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Abstract 

Global warming issues are exacerbated with the ever-increasing concentrations of CO2 in the 

atmosphere. For quite some time, considerable efforts have been directed to suppress this 

challenging issue. The ever-increasing atmospheric CO2 concentrations caused by human activity 

have prompted researchers to develop and apply separation processes to reduce CO2 emissions 

from large-point emitters. Among alternate separation technologies, the adsorption-based 

processes are viable and promising options.  

The Ph.D. thesis research works involved the adsorption-based gas adsorption with Zeolite-Y as a 

support material. The zeolites are inorganic crystals with uniform pores of molecular dimension. 

Thereby, they have numerous applications in terms of adsorption, purification, separation, and 

pollution control. Various industrial applications utilize zeolites and this is due to their superior 

cation-exchange ability, catalytic capabilities, and molecular sieve.  

The adsorption characteristics of modified Zeolite-Y adsorbents have been extensively studied in 

this Ph.D. thesis. The gases deployed were carbon dioxide (CO2), methane (CH4), and nitrogen 

(N2). Due to its good performance, the Zeolite-Y adsorbent was eventually modified with the 

amines or cations and the loaded adsorbents being achieved with the impregnation method 

demonstrated their efficacy in terms of the carbon dioxide adsorptive capacity.  

The thesis research work constitutes four hierarchical phases or parts. The first part of the 

conducted studies focused on converging upon the identification of the best commercial adsorbent 

as a support material among three chosen alternate commercial zeolites (Zeolite-Y, Beta, and 

ZSM-5). The best support was identified in terms of the highest carbon dioxide adsorption capacity 

which is being conducted through the gravimetric analysis. Thereafter, in the second part of the 
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study, the best-performing Zeolite-Y has been loaded with monoethanolamine, diethanolamine, 

and triethanolamine. Thereafter, the ability of the functionalized zeolites was assessed in terms of 

their ability to adsorb carbon dioxide. Further characterization such as XRD, BET, FTIR, and 

FESEM were also conducted to corroborate the measured adsorption capacities with the 

morphological analysis. Adsorbents containing 1, 5, and 10 wt.% amine groups have been shown 

to adsorb carbon dioxide between 1.14 and 2.26 mmol g-1 at 303 K up to 1 bar. The gas (CO2, CH4, 

and N2) adsorption studies were conducted on optimized material According to a thermodynamic 

perspective, the experimental results for CO2 adsorption were well concordant with the Virial 

adsorption isotherm. The Ideal Adsorbed Solution Theory (IAST) was utilized to determine the 

selectivity of 5 mol% of CO2 for CO2/CH4 and 13 mol% of CO2 for CO2/N2 at 303K for optimized 

material. The cyclic adsorption-desorption study (up to 4th cycles) of MEOH5 has performed well. 

This affirmed that the adsorbent may be used for longer-term processes and without major 

adsorption capacity loss. In summary, among the considered synthetic amine-loaded adsorbents, 

it was found that the monoethanolamine-loaded Zeolite-Y is a promising adsorbent for carbon 

dioxide adsorption applications.  

The third part of the research involved the synthesis and characterization of cation-loaded Zeolite-

Y sorbents and the subsequent assessment of their potential for enhanced CO2 capture.  The 

synthesized adsorbents were characterized through FTIR, XRD, BET, TEM, and XPS. The 

characterization assessments were conducted for the wet impregnation-based lithium or sodium or 

potassium cations-loaded Zeolite-Y adsorbents (5 wt.% loadings). Thereafter, gravimetric analysis 

was conducted for the evaluation of the best adsorbent. Adsorbents containing cations have been 

shown to selectively adsorb CO2 to CH4, and N2 in the temperature range of 303-343 K and up to 

1 bar pressure. It was assessed that the higher basicity enhanced gas adsorption capacity (i.e. Li+ 
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< Na+ < K+). The modeling studies showed that the Viral adsorption isotherm model is the best fit 

for CO2 and Langmuir is the best fit for CH4 and N2 adsorption. The heat of adsorption is higher 

for CO2 in comparison to the CH4 and N2. This is due to the higher quadrupole moment and 

polarizability. The selectivity prediction of CO2 gas from IAST for two binary gas mixtures 

(CO2/CH4 and CO2/N2) was also addressed in the temperature range of 303-343 K. The KYZC 

exhibited the highest CO2 uptake (2.89 mmol g-1) among all synthesized adsorbents and relatively 

superior CO2 sorption capacity with respect to both CH4 and N2 at 303 K and 1 bar process 

conditions.  

The fourth and final part of the Ph.D. thesis work involved the examination of the influence of 

several parameters such as loading, temperature, and pressure for the potassium-loaded zeolite 

sorbent. The K2CO3-impregnated Zeolite-Y adsorbents were characterized by FTIR, XRD, TGA, 

BET, FETEM, and XPS. The synthesized adsorbents were assessed for their adsorptive efficacy 

for three alternate gases (CO2, CH4, and N2). It was assessed that a variation in K2CO3 loading 

from 5-15 wt.% did result in a reduced CO2 adsorption capacity from 3.61-1.73 mmol g-1. The 

modeling studies were conducted. Thereby, it was affirmed that the Virial adsorption isotherm 

model has been the best fit for CO2 adsorption and the Langmuir adsorption isotherm model is the 

best fit for CH4 and N2. The equilibrium modeling studies also conveyed that the K2CO3-loaded 

adsorbent is economically feasible for commercial carbon dioxide capture applications as the 

sorbent is stable and optimally loaded with potassium-carbonate. Based on the experimental 

single-component adsorption isotherms, the Ideal Adsorbed Solution Theory (IAST) was utilized 

to determine the selectivity of 5 mol% of CO2 for CO2/CH4 (selectivity = 280) and 13 mol% of 

CO2 for CO2/N2 (selectivity = 6) at lower pressure. Such investigations were conducted in the 303-

343 K temperature range up to 1 bar to mimic the condition of natural gas and flue gas streams. 
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The KYZC10 exhibited excellent cyclic (up to 8th cycles) adsorption-desorption performance and 

thermal stability among all synthesized materials.  

The novelty of the PhD research works is in the dual approach based on carbon dioxide adsorption 

capacity enhancement. This has been addressed for the Zeolite-Y through the dual role of 

carbonate loading and cation exchange in the cation-loaded carbonate exchanged Zeolite-Y 

adsorbent. Such adsorbent’s performance has been assessed in the PhD thesis to be superior to 

even the best amine-functionalized Zeolite-Y sorbent. Thus, the thesis research work is 

distinguished in terms of the development and comparative assessment of two distinct types of 

adsorbents i.e. amine-functionalized Zeolite-Y and cation-loaded carbonate exchanged Zeolite-Y. 

Thus, the utility of carbonates in cation exchange-based sorbents not only significantly propels 

CO2 adsorption capacity but also provides a cost-effective alternative to the expensive amines that 

are traditionally used in industrial applications. The demonstrated innovative strategy for the 

cation-loaded carbonate exchanged zeolite provides an innovative strategy for large-scale carbon 

capture's practical, viable, and economical solution. Further efforts in this direction can be 

conveniently targeted through the advances in materials science and engineering approaches. 

Accordingly, versatile and highly efficient sorbents for CO2 capture in various applications can be 

sought and realized. 
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CHAPTER 1 

Introduction, Literature Review, and Objectives 

In the past three decades, porous materials have captured the interest of chemists, physicists, and 

material scientists. This is due to their versatile applications in key areas such as adsorption, 

separation, purification, and catalysis. Such materials' ability to interact with gases and liquids at 

the molecular level makes them particularly valuable for industrial applications. Despite extensive 

research, synthesizing novel porous materials and evaluating their performance in these 

applications remain vital areas of scientific inquiry. This chapter details a comprehensive 

overview of carbon capture and storage (CCS) methods. The emphasis is on adsorption and 

developing industrially relevant adsorbents for CO2 capture from flue and natural gases. Such 

details underscore the significance of research targeted in the Ph.D. thesis and the development 

of novel adsorbents customized for enhanced CO2 adsorption. The chapter also outlines the key 

objectives of this work. These include the synthesis, characterization, and evaluation of the gas 

adsorption performance of the synthesized adsorbents. Relevant knowledge gaps in the mentioned 

research sub-themes have been detailed to coverage upon the objectives being set and stated in 

the last but one section of this chapter. Such discussion laid the groundwork for the detailed 

investigations and the findings elucidated in the subsequent chapters of the Ph.D. thesis. 

 

Carbon dioxide (CO2), the well-known and prominent greenhouse gas with ever-increasing 

atmospheric concentration, contributes to global warming, ice caps melting, and extreme weather 

events. Carbon capture and storage (CCS) technologies minimize such adverse effects. This is 

achieved through the capture of emissions from industrial sources. Among CCS technologies, 

adsorption is an effective process for the entrapping of CO2 molecules onto solid materials called 

adsorbents. In the due course of adsorbent selection, several factors such as surface area, pore size 

distribution, and selectivity for CO2 to other gases shall be considered. To date, notable adsorbents 

for CO2 separation are well-known as activated carbon, metal-organic frameworks (MOFs), and 
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zeolites. Among these, adsorbents such as zeolites have outstanding performance. This is due to 

their high adsorption capacity, robust structural integrity, and ability to be engineered at the 

molecular level to enhance CO2 selectivity and adsorption capacity. Thus, zeolites serve as a potent 

material for the mitigation of global warming effects due to their unique aluminosilicates-based 

microporous structure. 

1.1 Orientation 

1.1.1 Impacts of Global Warming 

Global warming is potentially contributed by the serious issue of the ever-increasing CO2 

emissions in the environment. Thereby, the greenhouse effect occurs in which water vapor, carbon 

dioxide (CO2), methane, and other such atmospheric gases absorb the outgoing infrared radiation. 

Thus, to counter this effect, it is important to reduce CO2 emissions through environmentally 

friendly and cleaner industrial processes [1]. 

1.1.2 Modes of Carbon Capture and Storage Systems 

The CCS systems simultaneously reduce CO2 emissions, mitigate global climate change, enhance 

feasible for large-scale CO2 sources, and reduce excess CO2 in the atmosphere while providing 

society with a low-emission energy source, prioritizing efficient, environmentally friendly, and 

cost-effective energy systems [2]. As depicted in Figure 1, the CCS involves the sequestration of 

CO2 emissions. Such an option eliminates the release of CO2 emissions into the environment. 
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Figure 1.1: Schematic diagram depicting carbon capture, and storage (CCS) technology. 

The most common technologies for CO2 capture are post-combustion, pre-combustion, and oxy-

fuel. CCS is essentially a technology that captures CO2 and represents 70-80% of its overall costs. 

Various factors influence the selection of capture technology [3]. Notable among these are the 

state of the maturity or development of the technology, the contextual application, customization 

to an existing facility, retrofitting ability, and capital and operating costs [4]. 

Among the above-mentioned technologies, post-combustion CO2 capture has been proven to be 

convenient from the perspectives of compatibility with existing infrastructure, flexibility, proven 

effectiveness, ease of integration, and lower initial investment costs. 

1.1.3 Post-combustion methods 

The post-combustion CO2 capture technologies have been developed from the point sources. Based 

on their process mechanism, these processes are generally classified into absorption, adsorption, 
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membrane separation, cryogenic distillation, and chemical looping technologies. Among these 

alternate technologies, the usage of solid adsorbents for adsorption is considered to be a very 

promising choice. This is due to lesser energy requirements and retrofitted easily to existing plants. 

Adsorption is a straightforward method for the selective removal of process gases. Adsorption-

based CO2 capture is favorable due to its beneficial aspects such as quicker adsorption, higher 

capacity for CO2 uptake, appropriately good selectivity, stability, and recycling ability. Other 

promising aspects include lower heat capacity, mitigation or no production of liquid waste, and 

the ability to operate over a wider range of temperatures [5]. 

1.1.4 Introduction to Adsorption 

Adsorptive separation facilitates the separation of a gaseous mixture through the working principle 

of the variant adsorption and desorption properties of the gaseous constituents. Adsorption refers 

to the selective separation of ions, atoms, or molecules of a liquid, gas, or dissolved solid onto the 

surface of a material. While the ions, atoms, or molecules that are attached to the surface of 

materials form a layer and are referred to as adsorbate, the material to which they get attached to 

the surface of materials is referred to as adsorbent. The desorption is the opposite or reverse 

reaction of adsorption. In an adsorbent material, the atoms on the surface are different from those 

inside the bulk of the material. Surface atoms are exposed and not surrounded by other atoms or 

molecules like inside the material. This lack of surrounding atoms leaves these surface atoms with 

unsatisfied or unbalanced forces, making them more reactive or capable of interacting with other 

substances. Because these surface atoms have these unsatisfied bonds or forces, they can attract 

and hold onto molecules (like gases or liquids) that come into contact with the surface. This is the 

basic mechanism of adsorption, where molecules from a fluid phase (gas or liquid) adhere to the 
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surface of a solid (the adsorbent). Instead, adsorption creates surface energy through the 

satisfaction of the bonding needs of the adsorbent with the adsorbate entities or atoms [6]. Such a 

bonding is dependent upon the involved species. In the physisorption process, the adsorption 

occurs physically through the weak van der Waals forces. On the other hand, chemisorption 

involves both covalent bonding and electrostatic attraction as the principal mechanisms of 

adsorption. 

