-H.; Park, C.-J.; Jo, Y.-M. Adsorption of Low-
Level CO2 Using Modified Zeolites and Activated Carbon. Ind. Eng.
Chem. Res. 2012, 51 (3), 1355−1363.
(93) Ahmad, K.; Mowla, O.; Kennedy, E. M.; Dlugogorski, B. Z.;
Mackie, J. C.; Stockenhuber, M. A Melamine-Modified β-Zeolite with
Enhanced CO2 Capture Properties. Energy Technol. 2013, 1 (5−6),
345−349.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05487
ACS Omega 2024, 9, 45926−45942

45942

https://doi.org/10.1039/C6CP02443B
https://doi.org/10.1039/C6CP02443B
https://doi.org/10.1021/je9702100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je9702100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je9702100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.egypro.2017.03.929
https://doi.org/10.1016/j.egypro.2017.03.929
https://doi.org/10.1016/j.egypro.2017.03.929
https://doi.org/10.1016/j.micromeso.2020.110632
https://doi.org/10.1016/j.micromeso.2020.110632
https://doi.org/10.1016/j.micromeso.2020.110632
https://doi.org/10.1016/j.proeng.2016.06.521
https://doi.org/10.1016/j.proeng.2016.06.521
https://doi.org/10.1021/ef020135l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef020135l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3014133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3014133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcou.2022.102296
https://doi.org/10.1016/j.jcou.2022.102296
https://doi.org/10.1016/s0003-2670(01)85391-5
https://doi.org/10.1016/s0003-2670(01)85391-5
https://doi.org/10.1039/C8RA09200A
https://doi.org/10.1039/C8RA09200A
https://doi.org/10.1039/C8RA09200A
https://doi.org/10.1007/s42452-020-2968-9
https://doi.org/10.1007/s42452-020-2968-9
https://doi.org/10.1007/s42452-020-2968-9
https://doi.org/10.1021/acs.iecr.8b03958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b03958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b03958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1387-1811(99)00019-0
https://doi.org/10.1016/S1387-1811(99)00019-0
https://doi.org/10.1016/S1387-1811(99)00019-0
https://doi.org/10.1016/j.clay.2022.106638
https://doi.org/10.1016/j.clay.2022.106638
https://doi.org/10.1016/j.jhazmat.2011.11.091
https://doi.org/10.1016/j.jhazmat.2011.11.091
https://doi.org/10.1021/ja309274y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja309274y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm404028f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm404028f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm404028f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ceat.201700188
https://doi.org/10.1002/ceat.201700188
https://doi.org/10.1002/aic.18139
https://doi.org/10.1002/aic.18139
https://doi.org/10.1002/aic.18139
https://doi.org/10.1016/j.cej.2023.143719
https://doi.org/10.1016/j.cej.2023.143719
https://doi.org/10.1016/j.cej.2023.143719
https://doi.org/10.1016/j.cej.2023.143719
https://doi.org/10.1021/ie2013532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie2013532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ente.201300027
https://doi.org/10.1002/ente.201300027
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