The CO2 adsorption process involves selective adsorption of CO2 onto a solid surface. 

Subsequently, the spent adsorbent can be regenerated through either pressure reduction or 

temperature enhancement. Accordingly, either physical or chemical adsorption or both can occur. 

In the physical adsorption process, physical sorbents and inorganic porous materials (e.g., 

carbonaceous materials and zeolites) consume less energy than that consumed by the chemical 

sorbents. Since no new bond is formed between the sorbate and sorbent, much less energy is 

required for CO2 regeneration. Chemical adsorption in carbon capture or separation is mostly 

carried out through the chemical interactions that alter existent molecular structures through the 

interaction with CO2. The spent adsorbent can be regenerated through the elevation of temperature 

[7]. 

1.1.5 General characteristics of adsorbents 

The selection of the right adsorbent for a contextual and customized application is tedious and 

difficult. Several factors such as the application, process design, desired performance, and location 

of the gaseous path in the capture technique are not able to ascertain upon the right choice of an 

adsorbent. Thus, it is vital to ensure that the adsorbent for CO2 capture has specific desirable 

qualities. These are briefly stated as follows: 
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a. Good performance: The sorbent should be able to achieve CO2 separation in the 

temperature window and pressure range of the intended application. For instance, in the case of 

post-combustion CO2 capture, the sorbent should capture CO2 from the flue gas that constitutes 

a low concentration of CO2 (13-15 wt.%) at atmospheric pressure and a temperature lower than 

50°C. To achieve separation, some conventional CO2 separation processes might require 

compression of the entire process stream. Often, sorbents with a wide range of tunable 

properties are desirable as they could be tailored and customized to appropriately fit various 

operating environments. 

b. High working capacity: In general, for a given throughput, high working capacity reduces 

the required volume of sorbent. This in turn reduces sorbent bed height and related equipment 

size, capital costs, and energy requirements. A sorbent with a steep adsorption isotherm 

ascertains a specified working capacity system for the lowest pressure or temperature swing. 

Henceforth, it is promising due to the lowest energy penalty. 

c. High selectivity: The high selectivity for CO2 to other CCS-relevant gases is essential for 

an efficient adsorption/desorption cycle. Thus, the selectivity determines the purity of the 

produced CO2-enriched stream. This in turn plays an important role in CO2 transportation and 

storage economics. Further, pre-treatment processes are also important to eliminate impurities. 

This often requires additional equipment and would henceforth increase capital and operating 

costs. 

d. Dimensionless breakthrough time: The selectivity and working capacity metrics do not 

go hand in hand. Henceforth, a new metric called dimensionless breakthrough time (tbreak) has 

been proposed. Thereby, the parameter combines both selectivity and working capacity. It is 
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more useful for sorbent evaluation in pressure swing adsorption (PSA) units. For an adsorbent, 

a high value of tbreak is desirable as it reduces the frequency of the required regeneration. 

Breakthrough time (tbreak) is the time taken for the concentration of adsorbate (e.g., CO2) at the 

outlet of an adsorption column to reach a predefined threshold, making it a critical metric for 

evaluating adsorbent performance. It depends on adsorption capacity, which determines how 

much gas the adsorbent can retain, and selectivity, which indicates the adsorbent's preference 

for the target gas in a mixture. Higher adsorption capacity and selectivity both extend tbreak, as 

more adsorbate is retained, and competition from other gases is reduced. The formula for tbreak 

encapsulates these dependencies and is grounded in mass transfer and adsorption kinetics, often 

modeled using isotherms (e.g., Langmuir, Freundlich) and transport equations, with inputs like 

equilibrium data, IAST-predicted selectivity, and column flow rates. The dimensionless 

breakthrough time, tbreak, is calculated as: 

𝑡𝑏𝑟𝑒𝑎𝑘 = 𝑓(𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦, 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦) 

where f represents a functional relationship that accounts for the simultaneous influence of 

selectivity and adsorption capacity on the breakthrough behavior of the sorbent. 

The tbreak is a practical metric for PSA processes as it directly reflects the time taken for the 

adsorbed gas to breakthrough the adsorbent under operating conditions. A higher tbreak indicates 

better performance, as it reduces the frequency of regeneration cycles. Thereby, improved 

process efficiency and reduced operational costs can be facilitated. 

Through the combination of selectivity and adsorption capacity into a single metric, the tbreak 

provides a holistic evaluation of the adsorbent’s suitability for PSA applications. It addresses 

the limitations of the independent utility of selectivity and adsorption capacity, as these metrics 

often optimize at different points for a given adsorbent. A high tbreak is desirable as it implies 
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enhanced adsorption efficiency due to high selectivity and extended operational time between 

regeneration cycles due to high adsorption capacity. 

e. Regeneration energy: The spent adsorbent regeneration process must be energy efficient. 

Therefore, CO2 capture can be facilitated through appropriate cost-reduction strategies. For 

spent sorbent regeneration, several techniques including pressure swing adsorption (PSA), 

vacuum swing adsorption (VSA), thermal swing adsorption (TSA), electric swing adsorption 

(ESA), pressure-vacuum swing adsorption (PVSA), pressure-thermal swing adsorption 

(PTSA), and vacuum-temperature swing adsorption (VTSA) are available. It is vital to take into 

account both the regeneration energy and the costs of generated compressed CO2 for the 

selection of a particular regeneration technique. Further, the regeneration conditions will 

significantly affect material performance, stability, lifetime, and sorbent make-up rate. 

Materials with high CO2 loading (L), low specific heat capacity (CS), and lower heat of 

adsorption (Qr) can lead to the desired lower regeneration energy (as in the TSA case). 

However, the trade-off between CO2 loading (L) and the heat of adsorption (Qr) necessitates 

upon a finer balance. 

f. Reaction kinetics: The working capacity in a dynamic system is a function of adsorption 

rate and equilibrium capacity. Henceforth, fast reaction kinetics lead to a more efficient capture 

technology for a post-combustion flue gas being characterized with a large volumetric flow 

rate. This minimizes the required sorbent quantity. Besides, it also controls the cycle time of a 

fixed-bed adsorption system. However, there will always be a trade-off between adsorption 

kinetics and regeneration energy. Henceforth, process design studies prompt upon the careful 

consideration of alternate options. 
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g. Mechanical strength: In the multicycle operation, the sorbent bed configuration such as 

circulating fluidized bed and severe operating conditions may cause appreciable attrition and 

disintegration of sorbent particles. Henceforth, sorbents should exhibit microstructural and 

morphological stability for the ascertaining of non-depreciable working capacity and high 

kinetics. This is essential to minimize the sorbent makeup rate and to ascertain upon the cost-

effectiveness of the CO2 capture process. Besides, they should also have adequate mechanical 

strength and ability to transform into pellets or beads. 

h. Chemical stability/tolerance to impurities: The adsorbent must be tolerant to impurities 

that exist in the gas stream. Impurities can significantly reduce the CO2 sorption capacity and 

can even degrade the sorbent crystal structure. A sorbent's ability to capture CO2 can be 

negatively affected by moisture (water vapor). When moisture is present, it can occupy the 

active sites on the sorbent surface that would otherwise be available for CO2, leading to a 

reduction in CO2 adsorption capacity. 

i. Cyclic stability: The lifetime of adsorbents, which determines the frequency of their 

replacement, has a significant influence on the economics of any commercial-scale adsorptive 

operation. Thus, the ideal sorbent should exhibit excellent cyclic stability [8]. 

1.1.6 Adsorbents for CO2 Capture 

For an adsorbent to be a suitable option for carbon capture and storage, it must meet certain 

important criteria. These include large surface area (500–1500 m2g-1), high porosity (0.3–1.5 cm3g-

1), minimal thermal degradation (up to 300–800°C), chemical stability (stable in mildly acidic to 

neutral environments), a strong ability to selectively capture carbon dioxide (>100 or higher), low 

synthesis costs (<$5–10/kg), and a suitable loading capacity (2-6 mmol g-1). To date, several 

alternate adsorbents have been synthesized for carbon capture and sequestration. These primarily 
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refer to zeolites, activated carbons, metal-organic frameworks, and covalent organic frameworks. 

Below, a brief account of these adsorbents has been presented. 

Zeolites 

Zeolites are aluminosilicates and constitute a framework composed of interconnected SiO4 and 

AlO4 tetrahedra that form a three-dimensional structure. The inclusion of Aluminium (Al3+) 

ascertains a negative charge in the zeolite system. This is due to the difference in the valence states 

of silicon and aluminum.  In such a Zeolite framework, silicon (Si4+) atoms are partially replaced 

by aluminum (Al3+) atoms. Such a substitution reduces the overall positive charge at that site as 

aluminum has one positive charge lower than silicon Thus, each substitution of Si4+ with Al3+ 

introduces a net negative charge (−1) in the framework. Such a charge imbalance is inherent to the 

structure and shall be optimized to maintain the stability of the Zeolite framework. To do so, the 

negative charge is compensated with the added (exchanged) cations into the Zeolite pores. Due to 

being weakly bound, the cations do have a significant role in the adsorption processes, especially 

for acidic gases such as CO2. The negative charge in the framework enhances the electrostatic 

interaction between the framework and acidic gases such as CO2. Thus, the exchangeable cations 

further strengthen the pertinent interactions and render the zeolites to function as effective 

adsorbents [9]. The CO2 adsorption in the zeolites occurs primarily through the aluminum 

constituent in the silicate structure. The introduction of aluminum results in a negative charge in 

the structure. This is balanced with exchangeable cations, such as alkali metals, in the pores. These 

alkali cations allow zeolites to adsorb acidic gases such as CO2. Further, it is preferable to have a 

low silicon (Si) to aluminum (Al) ratio (between 2 and 5) for the enhanced cation numbers in the 

system The inclusion of Al3+ in the zeolite structure is fundamental to its adsorption characteristics. 
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This is due to the aluminum cation creating a capable charged framework for electrostatic 

interactions. The resultant negative charge is a direct consequence of the lower valence of Al3+ in 

comparison to the Si4+.  Eventually, it is balanced with the cations in the pores. The charge 

imbalance is central to the good ion exchange capacity and adsorption behavior of the zeolites 

[10]. 

Activated carbon 

Carbon-rich materials, such as those with well-organized porosity and carbon networks, are treated 

with activated carbon. High surface area, well-organized macro-, meso-, and micropores, and a 

variety of chemical functional groups on the surface of the sample render their suitability for a 

wide range of applications. Despite certainly affirming such benefits, significant alternatives need 

to be explored due to the alterations in the pore distribution, pore structure, and pore size. Such 

features are due to the wider range of the starting materials. As a result, the adsorbent performance 

frequently alters among various alternate activated carbon sorbents. To further enhance their CO2 

adsorption performance, carbon molecular sieves and carbon nanotubes have been developed as 

new-generation adsorbents [11]. 

Metal-organic frameworks (MOFs) 

A developing type of microporous crystalline structure known as a metal-organic framework 

constitutes molecules with core cations being connected with the organic linkers, or ligands. 

Thereby, a three-dimensional structure is formed for desirable efficacy towards gas storage, 

nonlinear optics, CO2 separation, and catalysis. With proven utility, the MOFs have gained their 

late prominence in the application domain. Since MOFs can be easily tuned for pore size and 

topography, they are of greater interest as CO2 adsorbents [12]. 
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Covalent-organic frameworks (COFs) 

Constituting highly porous polymers, the COFs are crystalline with organic components being 

connected with covalent connections through the π-structure forms. Thus, the COFs have 

adaptable constituent materials that can be tailored to alter pore size and thermal and chemical 

stability parameters. Accordingly, with a high surface area, and good structural density, the COFs 

can be variegated to adopt tunable functional group alternations. They also follow a repeating 

pattern of the organic constituents [13]. 

On the other hand, the adsorption of CO2 through zeolites is an excellent option for post-

combustion gas streams. This is due to their favorable kinetics and capacities under moderate 

operating environments or processes. However, while deploying zeolites, the flue gas stream must 

be eliminated with contaminants such as NOx, SOx, and H2O. Thereby, the best adsorbent 

performance can be ascertained. In other words, pre-treatment is mandatory for such adsorbents. 

1.1.7 Zeolite as a promising CO2 capture adsorbent 

In comparison to other materials, zeolites are often considered to be superior adsorbents for carbon 

dioxide (CO2) adsorption. This is due to their unique properties. Under moderate working 

circumstances, zeolites exhibit a high adsorption capacity. Zeolites exhibit very fast CO2 

adsorption rates. Thus, they enable the equilibrium state within very little time (a few minutes). 

With strong mechanical and cyclic stability, they can be transformed into granules, spheres, and 

extrudates. All major factors namely basicity, pore size, and the strength of the electric field 

generated by the exchangeable cations in the zeolites' cavities do significantly influence their 

sorption characteristics. During active adsorption, basicity is created along with an electric field in 
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the cavities. Through the enhancement of the electron density of the oxygen framework, the 

fundamental characteristics of zeolites being brought about by the cations enable a strong 

capitalization of acidic molecules [14]. Other key reasons for the consideration of zeolites for CO2 

capture are as follows: 

a. Highly Ordered Porous Structure: Zeolites have a well-defined crystalline structure with 

uniform and highly ordered micropores. This facilitates precise control over pore size and shape. 

Such features are highly desired feature for the selective adsorption of CO2 molecules. The 

consistent pore size distribution enhances the efficiency and capacity of CO2 adsorption. 

b. High Surface Area: The extensive internal surface area provided by the microporous 

structure of zeolites offers numerous active sites for CO2 adsorption. Such a high surface area 

enhances the amount of CO2 being adsorbed per unit mass of the zeolite. 

c. Selectivity for CO2: Zeolites exhibit excellent selectivity for CO2 with respect to other 

gases such as nitrogen (N2) and methane (CH4). This selectivity is due to the specific interactions 

between CO2 molecules and the framework of the zeolite. These interactions refer to electrostatic 

forces, van der Waals interactions, and at times chemical interactions with cations within the 

zeolite structure. 

d. Thermal and Chemical Stability: From both thermal and chemical stability perspectives, 

zeolites are promising for application in a wide range of operating conditions. They can also 

withstand high temperatures and are resistant to degradation by various chemicals. This ensures 

long-term performance and durability in CO2 capture processes. 

e. Regenerability: Zeolites can be easily regenerated through the temperature swing 

adsorption (TSA) or pressure swing adsorption (PSA) processes. Such a promising regenerability 

feature allows for multiple cycles of adsorption and desorption without significant performance 
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loss. This renders the zeolites to be a cost-effective choice for continuous CO2 capture 

applications. 

f. Hydrophilic Properties: Many zeolites possess hydrophilic properties. For this reason, 

they are beneficial to capture CO2 from humid gas streams. The ability to adsorb water alongside 

CO2 can be beneficial in certain applications. However, such a property may also demand careful 

management strategies for the prevention of competitive adsorption. 

g. Availability and Customizability: With their relative abundance, the zeolites can be 

synthesized with various compositions and with properties tailored to specific applications. Such 

a versatility of the features facilitates the optimal design of zeolites with the best performance 

characteristics for CO2 capture. For example, the tuning of the Si/Al ratio in the zeolites adjusts 

its acidity and associated adsorption capacity.  

In summary, the combination of higher selectivity, excellent thermal and chemical stability, ease 

of regeneration, and economic viability renders zeolites to be one of the best adsorbents for CO2 

capture. 

1.2 Background for the Ph.D. thesis work 

In the past three decades, the research and development activity in the gas adsorption 

characteristics has been gaining significant attention. About one-fifth of air separation is presently 

carried out with the adsorption technologies. Adsorbent material performance is the most 

important factor for ascertaining the most efficient commercial separation and purification 

operations in a wider range of industries. While zeolites have been used for adsorption from the 

18th century, their utility for gas removal gained attention in the mid-20th century. Zeolites were 
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originally used in water softening and catalysis applications. However, in a short period, their 

potential for gas adsorption and purification has been demonstrated. 

Amine-loaded zeolites have been emerging as promising gas adsorbents, especially for CO2 

capture applications. With improved selectivity and lower energy requirements for regeneration, 

the systems are promising for the traditional CO2-capturing methods. Amine-loaded zeolites in 

industrial CO2 storage and mitigation contribute to the reduction of global warming and 

greenhouse gas emissions. Thus, amine-loaded zeolites could be effectively utilized for CO2 

capture. Accordingly, technological advances can be achieved for the reduction of the global 

warming effects of CO2. 

In addition, the ion-exchange properties of the zeolites enhance their ability to adsorb specific 

gases, as different cations within the structure do affect adsorption performance. Various zeolite 

types being developed with optimized pore structures and surface chemistries reflect upon their 

maximum effectiveness for the capture of greenhouse gases. 

In general, adsorption is primarily governed by the adsorption of high-binding energy sites and 

under pressure conditions. Furthermore, the adsorption characteristics of flexible adsorbents are 

also influenced by their structural configuration (i.e. their phase). Also, several physical properties 

of adsorbate, such as polarizability, polarity, and kinetic diameter have an important role in 

accelerating selective CO2 adsorption. The development of zeolite-based adsorbents with tailored 

structures for targeted applications necessitates a systematic investigation for greater insight into 

the role of adsorbate properties, adsorbent structure, pores, pore volume, and the availability of 

cavities and channels. 
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In the recent past, several studies have been addressed on the efficacy of amine-functionalized 

adsorbents for effective CO2 adsorption. A comparison of mesoporous adsorbents such as activated 

carbon, silica, alumina, and zeolites affirms that zeolites are promising candidates for CO2 capture. 

Zeolites exhibit unique features such as uniform pore sizes (typically ranging from 0.4 to 1.2 nm 

for microporous materials), strong selective adsorption capacities (e.g., CO2 adsorption capacities 

ranging from 0.04 to 2.11 mmol g-1 under specific conditions), excellent thermal and chemical 

stability (stability upto 700–800°C in some cases), and easy regeneration in multiple cycles.  

Limited research activity was devoted to the utility of cation-loaded adsorbents for CO2 adsorption 

and desorption. Thus, various alkali cation-loaded adsorbents can be prepared and assessed for 

their efficacy in terms of fabrication costs and CO2 capture performance. For this reason, it is 

important to conduct systematic studies on different types of adsorbents and for similar operating 

conditions. Their ability to adsorb CO2 can be assessed for their potential in terms of reusability 

and reduced processing costs. Zeolites loaded with alkali cations have recently received good 

attention for their sorption capacity to capture greenhouse gases [14].  

Also, presently, alkali carbonates are being used for CO2 capture in aqueous and dry conditions. 

The primary advantage of carbonate sorbents to amine-based sorbents is in terms of the lower 

energy requirement for spent sorbent regeneration [15]. Carbonates decompose at higher 

temperatures. This renders them to be suitable for multi-cycle CO2 capture processes [16]. Several 

factors contribute to the effective usage of alkali metal carbonates in CO2 capture systems. This 

includes higher absorption capacity, favorable thermodynamics, regenerability, cost-effectiveness, 

chemical stability, and operational versatility. All these properties render them to be suitable for 

enhanced CO2 capture technology efficiency and for pragmatic applications. Considering these 
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aspects, the Ph.D. thesis aims to assess upon the alternate cation-loaded zeolites, carbonate-loaded 

zeolites, and amine-loaded zeolites for CO2 sorption. Thereby, their performance shall be assessed 

and compared with the conventional sorption materials. Needless to say, the most competent and 

effective commercial zeolite must be chosen for the subsequent efforts. Henceforth, this shall be 

addressed as the first aim or goal of the PhD thesis. 

1.3 Prior art 

The prior art in the field of zeolites-based CO2 adsorption can be broadly categorized into four 

sub-themes namely identification of competent commercial zeolites based on CO2 sorption 

efficiency, performance assessment of amine-functionalized, cation-loaded, and cation-carbonate 

loaded zeolite sorbents. A brief account of these has been presented in the following sub-sections. 

1.3.1 Commercial zeolite performance for CO2 capture  

Microporous crystalline aluminum-silicate zeolites have been widely used for gas adsorption 

applications. Zeolites produce negative charges due to the substitution of silicon with aluminum 

in their frameworks. This can be compensated with the cations within their pore structures. 

Zeolites, with variegated performance, are the recommended choice for CO2 sorption from flue 

gas streams. This is dependent on several factors, such as their composition, framework structure, 

pore size distribution, shape, type of cations, and associated purity. Till date, several articles have 

been published for the assessment of the CO2 adsorption capacity of different types of zeolites. 

Choudhary et al. [17] studied the sorption isotherms of methane, ethane, ethene, and carbon 

dioxide on NaX (Si/Al: 1.3), NaY (Si/Al: 2.4), and NaM zeolites (Si/Al: 5.5) and with gravimetric 

sorption. The CO2 adsorption capacity of NaX, NaY, and NaM zeolites are in the range of 5-6 

mmol g-1, 3.5-6 mmol g-1, and 1.5-3.5 mmol g-1, respectively for the temperature and pressure 
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range of 305-353K and 0-200 kPa. While the Dubinin-Polanyi equation has been the best fit for 

the methane sorption data for all three zeolites, the Langmuir equation has been the best fit for the 

CO2 sorption data. No specific sorption equation fits with the sorption data of ethane and ethene 

in any of the three mentioned zeolites. Additionally, the isosteric heat of sorption for the sorption 

of methane, ethane, ethene, and carbon dioxide is strongly dependent upon sorbate types and 

zeolite sorbents. 

Gomes et al. [18] reported that the Zeolite 13X can efficiently separate CO2 from N2/CO2 mixtures 

(10 mol% CO2, 30 mol% N2, and balance Helium) with a packed bed column. The adsorption 

studies were performed in terms of both experimental and theoretical (binary-component 

simulation) investigations.   

Ko et al. [19] improved CO2 capture from a binary mixture of N2/CO2 (15% CO2 and balance N2) 

with the FVPSA (Fractionated Vacuum Pressure Swing Adsorption). The Langmuir adsorption 

isotherm parameters were determined from the experimental data. The high-temperature FVPSA 

exhibited good performance for the achievement of high purities (∼90%) and recoveries of both 

components. This was primarily achieved due to the characteristic features of the zeolite 13X and 

the adopted operating conditions. 

Harlick et al. [20] studied thirteen zeolite-based adsorbents in a packed column. The authors 

determined adsorption heats and Henry's Law constants (concentration pulse method) for CO2 in 

a balanced N2 atmosphere. The studied zeolites were 5A, 13X, NaY, NaY-10, H-Y-5, H-Y-30, H-

Y-80, HiSiv 1000, H-ZSM-5-30, H-ZSM-5-25-50, H-ZSM-5-80, and HiSiv 3000. The 

temperature and isotherm shape profoundly influenced upon the adsorbents' working capacity in 

the column. Temperature enhancement in the local column reduced the adsorption capacity of the 
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adsorbents. According to the reported experimental findings, the zeolite-based adsorbents had the 

heat of adsorption in the following order: 5A > 13X > NaY > NaY-10 > HiSiv 1000 > H-ZSM-5-

30 > HiSiv 3000 > H-ZSM-5-50 = H-Y-5 > H-ZSM-5-80 > H-ZSM-5-280 > H-Y-80 > H-Y-30. 

In the conducted study, the CO2 adsorption capacity (1.5-2 mmol g-1) of several adsorbents was 

evaluated in the pressure range of 0.001-1 atm. The findings were prominent for 13X, NaY, H-Y-

5, ZSM-5-30, and HiSiv 3000. Among these adsorbents, the 13X had the highest capacity (⁓1.8 

mmol g-1) at 1 atm to adsorb CO2. This is followed by NaY, H-ZSM-5-30, HiSiv 3000, and H-Y-

5. 

The relevant references in the thesis overview section refer to literature that reported commercial 

zeolite sorbents for CO2 capture. The available information in this prior art provides useful 

information and supports the discussion related to the selection and application of commercial 

zeolites in CO2 adsorption studies. Table 1.1 summarizes the carbon dioxide adsorption data for 

commercial zeolites and for alternate adsorption measurement methodologies. 

Table 1.1: A summary of CO2 adsorption data of the commercial zeolites at 1 bar pressure. 

Zeolite 

T  N  

Adsorption Methodology Reference 

(K) (mmol g-1) 

H-ZSM-5 313 1.08 Gas Chromatography [21] 

Beta 303 1.76 Volumetric [22] 

NaX 273 1.14 Volumetric [23] 

Zeolite-13X 298 2.27 Gravimetric [24] 

NaUSY 303 1.2 Gravimetric [25] 

Zeolite A 293 0.2 Volumetric [26] 
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1.3.2 Performance of amine-functionalized zeolites for CO2 capture 

For a long time, researchers investigated zeolites as an alternative option for CO2 capture from the 

flue gases. Despite affirming numerous advantages, zeolite-based sorbents suffer from drawbacks 

that may profoundly limit their practical usage in the industry. These are sensitivity to high 

temperatures and inhibition of CO2 adsorption under humid conditions. For this reason, few 

researchers modified zeolites with various amines. Till date, few articles investigated the sorption 

characteristics of amine-functionalized Zeolite-Y60 (AFZ). According to Jadhav et al. [27], the 

zeolite 13X was modified with monoethanolamine (MEA). A loading of 2, 10, and 50 wt% was 

considered for the impregnation method-based synthesis. The CO2 adsorption capacity was 

evaluated in a packed column and for a temperature range of 30-120ºC. The feed gas constituted 

15 vol% CO2 and 85 vol% He. 13X-MEA-10, with a 10 wt% MEA loading, demonstrated the 

highest breakthrough (BT) adsorption capacity of 44 mLg-1 (0.0019 mmol g-1) and surpassed the 

28 mLg-1 (0.0012 mmol g-1) capacity of unmodified zeolite 13X. This result indicated enhanced 

adsorption of the acidic gas CO2 and has been due to the introduction of basicity in various 

matrices. At 120°C, 13X-MEA-50, with a 50 wt% MEA loading, achieved the highest adsorption 

capacity of 14 mLg-1 (0.0006 mmol g-1) in comparison to 4 mLg-1 (0.00018 mmol g-1) for 

unmodified zeolite and 6.6 mLg-1 (0.0003 mmol g-1) for 13X-MEA-10. The increased adsorption 

capacity at 50% loading, despite the reduced pore volume and lower surface area, suggests the 

significance of a hybrid mechanism at higher temperatures. This is in contrast to the dominant 

physisorption at 30 °C. 

Asuldoss et al. [28] modified ZSM-5 with amine functional groups and with a wet impregnation 

method. The considered amine loadings varied as 20-60 wt%. The adsorption studies were 
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conducted at a temperature range of 65-75°C. The sorbents loaded with primary amines exhibited 

much lower adsorption capacities in comparison to those loaded with secondary and tertiary 

amines. Grafting with a less saturated amine might facilitate better CO2 adsorption. The study 

found that the TETA-modified ZSM-5 (40 wt%) exhibited the highest CO2 adsorption capacity 

(60 mg g-1 or 1.36 mmol g-1). On the other hand, the TEA-modified ZSM-5 sample exhibited the 

lowest CO2 adsorption (47 mg g-1 or 1.06 mmol g-1).  

Babaei et al. [29] synthesized a new Y-type zeolite with a Si/Al molar ratio of 2.5 (NaY). The 

sorbent was subsequently modified with 10 wt% amines and with the wet-impregnation method. 

Thereby, the pure CO2 (99.999%) adsorption capacity was measured volumetrically at 298 K and 

348 K. At 298 K, the modified zeolites exhibited lower adsorption capacities than the unmodified 

zeolites. This is likely due to physisorption being the predominant process at this temperature. 

Thus, the adsorption capacity is directly proportional to the adsorbent's surface area. Thereby, the 

feature elucidates upon the reduced adsorption capacity of the modified zeolites at 298 K and even 

in the presence of amines. However, at 348 K, the modified zeolites adsorbed more CO2. With an 

increase in the temperature, chemical reactions between the amino groups and CO2 occurred and 

thereby carbamate species were formed. Such a behavior suggests a strongly diffusion-controlled 

process. In this process, more internal sites can react with CO2 that diffuses into the particles. At 

lower temperatures, the slow diffusion of CO2 in amine-loaded adsorbents results in unusually 

lower uptake. However, at higher temperatures, the reaction kinetics improve and thereby increase 

the adsorption capacity. For CO2 capture from flue gas, which is at a higher temperature, it is 

important to achieve a high adsorption capacity. The amine-modified NaY zeolite exhibited 

promising results (CO2 adsorption capacity of unmodified zeolites as 73.51 mg g-1 or 1.67 mmol 

g-1 and that of modified zeolites as 92.90 mg g-1 or 2.11 mmol g-1 at 348 K). 
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Dinda et al. [30] used fixed-bed flow reactors for CO2 adsorption studies with a simulated gas 

mixture system (15 vol.% CO2, balance N2). Zeolites ZSM-5 (Si/Al: 30), Zeolite-Y, and Zeolite-

13X were used as support materials. To investigate the performance of the adsorbents for CO2 

adsorption in the temperature range of 25-60°C, four different types of amines (MEA, EDA, 

DETA, and TETA) were impregnated (5-40 wt.%) onto various support materials. Upto an amine 

loading of 30 wt%, the CO2 adsorption capacity increased, and thereafter, a decreasing trend was 

observed. Such reduction in CO2 capture capacity beyond 30% amine impregnation is due to pore 

blockage, which hinders CO2 molecules from gaining access to the active sites for adsorption. The 

CO2 uptake capacity of MEA-, EDA-, and DETA-loaded adsorbents decreased with increasing 

adsorption temperature. No significant alteration in adsorption capacity was observed for the 

MEA-loaded adsorbent. The highest CO2 uptake capacity for the EDA-impregnated adsorbent 

occurred at 25°C. For the DETA-impregnated adsorbent, the maximum adsorption capacity was 

at 30°C and for similar conditions. The TETA-impregnated adsorbent exhibited the highest CO2 

uptake capacity at 60°C. These results indicate that the maximum CO2 capture capacity shifts to a 

higher temperature for the case in which the number of amine groups increases in the homologous 

series (in this regard, it shall be noted that the EDA, DETA, and TETA contain two, three, and 

four amine groups, respectively). Thus, TETA-loaded adsorbents exhibit their maximum capacity 

at 50°C, and the 30-TETA-ZSM-5 sorbent has a capture capacity of 53 g of CO2 per kg or 1.20 

mmol g-1 of adsorbent. In the presence of amine compounds, more basic sites are available for the 

chemisorption of CO2. This observation corroborates with the surface area and pore volume 

analysis. 

Tejavath et al. [31] conducted CO2 adsorption studies on 40, 50, and 60 wt% amine-impregnated 

zeolite 13X, Zeolite 4A, and Zeolite 5A sorbents. For this purpose, 99.99% pure CO2 gas at 
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temperatures ranging from 25 to 100°C was assessed for the adsorption properties of four different 

amines (MEA, EDA, TEA, and DETA). The DETA-loaded Zeolite 13X adsorbent (40-DETA-

13X) exhibited the highest CO2 adsorption capacity (1.054 mmol g-1) in comparison to the 

adsorption capacity of Zeolite 13X (0.417 mmol g-1). The behavior of highly loaded adsorbents up 

to 75°C is primarily attributed to a diffusion-controlled mechanism.  Accordingly, the pores of 

zeolites are filled with the DETA and other amine moieties. This limits the porosity and enhances 

the availability of CO2 adsorption sites loaded with the amines. The CO2 adsorption capacities 

(40−60 wt%) of highly loaded adsorbents are associated with reduced diffusion resistance at higher 

temperatures. However, at approximately 100°C, the CO2 adsorption capacity reduces due to the 

exothermic nature of the reaction. The CO2 adsorption kinetics data were analyzed by comparing 

the data with the Lagergren pseudo-first- and pseudo-second-order models. This conveyed CO2 

adsorption capacities of 1.055 and 1.058 mmol g-1 and activation energies of 86 and 76 kJmol-1 for 

40 wt% DETA zeolite 13X, respectively. 

Table 1.2 summarizes the carbon dioxide adsorption data for various amine groups and various 

amine loading cases. 

Table 1.2: A summary of CO2 adsorption data of amine-functionalized zeolites at 1 bar and 348 

K. 

Zeolite 
Amine 

group 

Amine loading  N  

Reference 

(wt.%) (mmol g-1) 

NaY TEPA 50 2.11 [32] 

NaY DEA 50 1.77 [32] 

NaY 2-MAE 50 1.94 [32] 

Zeolite-13X DETA 40 1.05 [31] 
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Zeolite-13X TEA 40 0.11 [31] 

Zeolite-13X MEA 40 0.37 [31] 

Zeolite 4A TEA 40 0.37 [31] 

Zeolite 4A MEA 40 0.24 [31] 

Zeolite 5A TEA 40 0.24 [31] 

Zeolite 5A MEA 40 0.04 [31] 

 

1.3.3 Cation-exchanged and non-carbonate-loaded zeolites for CO2 capture 

The impregnation process for zeolite modification involves the replacement of the original cations 

in the structure with electropositive cations that enhance acidic gas adsorption. In addition, an 

exchange of the alkali metal ions results in a significant increase in CO2 adsorption. Thus, the 

cations that can be used for ion exchange reactions include H+, Li+, Na+, K+, Mg2+, Ca2+, Ba2+, 

Fe3+, and NH4+. These cations enhance CO2 adsorption through the alteration of the surface 

properties and structure of the zeolite. Various factors affect the ion exchange. These include the 

concentration, type, and time of exchanged cations.  

Walton et al. [33] investigated ion exchange on NaY (Si/Al: 2.35) and NaX (Si/Al: 1.23) zeolites 

and with alkali metal cations such as Li+, K+, Rb+, and Cs+. Gravimetric measurements of 

adsorption equilibrium data for pure CO2 (99.8%) on each material were conducted at 298 K and 

1 atm. The sodium forms were subjected to cation exchange with 1.0 molar chloride solutions of 

Li+, K+, Rb+, and Cs+. Thereby, the 1.0 M NaCl system was the control case. The conducted study 

represents the first examination of adsorption equilibrium isotherms and capacities of CO2 on the 

alkali metal series for both Y and X zeolites under mild conditions. Generally, it was observed that 

the monolayer capacity reduces with increasing cation size for both X and Y zeolites. Such a trend 
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suggests that the capacities are predominantly controlled by ion-quadrupole interactions. Also, 

steric factors restricted the acid-base effects. The highest CO2 adsorption capacity was achieved 

for Li-exchanged Zeolites NaX and NaY and about 5.7 mmol g-1 and 5.2 mmol g-1, respectively. 

Lithium cations, being the smallest among the studied alkali metal series, exhibit stronger ion-

quadrupole interactions. This is due to their larger charge density. This is even for the case 

considered to be the least basic among the ion-exchanged forms. 

Hudson et al. [34] considered SSZ-13 zeolites with SiO2/Al2O3 = 12, and a copper derivative with 

Cu2+/Al = 0.35 in their investigations. SSZ-13 is composed of a corner-sharing Al/SiO4 tetrahedral 

structure that forms double six-membered-ring cages. Thereby, the cages stack in an ABC-type 

sequence. These cages connect to form a cavity with 8-membered windows (consisting of 8 oxygen 

and 8 Si/Al) and with approximately 3.8 Å pore diameter. Such windows provide size exclusion 

for gas molecule adsorption. Low-pressure adsorption of carbon dioxide and nitrogen was studied 

in both acidic and copper-exchanged forms of the SSZ-13 adsorbent. For low gas coverage, the 

isosteric heat of adsorption for CO2 was found to be 33.1 kJmol-1 for Cu-SSZ-13 and 34.0 kJmol-

1 for H-SSZ-13. The study included an investigation of low-pressure CO/N2 sorption in these 

derivatives and henceforth provided deeper insights into site-specific adsorption properties. Such 

properties were accessed with neutron powder diffraction (NPD) and in combination with the in 

situ CO2 and N2 adsorption. At 1 bar and 298K, the maximum uptake was lower for the Cu2+-

exchanged derivative (3.75 mmol g-1 or 14.2 wt.%) and in comparison to the acidic form (3.98 

mmol g-1 or 14.9 wt.%). This is due to the fact that there is only one location for the copper cation 

in the host framework. The NPD data were collected at sequential in-situ loadings of 0.5, 0.75, 

1.0, 1.5, and 4.0 CO2 molecules per Cu2+ cation. These findings demonstrated that the supercage 

site can accommodate a maximum of approximately 4.5 CO2 molecules per Cu2+ or 12 wt.% CO2. 
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The NPD of CO2 loaded in H-SSZ-13 with 2.0 CO2 per H+ (about 3.0 CO2 per Cu2+) also exhibited 

CO2 adsorption at the window site. The case was similarly canted into the pore. In SSZ-13, while 

the 3.8 Å pore window is too small for easy diffusion of N2 (kinetic diameter 3.64 Å), the CO2 

(3.30 Å) can more freely diffuse into the pores. The ideal distance for adsorption in the window 

sites based on van der Waals radii leads to very high CO2 selectivity in SSZ-13. The use of Cu+ 

but not Cu2+ has been suggested to be the most advantageous choice, as a copper-cation-based 

zeolite should offer practical benefits. Cu-SSZ-13 has been inferred to be a separation material as 

water can significantly influence upon the overall uptake of the sieving media. 

Mortazavi et al. [35] modified clinoptilolite zeolite and through a straightforward method for an 

enhanced CO2 adsorption. Ion exchange through precipitation was employed to synthesize 

adsorbents such as clinoptilolite/Mg2+, clinoptilolite/Ca2+, and clinoptilolite/Li+. CO2 adsorption 

was evaluated with the volumetric method (25°C, 0-5 bar pressure range). For all cation-exchanged 

samples, the results demonstrated an enhancement in CO2 adsorption capacity and altered as 4-6 

mmol g-1 which is higher in comparison to the ⁓2 mmol g-1 of the pure zeolite. The adsorption 

isotherms exhibited the highest capacity for clinoptilolite/Li+. This is attributed to the high basicity 

of lithium and its small atomic radius. The higher capacity observed for clinoptilolite/Ca2+ in 

comparison to clinoptilolite/Mg2+ would have resulted from the greater initial relative amount of 

calcium to magnesium in the zeolite structure. 

Tobarameekul et al. [36] developed zinc-loaded NaY adsorbents with Zn loadings of 1, 3, and 5 

wt.% and with the ion exchange method. Na+ cations in the NaY zeolite structure can be readily 

replaced by other cations. These tend to balance excess negative charges. In this modification, two 

monovalent Na+ cations were replaced by a single divalent Zn2+ cation.  Thereby, the surface 
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charge characteristics were altered and this resulted in a higher surface area and an electric field 

gradient within the zeolite pores and frameworks. Such a modification enhanced the interaction 

between Zn2+ cations and CO2 molecules, and lead to stronger CO2 adsorption. The Zn/Y zeolites 

were tested in a packed bed reactor at various temperatures (373.15, 573.15, and 873.15 K) and 

CO2 flow rates (1, 3, and 5 Lh-1) and at 1 atm pressure. For the 5 wt.% Zn loading case, the 

maximum CO2 adsorption capacities observed were 9.37 mmol g-1 and 8.99 mmol g-1 for zeolites 

derived from bagasse ash and rice husk ash, respectively. The results demonstrated that the 

enhanced Zn loading from 1 to 5 wt.% did enhance the CO2 adsorption capacity. This is attributed 

to improved physical properties, such as the increased surface area and total pore volume. Such an 

effect subsequently enhanced the number of desorption sites. The highest CO2 adsorption capacity 

for the bagasse ash-derived zeolite (5 wt.% Zn) was 9.45 mmol g-1 at 373.15 K. The study also 

indicated that the CO2 adsorption capacity was reduced at higher adsorption temperatures. The 

lower temperatures favored physical adsorption in comparison to chemical adsorption. At a CO2 

flow rate of 1 Lh-1, the maximum adsorption capacities of the zeolites developed with bagasse ash 

(5 wt.% Zn at 373.15 K) and rice husk ash (5 wt.% Zn at 573.15 K) were 10.33 mmol g-1 and 9.91 

mmol g-1, respectively. Furthermore, CO2 adsorption at a flow rate of 1 Lh-1 was more than 0.25 

times higher than the value assessed at 5 Lh-1. The lower flow rates resulted in sustained CO2 

adsorption for the experimented operating time case.  However, the higher flow rates increased the 

outflow CO2 concentration and significantly reduced the total adsorption operating time. The 

longer residence time at a flow rate of 1 Lh-1 allowed more time for CO2 molecules to bind. This 

resulted in enhanced CO2 uptake. 

Jin et al. [37] used NaX zeolite (Si/Al: 2.3) for cation exchange with a 1 mol/L LiCl solution and 

with the precipitation method. Li+, being an alkali metal cation with a smaller radius than Na+, has 
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a higher electrostatic surface charge accumulation. Therefore, Li+ can generate stronger 

electrostatic interactions with CO2 and N2 molecules, which have quadrupole moments. The 

polarizability of cations is inversely proportional to their ionic radius. Henceforth, after cation 

exchange, the polarizability of the zeolite increases. This leads to an increased adsorption capacity. 

The CO2 adsorption process, whether in NaX or LiX, involves physical adsorption through 

microporous adsorption and quadrupole interactions between cations and CO2. The adsorbent can 

release the adsorbed gases during desorption. This operation allows the recycling and reduced cost 

of CO2 adsorption to a certain extent. The maximum adsorption capacities of CO2 for NaX and 

LiX zeolites were 5.04 mmol g-1 and 5.57 mmol g-1 at 298.15 K, respectively. The adsorption 

isotherms of CO2 and N2 for NaX and LiX zeolites were well-fit with the Sip model. Such fitness 

is confirmed by the inhomogeneous surface properties of the adsorbents and the exothermic nature 

of the adsorption process. Table 1.3 summarizes CO2 adsorption data of the cation exchange resin 

at 298 K and for alteration in the type of cation and loading of the cation. 

Table 1.3: A summary of CO2 adsorption data of alternate cation-loaded zeolites at 1 bar and 

298 K. 

Zeolite Cation 
Cation loading N 

Reference 
(wt.%) (mmol g-1) 

Zeolite 13X Li+ 4.0 1.1 [38] 

Zeolite 13X K+ 4.0 1.2 [38] 

Zeolite 13X Ca+ 4.0 1.7 [38] 

RHO Cu2+ 3.5 3.2 [39] 

SSZ-13 Cu2+ 2.8 2.3 [39] 

SAPO-34 Cu2+ 3.5 1.6 [39] 

CHA Cu2+ 3.5 2.5 [39] 
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1.3.4 Cation-exchanged and carbonate-loaded zeolites for CO2 capture 

The integration of organic amines into porous supports is considered to be a promising approach 

for CO2 capture. However, the low utilization efficiency of amines and their volatilization during 

the regeneration process presents significant challenges. Consequently, there is a need to explore 

alternative sorbents. Potassium-based sorbents, such as potassium carbonate (K2CO3), exhibit 

greater thermal stability in comparison to organic amines. This renders them to be less prone to 

decomposition. Therefore, potassium-based sorbents may offer a more effective solution for CO2 

removal in confined environments. 

Zeolite structures with carbonate groups provide additional active sites that are capable of 

interacting chemically with CO2. Such an interaction is typically stronger than the physical 

adsorption that exists in the unmodified zeolites. CO2 reacts with carbonate-loaded zeolites to form 

bicarbonate species. This effectively prompts CO2 capture in a stable form. A carbonate-loaded 

zeolite excels as a CO2 adsorbent. This is due to its improved adsorption capacity and high 

selectivity as well as its stability and cost-effectiveness. Carbonates of alkali metals (M2CO3; M = 

Li, Na, K), one of the possible candidates for CO2 capture, are suitable for CO2 separation from 

flue gases and for temperatures below 200ºC. 

In the study conducted by Zhao et al. [40], various supports, including activated carbon (AC), 

Al2O3, zeolite 5A, zeolite 13X, and silica aerogels (SG), were utilized with K2CO3 as the active 

component to develop potassium-based sorbents. The sorbents were prepared by impregnating 

K2CO3 onto the aforementioned supports and for a theoretical loading of 30% K2CO3 by weight. 

The CO2 sorption performances of these sorbents were evaluated under conditions of 5000 ppm 

CO2, 1.8% H2O, and balance N2, and with a modified fixed bed reactor system coupled with a gas 
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analyzer at 20ºC. The measured CO2 sorption capacities were 0.87, 1.18, 0.34, 0.53, and 0.15 mmol 

CO2/g for K2CO3/AC, K2CO3/Al2O3, K2CO3/5A, K2CO3/13X, and K2CO3/SG, respectively. The 

results indicate that the potassium-based sorbents are capable of removing CO2 at ambient 

temperature and through the chemical reaction-assisted sorption scheme. Specifically, one mole 

of K2CO3 reacts with one mole of CO2 and one mole of H2O to form two moles of KHCO3.  

Lee et al. [41] investigated the effects of calcination temperature (300ºC, 400ºC, 500ºC, 600ºC, 

and 700ºC) under nitrogen and air environments and for potassium-based sorbents. These sorbents 

were prepared with the impregnation method for the 30 wt.% K2CO3 loading case. The CO2 

sorption characteristics of the potassium-based sorbents, supported on ZrO2 or TiO2, were 

evaluated in a fixed bed reactor and for conditions of 9 vol.% H2O, 1 vol.% CO2, and balance N2 

at 60ºC. For the KZrI30 sorbents, the CO2 capture capacities were 83–93 mg CO2 g
-1 sorbent (1.88-

2.11 mmol g-1) and irrespective of the calcination temperature and atmosphere. Such consistent 

performance was attributed to the formation of only K2CO3 and ZrO2 phases, and without any new 

alloy species. In contrast, potassium-based sorbents using TiO2 supports formed inactive K–Ti 

alloy species, such as K2Ti2O5 and K2Ti6O13, during calcination. Thermogravimetric analysis of 

the KTiI30 and KZrI30 sorbents revealed initial weight losses in the 40–150ºC range. This is due 

to the loss of adsorbed water. Notably, the KZrI30 sorbent exhibited no weight loss between 200ºC 

and 800ºC in the air. However, the KTiI30 sorbent exhibited a weight loss of approximately 9 

wt.% between 500ºC and 800ºC. These findings indicate that potassium-based ZrO2 sorbents 

possess excellent thermal stability below 800ºC. In conclusion, the thermal stability of potassium-

based sorbents can be significantly enhanced with the ZrO2 but not the TiO2 as a support. The 

thermal stability of potassium-based sorbents supported on ZrO2 and TiO2 differs due to their 

distinct behaviors during calcination. ZrO2-supported sorbents (KZrI30) maintained stable K2CO3 
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and ZrO2 phases and ensured consistent CO2 capture (1.88-2.11 mmol g-1) and excellent thermal 

stability up to 800°C (confirmed by the TGA analysis). In contrast, TiO2-supported sorbents 

(KTiI30) formed inactive K–Ti alloy phases, which compromised their CO2 adsorption and 

thermal stability. In this case, the stability can be attributed to its ability to resist phase 

transformations and maintain structural integrity. Further, its lower sorbent performance can be 

attributed to its tendency to promote undesirable chemical interactions at high temperatures. 

Varghese et al. [42] conducted a study that focused on three different hydrogel-derived carbon 

samples (CA2U, CA2U2, and CA2U3). These samples were activated through a single-step 

pyrolysis process that utilized a minimal amount of environmentally friendly K2CO3 (CA2U-KC, 

CA2U2-KC, and CA2U3-KC). The adsorption experiments were carried out at temperatures of 25°C 

and 0°C and for a gas mixture consisting of 15% CO2 and 85% N2. The selective CO2 adsorption 

capacities of the prepared carbons were investigated for various pressures (up to 1 bar) and with a 

Quantachrome Autosorb-iQ gas analyzer. Among various samples, the CA2U3-KC sample 

exhibited the highest CO2 adsorption capacity at 0°C (measuring 8.2 mmol g-1). This was followed 

by the CA2U2-KC sample. Activation of the carbons led to enhancements in pore volumes and 

surface areas. This was evident in the increased CO2 adsorption capacities of the CA2U2-KC (0.37 

g of K2CO3 per gram or 0.008 mmol g-1) and CA2U3-KC (0.23 g of K2CO3 per gram or 0.005 mmol 

g-1) samples. However, the CO2 adsorption capacity of the CA2U1-KC sample at 0°C remained 

similar to that of the CA2U1 sample (0.44 g per gram or 0.01 mmol g-1 of hydrogel-CA2U1). This 

is due to the negligible impact of K2CO3 activation on the pore volume and surface area of CA2U1-

KC. The interaction strength between CO2 and the CA2U1-KC sample was notably lower than that 

of the CA2U2-KC and CA2U3-KC samples. This conveyed the profound dependency on carbon 

pore size distribution. An analysis of the prepared carbon materials using Langmuir and Freundlich 
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isotherm models revealed improvements in the maximum monolayer capacity (qm) for all samples 

after K2CO3 activation. This suggested an increase in available surface sites for adsorption. The 

Freundlich adsorption isotherm indicated physisorption for all prepared samples at 25°C, and for 

a heterogeneity factor (nF) greater than 1. The choice of aqueous K2CO3 as the activating agent 

was crucial, as it facilitated the formation of macro pores and micropores within the carbon 

network during pyrolysis. The CO2 adsorption data of cation-loaded by carbonate on support 

material have been summarized in Table 1.4. 

Table 1.4: A summary of CO2 adsorption data of alternate cation exchanges and carbonate-loaded 

adsorbents. 

Support Carbonate 

Carbonate 

loading 
T 

Experimental 

conditions 
Cycles 

N 

Reference 

(wt%) (K) 
(mmol 

g-1) 

Activated 

carbon 
K2CO3 30 333 

1% CO₂, 9% 

H₂O, Balance 

N₂ 

10 1.95 [43] 

Sorb 

NX30 
Na2CO3 30 323 

14.4% CO₂, 

5.4 O2, 10% 

H₂O, Balance 

N₂ 

- 2.27 [44] 

γ-

alumina 
K2CO3 16 373 

5% CO₂, 12% 

H₂O, Balance 

N₂ 

7 1.70 [45] 

        

γ-

alumina 

Na2CO3 35 315 10% CO₂, 

10% H₂O, 

Balance N₂ 

- 

2.70 [46] 

ZrO2 K2CO3 30 333 

1% CO₂, 9% 

H₂O, Balance 

N₂ 

10 2.10 [41] 

γ-

alumina 
K2CO3 35 328 

8% CO₂, 15% 

H₂O, Balance 

N₂ 

11 2.38 [47] 

Aerogel K2CO3 40 333 

1.71% CO₂, 

2.14% H₂O, 

Balance N₂ 

- 2.88 [48] 
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Table 1.3 and Table 1.4 summarize the best-reported adsorption data of the cation-doped and 

carbonate-based zeolite sorbents as per the literature and the best-assessed data as per the research 

conducted. After an extensive literature survey, no data was found that perfectly matched the 

reported data in the Ph.D. thesis regarding the deployed experimental setup, temperature (303 K), 

pressure (1 bar), and specific cation loading conditions.  This underscores the novelty of the 

research that was conducted. Accordingly, the provided data reduces the subjective research gap 

associated with CO2 sorption in the cation-loaded Zeolite-Y sorbent and at the optimized 

experimental conditions. However, only for comparison purposes, adsorption capacities reported 

for similar systems have been mentioned in the respective tables. They are deviant due to the 

pertinent differences in the experimental conditions. Such contextualization demonstrates that 

while direct comparisons are not feasible, the performance of the reported adsorbents is highly 

competitive and novel in the field. 

1.4 Lacunae and Possible Scope for Further Research 

1.4.1 Identification of a commercial zeolite with enhanced CO2 adsorption capacity 

In the mentioned sub-research theme, the carried-out research requires further insights into the 

following perspectives. Choudhary et al. [17] performed the sorption of methane, ethane, ethene, 

and carbon dioxide in Zeolite X, Zeolite Y, and Mordenite zeolites (305–353 K, 0–200 kPa) was 

studied with the novel gravimetric sorption apparatus. While methane sorption followed the 

Dubinin-Polanyi equation, carbon dioxide adhered to the Langmuir model.  However, no single 

isotherm could describe ethane and ethene sorption across all zeolites. The isosteric heat of 

sorption varied with surface coverage and depended upon the sorbate and sorbent. Except for 
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ethene in Mordenite, sorbed molecules exhibited high mobility due to the surface coverage and 

ethene for the case demonstrated restricted 2D translational motion. The study did not explore 

alternate adsorption isotherm models that account for the surface heterogeneity. Considering this 

limitation, the aimed research works of the Ph.D. thesis consider the fitness studies of the measured 

CO2, CH4, and N2 adsorption data with alternate isotherm models such as Virial and Langmuir 

isotherms that account for surface heterogeneity. While this research focused on commercial 

zeolites for their large-pore features, the thesis research aims to functionalize Zeolite-Y with 

amines and cations for the realization of enhanced adsorption capacity and selectivity. 

Additionally, the study evaluates the long-term stability of synthesized materials in terms of the 

multiple adsorption-desorption cyclic adsorption capacities. The thesis also targets the prediction 

of CO2 selectivity with the IAST for binary gas mixtures. Such analysis-based insights have not 

been addressed in earlier investigations.  In summary, the Ph.D. thesis research works 

acknowledge and extend the findings of this work and thereby offer newer directions for the 

improved performance of the zeolite-based CO2 adsorption systems. 

Through a combination of simulations and experiments, another investigation (Gomes et al. [18]) 

demonstrated the feasibility of Pressure Swing Adsorption (PSA) for CO2 removal and recovery 

from flue gases using Zeolite 13X, Zeolite 5A, a carbon molecular sieve, and alumina. 

Experiments with a CO2-N2-inert gas mixture on a two-column PSA unit revealed that Zeolite 13X 

had the best performance due to its high capacity and favorable sorption properties. A reduction 

in cycle time from 240 to 130s lowered the separation efficiency but did not significantly affect 

the cycles needed to reach a steady state. The study maintained conditions of 600 cm3 min-1 flow 

rate, 0.80 purge ratio, and 1 atm pressure. Temperature Swing Adsorption was suggested as a 
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potential alternative for improved capacity and reduced adsorption time. Such systems may offer 

better adsorption capacities and lower time of the adsorption process.  

Harlick et al. [20] developed a selection methodology for adsorbents targeting CO2 removal from 

flue gas using Pressure Swing Adsorption (PSA). Thirteen zeolite-based adsorbents, including 5A, 

13X, NaY, and ZSM-5, were evaluated based on Henry's Law constants and the heat of adsorption. 

Using the concentration pulse method (CPM) at 40°C and 1 atm, Henry's constants for CO2 in an 

N2 carrier ranged from 6.16–9.42 mol kg-1 atm-1 for ZSM-5, 0.57–0.781 mol kg-1 atm-1 for H-Y, 

and 41.9 mol kg-1 atm-1 for NaY. The heat of adsorption varied with the Si/Al ratio, with values of 

32.3–34.6 kJ mol-1 for ZSM-5 and 25.3–33.1 kJ mol-1 for H-Y. The study highlighted that lower 

Si/Al ratios in faujasite-type zeolites enhanced adsorption, and pure component CO2 isotherms and 

working capacity curves for PSA were provided for Zeolite 13X, NaY, and ZSM-5. However, the 

sensitive influence of heat effects and operating temperature on adsorption capacities was not 

addressed. 

Xu et al. [22] investigated the equilibrium adsorption isotherms of CO2, CH4, and N2 on the β-

zeolite with a Si/Al ratio of 25 by utilizing a static volumetric adsorption system. The findings 

revealed that zeolite exhibited the highest CO2 adsorption capacity (1.76 mmol g-1) at 303 K and 

1 atm. This is followed by CH4 (0.38 mmol g-1) and N2 (0.14 mmol g-1) at the same process 

condition. However, the study did not explore the influence of temperature on the gas adsorption 

characteristics.  

Zhang et al. [24] investigated CO2 adsorption on Zeolite 13X using gravimetric adsorption method 

at 298–328 K and 0–30 bar. At 298 K and 1 bar, the adsorption capacity was 2.27 mmol g-1, and 

the kinetics were well described by the linear driving force (LDF) model, with mass transfer 

constantly increasing with temperature. Adsorption activation energy (Ea) decreased as the 
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pressure increased. While the study focused on the LDF model, the virial adsorption isotherm 

model might have offered better accuracy for the wider pressure and temperature range studied. 

García et al. [25] studied CO2 separation from CH4 using pressure swing adsorption with FAU and 

LTA zeolites and with the breakthrough experiments conducted at 303 K and 1 bar with a 50/50 

CO2/CH4 feed. Adsorption capacities ranged from 0.3–1.0 mmol g-1 for FAU and 0.1–0.7 mmol 

g-1 for LTA at 303 K and 1 bar, with selectivity of 5–61 and 6–306, respectively. Lower Si/Al 

ratios enhanced CO2 selectivity due to increased polarity. The Langmuir model fits single-

component isotherms, and the Ruthven statistical model (RSM) identified optimal trade-offs 

between selectivity and working capacity. The optimal Henry constant range for CO2 altered as 5 

× 10-3 and 50 × 10-3 molecules bar−1 Å−3 and the heat of adsorption altered as 27–32 kJ mol-1. Even 

though no temperature variation studies were conducted, EMC-1, SAPO-37, Na-USY, and LTA-

5 zeolites were identified as the optimal zeolites. 

Several important and subjective gaps in the existing literature have been identified for the 

evaluation of Zeolite-Y, β-Zeolite, and ZSM-5. Despite addressing extensive research on 

individual zeolites, studies do not exist for the simultaneous comparison of these three specific 

types of zeolites for CO2 adsorption. Each zeolite has been individually studied in various contexts. 

However, no comprehensive research was undertaken to include the mentioned three zeolites in a 

comparative analysis framework for CO2 adsorption. The existing literature provides insights into 

the CO2 adsorption capacities and characteristics of Zeolite-Y, β-Zeolite, and ZSM-5. However, 

these studies are often isolated and do not address a direct comparison among the three adsorbents 

and for common conditions of assessment. Such an absence of comparative studies represents a 

significant gap in terms of the understanding of these zeolites for their relative performance to one 

another. This is important for the selection of the most effective support material for CO2 capture 
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applications. Addressing this gap requires the conduct of a comparative study of Zeolite-Y, β-

Zeolite, and ZSM-5 adsorbents. Thereby, CO2 adsorption capacities can be assessed under 

identical experimental conditions. Such a study will provide valuable insights into their relative 

performance and suitability as competent support materials for subsequent research studies that 

aim to achieve high-end performing adsorbents for CO2 adsorption. 

In summary, the literature does not infer the best commercial adsorbents namely, Zeolite-Y, β-

Zeolite, and ZSM-5. This is the need of the hour for further enhancing the CO2 adsorption capacity 

of the best adsorbent among these three sorbents. Converging upon such a zeolite will be beneficial 

for synthesizing super-efficient adsorbents for CO2 separation from flue gas systems.  

1.4.2 Selection of amines for functionalization of the best identified commercial zeolite 

Jadhav et al. [27] ] enhanced the CO2 adsorption capacity of Zeolite 13X through the modification 

with monoethanolamine (MEA) and achieved loadings of 0.5–25 wt.% via the impregnation 

method. Further, the methanol-based incorporation had been the most feasible. The MEA-

modified adsorbent demonstrated improved CO2 selectivity, which was further enhanced with the 

moisture. Characterization revealed high crystallinity, surface area, and thermal stability. 

Breakthrough adsorption studies on a packed column (feed gas containing 15 vol.% CO2 in He 

balance) affirmed that the 13X-MEA-10 had the highest capacity (1.96 mmol g-1) at 303 K and 

outperformed unmodified zeolite (1.25 mmol g-1). Adsorption efficiency improved up to 3.5 times 

at 393 K, and the CO2 selectivity over N2 was optimized at 348 K. The mechanism, involving 

carbamate and bicarbonate formation, requires further exploration. However, the work conducted 

does not detail this aspect in a comprehensive framework.  
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In another study (Aruldoss et al. [28]), enhanced CO2 adsorption in ZSM-5 through its wet-

impregnation method based on grafting with amines (DETA, TETA, DEA, and TEA). The amines 

were selected as per their boiling points and balanced adsorption performance. Secondary and 

tertiary amines showed higher adsorption capacities in comparison with the primary amines. The 

TETA-loaded sorbent (40 wt.%) achieved the highest capacity of 1.36 mmol g-1. Adsorption 

occurred at 338–348 K and the desorption was studied at 373–383 K. Such studies confirmed the 

thermal stability and regenerability of the sorbents. While the study highlights promising results, 

it lacks details on the parametric optimality and the influence of temperature and pressure on the 

adsorption mechanism.  

Babaei et al. [29] synthesized amine-modified Y-type zeolite (NaY, Si/Al ratio of 2.5) for the 

analysis of the effect of surface modification on CO2 adsorption. Amine modifiers—

diethanolamine (DEA), tetraethylenepentamine (TEPA), and 2-methylaminoethanol (2-MAE) 

were chosen for their high-temperature performance, which is very important for flue gas CO2 

capture. The modification enhanced CO2 adsorption capacity and shifted the dominant mechanism 

from physical to chemical interaction. Adsorption capacities of TEPA-NaY, DEA-NaY, and 2-

MAE-NaY were measured at 298 K (1.38 mmol g-1) and 348 K, and demonstrated increased values 

of 2.11, 1.77, and 1.94 mmol g-1, respectively. Characterization techniques confirmed surface and 

structural changes and highlighted the potential of these sorbents for high-temperature 

applications. However, more detailed temperature studies are to be addressed soon.  

Dinda et al. [30] investigated CO2 adsorption on ZSM-5, Zeolite 13X, and Zeolite-Y (Si/Al ratios 

of 15.6, 5.2, and 1.5, respectively) sorbents after their modification with amines such as 

monoethanolamine (MEA), ethylenediamine (EDA), diethylenetriamine (DETA), and 

triethylenetetramine (TETA). The authors adopted a fixed-bed reactor configuration and simulated 
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flue gas condition (15±1 vol.% CO2 in N2, saturated with water vapor, at a flow rate of 50±3 cc 

min-1). The adsorption capacity increased with the number of amine groups and peaked at 30 wt.% 

amine loading. Among all cases, the TETA-loaded ZSM-5 achieved the highest capacity (1.20 

mmol g-1). Across five cycles, TETA-ZSM-5 showed capacities of 1.07, 1.04, 1.01, and 1.00 mmol 

g-1, and demonstrated thermal stability. While optimal performance for TETA-ZSM-5 occurred at 

323 K, the MEA, EDA, and DETA adsorbents exhibited reduced uptake at higher temperatures. 

Chemisorption was identified as the dominant mechanism. However, the exact interaction between 

CO2 and amine groups remains unexplored and unexplained. 

Tejavath et al. [31] studied the CO2 adsorption capacity of amine-impregnated zeolites, including 

13X, 4A, and 5A, and with 99.99% pure CO2-based thermogravimetric analysis. Amines such as 

monoethanolamine (MEA), ethylenediamine (EDA), diethylenetriamine (DETA), and 

triethanolamine (TEA) were selected based on their forms. Among these, primary amines offered 

high reactivity, combinations of primary and secondary amines provided "synergistic effect and 

stability, and tertiary amines were the best suited for high-temperature applications. Zeolite 13X 

loaded with 40 wt.% DETA (13X-DETA-40) affirmed the highest CO2 adsorption capacity and 

ascertained 1.69 mmol g-1 in a lab-scale reactor and 1.055–1.058 mmol g-1 in kinetic studies, and 

activation energies of 76–86 kJ mol-1. The adsorption process was rapid, with 0.8 mmol g-1 

adsorbed in the first two minutes. A techno-economic analysis revealed an 84% reduction in cost 

per ton of CO2 adsorbed from $49,830 at the microscale to $7,690 at the lab scale. However, the 

study did not clarify why Zeolite 13X was chosen for the detailed investigation. 

Current research often addresses and assesses a diverse range of amine functional groups. These 

are primary, secondary, and combinations of primary and secondary amines. However, many 

studies do not follow a consistent approach to the amine structure. For instance, while some studies 
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use amine groups with hydroxyl groups attached, others use amine groups without such 

modifications. Additionally, there is a lack of standardized comparison among amine-

functionalized zeolites that share a common amine structure. This hinders the ability to draw 

definitive conclusions with respect to the sensitive influence of different amine types on CO2 

adsorption. Moreover, the literature often fails to address CO2 adsorption trends concerning the 

Si/Al ratio of the zeolite framework. There is insufficient information on the influence of variant 

Si/Al ratios on the effectiveness of various amine-functionalized zeolites and for CO2 capture. 

Such a status limits the understanding of the influence of the structural properties of the zeolites 

on the CO2 adsorption performance. Such gaps shall be addressed and this involves a 

systematically study of amine-functionalized zeolites with primary, secondary, and tertiary 

amines. Thereby consistency, can be assured in the amine structure and for various samples. 

Additionally, a focused comparison of CO2 adsorption performance with variant Si/Al ratios of 

the zeolite framework is essential. Such a research strategy will provide valuable insights into 

optimizing amine-functionalized zeolites for CO2 capture and can contribute to a more 

comprehensive understanding of the factors that influence adsorption efficiency. 

In summary, the section delineated various criteria for the selection of various amines to 

functionalize zeolites. They aim to optimize and achieve the highest CO2 adsorption capacity. Such 

a discussion lays the groundwork for a deeper understanding of the customized application of 

functional groups for enhanced adsorption properties. For the chosen best commercial zeolite in 

the first objective of this Ph.D. thesis, amine loading and the influence of temperature for the 

optimized and best choice of the amine for the synthesized zeolite shall be assessed. 
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1.4.3 Identification of cation exchanges zeolites with enhanced CO2 capture characteristics 

Walton et al. [33] investigated ion exchange on Zeolite X and Y and for various alkali metal cations 

(Li+, K+, Rb+, and Cs+). Thereby, their influence on CO2 adsorption was assessed. The selection 

of base zeolites (Zeolite X and Zeolite Y) was based on their extensive commercial usage. This is 

attributed to their stable crystal structures, identical cage structures, and large pore volumes. The 

type of cation did influence available pore volume and electric field inside the pores and thereby 

provided a convenient means for tuning of the adsorptive properties of the porous materials. In 

general, it was found that the CO2 capacities have been the highest for the Li-exchanged forms. In 

these, the ion–quadrupole interaction has been dominant. However, the investigations did not 

experimentally demonstrate the exchange of cations, the adsorption of cations in the supercages, 

or the CO2 adsorption throughout the entire zeolite unit cell.  

Hudson et al. [34] investigated low-pressure CO2/N2 sorption in acidic and copper-exchanged 

SSZ-13 zeolites using neutron powder diffraction (NPD) and in-situ CO2 and N2 adsorption 

methods. The SSZ-13 structure, composed of corner-sharing Al/SiO4 tetrahedra and double six-

membered-ring cages, allows size exclusion in gas adsorption. Cu-SSZ-13 showed minimal impact 

on CO2 uptake but improved selectivity for CO2 over N2, and rendered it to be suitable for CO2/N2 

flue-stack separations under humid conditions. Water vapor presence affects the CO2 adsorption 

capacity in Cu-SSZ-13 and through the preferential adsorption at the Copper sites. Despite this, 

the overall CO2 uptake is not significantly affected as the primary adsorption site responsible for 

CO2 uptake is at the center of the 8-membered ring pore window and this is not occupied by copper. 

This renders the Cu-SSZ-13 relatively resistant to the effects of humidity in comparison to other 

materials such as MOF-74, which retains only 16% of its initial capacity after water exposure. 

However, the precise value of the CO2 adsorption capacity in the presence of water vapor has not 
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been quantified in the article. The ideal adsorbed solution theory (IAST) selectivity for CO2 over 

N2 was >70 for both Cu- and H-SSZ-13, with selectivity of 72.0 and 73.6, respectively. The CO2 

binding mode at the center of the 8-membered-ring pore window was identified and contributed 

to the high selectivity. The SSZ-13 zeolites used in this study were determined to have SiO2/Al2O3 

= 12, with the copper derivative having Cu2+/Al = 0.35. The study did not address how copper 

affects adsorption capacity in the presence of water.  

Mortazavi et al. [35] studied the CO2 adsorption characteristics of clinoptilolite modified by cation 

exchange (Li+, Mg2+, and Ca2+) and with the volumetric method. Clinoptilolite, a natural zeolite, 

showed enhanced CO2 adsorption after modification, with clinoptilolite/Li+ exhibiting the best 

performance, and demonstrating a 4.18-fold increase in capacity. Other modifications, including 

amine (MEA, TEA, hexyl amine) and ionic liquid ([bmim]PF6), also improved CO2 adsorption, with 

clinoptilolite/2% MEA and clinoptilolite/5% [bmim]PF6 showing enhancement by 3.58 and 4.35 

times, respectively, at 4 bar CO2 pressure. The study highlighted the strong interactions between 

modifiers and CO2 molecules as a key to enhanced adsorption. However, no characterization data 

for the cation-loaded materials was provided by the authors.  

Another study (Tobarameekul et al. [36]), investigated zinc-loaded NaY zeolites synthesized from 

bagasse ash and rice husk ash and focused on CO2 adsorption performance. NaY zeolites, with a 

Si/Al ratio of 0.75 and a pore diameter of 7.4 Å, were modified via ion exchange with varying zinc 

loadings (0–5 wt.%). The optimal crystallization temperature (298.15 K) yielded zeolites with 

preserved crystalline structures, as confirmed by SEM, and enhanced CO2 adsorption. The highest 

capacity (10.33 mmol g-1) was achieved at 373.15 K and a CO2 flow rate of 1 L h-1 using zeolite 

5B298-373-1. BET analysis revealed that Zn-loaded zeolites had higher surface area and pore 

volumes, which improved adsorption. CO2 adsorption was influenced by crystallization 
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temperature, flow rate, and Zn loading, with better performance at lower crystallization 

temperatures and flow rates. A factorial design using Minitab highlighted interactions between 

adsorbent type and temperature. The study demonstrated the eco-friendly, cost-effective potential 

of agricultural waste-derived zeolites for industrial CO2 adsorption. However, the investigation 

did not examine other divalent cations or broader experimental conditions. 

According to another investigation (Jin et al. [37]), prepared NaX zeolite from the co-combustion 

ash of rice husks and coal, reducing material costs for CO2 adsorbents. The synthesized NaX 

zeolite, with a high-purity crystalline structure and a surface area of 583 m2 g-1, exhibited strong 

CO2 adsorption properties due to its quadrupole moment. NaX zeolite was modified by Li+ 

exchange to increase its specific surface area from 583.0 m2 g-1 to 614.0 m2 g-1. Consequently, the 

CO2 adsorption capacity at 298.15 K increased from 5.03 mmol g-1 (NaX) to 5.57 mmol g-1 (LiX). 

This represents an increase in the adsorption capacity of approximately 10%. Adsorption isotherms 

confirmed superior CO2/N2 selectivity for LiX zeolite. Despite these improvements, the study did 

not detail upon the Li+ ion exchange mechanism in NaX.  

While there has been substantial simulation-based research on CO2 adsorption using alkali-cation-

loaded Zeolite-Y, there is an absence of experimental studies that validate such simulation-based 

analysis. The conducted experimental research has often focused on the gas adsorption 

performance of alkali-cations (with +1 and +2 charges). However, such cations were at times, 

randomly selected. Henceforth, the findings are not consistent to enter upon the optimality of the 

Zeolite-Y commercial sorbent. Additionally, existing studies have primarily investigated alkali-

cation-loaded natural zeolites. Thus, there is knowledge gap in the experimental exploration of 

alkali-cation-loaded Zeolite-Y for CO2 adsorption. Such non-availability of empirical data 

conveys the uncertainty in the practical performance and efficiency of alkali-cation-loaded Zeolite-
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Y in CO2 capture. Addressing this gap requires experimental investigation into the CO2 adsorption 

capabilities of alkali-cation-loaded Zeolite-Y. Such research should include a systematic 

evaluation of various alkali cations and their effects on CO2 adsorption. Also, a comparative 

assessment of the findings with the outcome of the simulation studies can ensure the enhanced 

practical applicability and optimization of the performance of Zeolite-Y for CO2 capture 

applications. 

In summary, the literature on cation-loaded zeolites does not systematically highlight upon its 

enhanced CO2 adsorption capabilities. Such studies can be addressed with the principles discussed 

in the previous section on amine-functionalized zeolites. Thereby, alternate modification 

techniques can be explored for improved CO2 adsorption performance. In a nutshell, the efficiency 

of Zeolite-Y for Li+, Na+, and K+ cation-loaded Zeolite-Y needs to be assessed for the ascertaining 

of the enhanced CO2 adsorption capacity. 

1.4.4 Identification of cation-exchanged and carbonate-loaded zeolites with enhanced CO2 

capture characteristics 

Zhao et al. [40] investigated CO2 sorption on K2CO3-loaded supports, including activated carbon 

(AC), Al2O3, zeolite 5A, zeolite 13X, and silica aerogels (SG), and under ambient temperature and 

5000 ppm CO2. While K2CO3/Al2O3 showed the highest CO2 sorption capacity (1.18 mmol g-1), 

K2CO3/AC exhibited the highest bi-carbonation efficiency and easy regeneration at 373–473 K. In 

contrast, other sorbents required higher regeneration temperatures (623 K). Moisture significantly 

reduced the sorption capacities of K2CO3/zeolites (0.34–0.53 mmol g-1) and SG (0.12–0.31 mmol 

g-1) and the impregnating process damaged the SG structure. K2CO3/AC emerged as a promising 
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candidate for CO2 removal in confined spaces, offered high sorption capacity and efficient 

regeneration. Future research should explore the CO2 sorption reaction rates in ambient conditions. 

Lee et al. [41] investigated the effect of calcination temperature (573–973 K) and atmosphere (air 

and nitrogen) on K2CO3-loaded sorbents using ZrO2 and TiO2 supports. Potassium-based ZrO2 

sorbents exhibited superior CO2 capture capacities (1.89–2.11 mmol CO2 g-1) and excellent 

thermal stability across all conditions, as only K2CO3 and ZrO2 phases were formed. In contrast, 

potassium-based TiO2 sorbents experienced reduced CO2 capture above 773 K. This is due to the 

formation of inactive K–Ti alloy species. These results highlight ZrO2 as superior support and 

maintenance of sorbent stability and structure during calcination. However, the study lacks 

detailed adsorption data and comprehensive material characterization. 

Even though there has been extensive research on the application of potassium carbonate for CO2 

adsorption on various adsorbents, studies were not devoted to the investigations with the zeolite 

supports. The existing literature predominantly addresses the use of potassium carbonate on 

materials other than zeolites. Thus, there is a knowledge gap in the effectiveness of carbonate-

loaded zeolite supports. Moreover, there are only two articles that explored CO2 adsorption with 

potassium carbonate sorbents. Neither of these studies involved zeolite-based adsorbents. Such 

scarcity of research conveys no empirical data to infer upon the performance of potassium 

carbonate-loaded zeolites for CO2 capture. To address these gaps, it is essential to conduct 

experimental studies on potassium carbonate-loaded zeolites. Such research should evaluate the 

CO2 adsorption capacities and efficiencies of these materials. Thereby, valuable insights can be 

achieved into their potential advantages and limitations. Such studies will help to infer upon the 

sensitive influence of potassium carbonate on zeolite supports and thereby contribute to the 

development of more effective CO2 capture technologies. 
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1.5 Objectives of the Ph.D. thesis 

This Ph.D. thesis aims to assess upon an effective, porous, flexible, low-cost, sustainable, and 

environmentally friendly commercial adsorbent and its factionalized variant for the adsorption of 

higher adsorption characteristics of carbon dioxide and other greenhouse gases, such as methane. 

To do so, the following objectives have been set and stated:  

a. Assessment of the best-performing zeolites among commercial zeolites (Zeolite-Y, Beta, and 

ZSM-5). This shall be targeted through a comparative analysis of the structural properties and 

CO2 adsorption capacities. The assessed parameters refer to supercage characteristics, oxygen-

member rings (OMRs), adsorption capacity, and other surface characterization data. 

b. Wet-impregnation-based preparation and characterization of primary (monoethanolamine), 

secondary (diethanolamine), and tertiary (triethanolamine) amine-functionalized best 

commercial zeolite being determined as the finding of the first objective of this Ph.D. thesis. 

The relevant sub-objectives are: 

i. Effect of amine-loading on the synthesized adsorbents in terms of the characterization data 

ii. Assessment of the CO2 adsorption capacity of alternate amine-functionalized zeolites in terms 

of the sensitive influence of pressure and temperature 

c. Wet-impregnation based synthesis and characterization of cation-loaded (Li, Na, and K) best-

performing zeolite being inferred from the first objective of this Ph.D. thesis. The study shall 

involve the realization of following three sub-objectives:  

i. Influence of type of alkali cations (Li, Na, and K) and loading on the characteristics (structural 

and textural properties) of cation-exchanged and carbonate-loaded for the best-performing 

zeolite  

TH-3601_166107117



Chapter 1 

 

48 
 

ii. Assess upon the gaseous (CO2, CH4, and N2) adsorption capacity of the prepared zeolites at 

various combinations of pressure and temperatures 

iii. Evaluate thermodynamic parameters such as enthalpy and Henry's constant for a greater 

understanding into the energetics of the adsorption process. 

1.6 Organization of the Ph.D. Thesis 

The Ph.D. thesis has been organized into six chapters. A brief account of the Ph.D. thesis chapters 

has been presented in the following paragraphs. 

Chapter 1 (Introduction, Literature Review, and Objectives): This chapter provides a brief 

overview of CCS modes and technologies, the adsorption process for the post-combustion method, 

various types of adsorbents, and the importance of zeolites as an adsorbent. It also presents a 

literature review of the history and progress of commercial zeolites, amine-functionalized zeolites, 

cation-loaded zeolites, and the effect of carbonate loading on support material for carbon dioxide 

adsorption. The data of CO2 adsorption capacity of various adsorbents has also been presented, in 

addition to the data of some functionalized adsorbents. Additionally, it includes an overview of 

the research background and stated objectives. 

Chapter 2 (Materials and Methods, Theories, and Models): This chapter begins with an overview 

of the selection criteria for commercial zeolites, focusing on factors such as pore size and zeolite 

structure, which are critical for optimizing adsorption performance. The chapter details the raw 

materials used for the synthesis methods for the synthesis of amine-functionalized and cation-

loaded zeolites. These methods involve precise procedures to incorporate functional groups and 

cations, and for enhanced CO2 specific adsorbent properties. Characterization of the synthesized 

adsorbents is conducted through different techniques that provide comprehensive insights into 
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their structural and chemical characteristics. The chapter also describes the experimental setup for 

gas adsorption studies, including the apparatus and procedures used for measuring gas uptake and 

analyzing adsorption behavior. Theoretical frameworks, including adsorption models and the Ideal 

Adsorbed Solution Theory (IAST), were employed to interpret the data and predict adsorption 

performance. 

Chapter 3 (Exploring the Synergistic Impact of Amine-Functionalization on Zeolite-Y for Gas 

Adsorption): This chapter focuses on the systematic selection and optimization of zeolites for CO2 

adsorption studies. Initially, three commercial zeolites were evaluated based on their 

characterization data and CO2 adsorption performance for the identification of the most suitable 

support material for further research. Following this, the selected zeolite was functionalized with 

three different amine groups to enhance its adsorption properties. The chapter details upon the 

characterization and CO2 adsorption studies conducted on these amine-functionalized zeolites for 

the assessment of the most effective adsorbent. Subsequently, modeling studies were performed 

to calculate key thermodynamic parameters, including the heat of adsorption and Henry's constant, 

which are crucial for understanding the adsorption process. Additionally, cyclic adsorption studies 

of optimized adsorbent were conducted to assess upon the stability and reusability of the optimized 

adsorbent.  

Chapter 4 (Influence of Cation Exchange on the Gas Adsorption Efficiency of Zeolite-Y): The 

chapter details upon the synthesis and characterization of various cations (Li, Na, and K) loaded 

onto Zeolite-Y (5 wt.%). This section outlines the methods used to incorporate different cations 

into the zeolite structure and the subsequent characterization techniques that were employed to 

analyze the structural and chemical changes. Gas adsorption studies were conducted with CO2, 

CH4, and N2 to evaluate the performance of the cation-loaded zeolites. The chapter includes a 
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comprehensive analysis of adsorption data using two distinct modeling approaches to interpret the 

adsorption behavior. Furthermore, the Ideal Adsorbed Solution Theory (IAST) was applied to 

assess upon the selectivity of the cation-loaded zeolites for CO2 to other gases, and for providing 

insights into their potential applications in gas separation technologies.  

Chapter 5 (Exploring CO2 Selectivity in K2CO3-Modified Zeolite-Y: Loading and Temperature 

Effects on Adsorption Performance): The chapter explores the synthesis and characterization of 

Zeolite-Y loaded with varying weight percentages of potassium carbonate (5, 10, and 15 wt.%). 

The chapter begins with a detailed description of the preparation process and the characterization 

techniques used to analyze the structural and compositional changes in potassium carbonate-

loaded zeolites. Gas adsorption studies were conducted for CO2, CH4, and N2 and with a 

gravimetric system for the evaluation of the adsorption performance of these adsorbents. The 

resultant data were interpreted through modeling studies and for an assessment of the adsorption 

behavior. Additionally, the Ideal Adsorbed Solution Theory (IAST) was employed to determine 

the selectivity of potassium carbonate-loaded zeolites for CO2 with respect to other gases. The 

chapter concludes with cyclic studies on optimized adsorbents for the evaluation of their stability 

and reusability in repeated adsorption cycles.  

Chapter 6 (Conclusions and Future Scope): The chapter summarizes the key findings of the Ph.D. 

thesis and provides a critical assessment of the inferred conclusions. Also,  recommendations for 

further research have been outlined.  
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Chapter 2 

Materials and Methods, Theories, and Models 

After inferring upon the methodology adopted for the selection of the best commercial zeolite 

adsorbent for CO2 capture, the chapter elucidates the synthesis procedures and associated 

characterization methods that were followed for the amine-functionalized zeolites and cation-

exchanged and carbonate-loaded zeolites. Thereafter, the methodology followed for the gas 

adsorption characteristics assessment was delineated along with a brief account of the physical 

properties and purity of the gases considered. In brief, the chapter summarizes the materials 

and methods that were followed for (a) the selection of commercial zeolite for subsequent 

functionalization to enhance CO2 adsorption, (b) synthesis and characterization of amine-

functionalized Zeolite-Y adsorbents, (c) synthesis and characterization of cation-exchanged 

and carbonate-loaded Zeolite-Y adsorbents, and (d) synthesis and characterization of loading 

altered potassium-carbonate loaded Zeolite-Y adsorbents. Finally, the last section presents a 

summary of the chapter. The characterization methodology involved the consideration of a few 

adsorption isotherm theories and the evaluation of important thermodynamics parameters such 

as Henry's constant and adsorption enthalpy. 

 

2.1 Selection of commercial zeolite 

Zeolite-Y, β-Zeolite, and ZSM-5 commercial zeolites were selected for the assessment of the 

best commercial adsorbent for CO2, CH4, and N2 capture. This is based on structural and 

chemical characteristics (such as pore diameter, basicity, and pore volume). Thereby the best 

adsorbent was chosen for gas adsorption studies. The structural characteristics contribute to the 

maximum availability of adsorption sites for interaction with CO2 molecules. 

2.1.1 Precursors 

Commercial-grade Zeolite-Y, β-Zeolite, and ZSM-5 were obtained from Alfa Aesar company, 

Hyderabad, and were utilized in their as-received form and without further treatment-based 
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purification. The CO2 (99.9%), CH4 (99.9%), N2 (99.9%), and helium (99.9%) gas cylinders 

were purchased from Assam Air Products, Guwahati. 

2.1.2 Characterization Techniques 

Several characterization techniques were deployed to analyze the chosen commercial 

adsorbents. Through the findings of such characterization studies, the physical and chemical 

properties of the adsorbents can be assessed for their sensitive influence on the efficiency and 

effectiveness of the CO2 adsorption processes. Through a comprehensive characterization of 

the chosen adsorbents, such properties can be further tailored and customized for optimal 

adsorbent performance in specific applications.  

2.1.2.1 X-ray Diffraction (XRD) Studies 

Powder X-ray diffraction (PXRD) is an effective technique for the elucidation of the structure 

of materials. In crystalline substances, atoms are arranged in parallel planes known as 

crystallographic planes. These are identified with the Miller indices (h, k, and l). Constructive 

interference, which results in diffraction maxima, occurs in a scenario in which these planes 

satisfy the conditions outlined by the Bragg's law. Such an analysis will infer upon the 

crystalline structure of the assessed material. The Bragg’s law is defined as: 

2𝑑 sin 𝜃 = 𝑛𝜆 (2.1) 

  

In the above equation, d denotes the distance between consecutive crystal planes, θ is the angle 

between the incident beam and the crystallographic planes, n is an integer, and λ represents the 

wavelength of the incident radiation. During X-ray diffraction (XRD) analysis, while the X-

ray tube remains stationary, the detector being mounted on the goniometer circle rotates at 

twice the angular speed of the sample. However, the rotational axes remain aligned. During the 

analysis, while the detector is positioned at an angle of 2θ, the sample surface maintains a 
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relative angle of θ with respect to the incident beam. Thus, the detector with scanning around 

the sample in predetermined 2θ intervals, facilitates the recording of both angle and intensity 

of the diffracted X-ray radiation [1]. 

In the conducted PXRD study, the samples were prepared through their even distribution on a 

flat glass plate. This ensured upon the creation of a smooth and flat surface. The powder XRD 

measurements were performed using the instrument supplied by Rigaku Technologies, Japan. 

The instrument is equipped with Johansson Kα1 optics and is operated with a 9kW rotating 

anode X-ray source. The PXRD analysis was conducted in the 2θ range from 2-50°. 

2.1.2.2 FESEM Imaging and Analysis 

Field Emission Scanning Electron Microscope (FESEM) was employed to characterize the 

surface morphology of the materials. The technique utilizes a high-energy electron beam, 

which is raster-scanned across the sample surface in a high-vacuum environment. Thereby, 

primary electrons are focused and deflected by electronic lenses to form a narrow scan beam 

that bombards the analyzed sample. The interaction between the beam and the sample surface 

results in the emission of secondary electrons. The angle and velocity of these secondary 

electrons provide information for the surface structure of the sample. A detector captures the 

emitted secondary electrons and converts them into an electronic signal. This signal is then 

amplified and transformed into a video scan image. Subsequently, the image can be viewed on 

a monitor or can be saved as a digital file for further analysis [2]. 

The FESEM analyses were conducted with the Zeiss Sigma 300 instrument. It was operated at 

a magnification of 50,000x and an accelerating voltage of 5 kV. For sample preparation, the 

drop-casting method was utilized with isopropanol as the solvent. Thereafter, the samples were 

dried in a vacuum oven at 120°C and for overnight time duration. To ensure adequate 
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conductivity and prevent charge build-up on the sample surface during imaging, the samples 

were mounted on metal stubs and with a sticky carbon disc. Additionally, to enhance 

conductivity, the samples were coated with a thin layer of gold with a sputter coater setup. 

Thereafter, the sample was introduced into the FESEM instrument environment for the 

analysis. 

 2.1.2.3 FTIR Spectroscopic Analysis 

Fourier-transform infrared (FTIR) spectroscopy was utilized to investigate bonding 

mechanisms in solids and on surfaces. Infrared spectra are used to illuminate the bonding of 

molecules on solid surfaces or within solid phases. This is based on the relationship between 

molecular vibrations and their symmetry. 

The FTIR system employs features such as an interferometer composed of a beam splitter, a 

fixed mirror, and a movable mirror. The beam splitter, made of a specialized material, divides 

the incoming radiation into two beams namely a one transmitted and a reflected beam. While 

the transmitted beam travels to the fixed mirror, the reflected beam is directed at the moving 

mirror. Both mirrors reflect the radiation to a beam splitter, where it is again split. This results 

in one beam proceeding to the detector and another beam returning to the source [3]. 

The FTIR analysis was conducted with the PerkinElmer Spectrum Two system, and for a 

wavenumber range of 4000 to 400 cm-1. For sample preparation, approximately 2-5 mg of the 

sample was placed directly onto the infrared plates. 

2.1.2.4 BET Surface Area and Porosity Characterization 

The Brunauer–Emmett–Teller (BET) theory is a widely used method for the determination of 

the surface area of porous materials. The method provides critical insights into the physical 
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structure of materials, as the surface area significantly influences their interaction with the 

environment. Key material properties such as material activity, moisture retention, and shelf 

life are often correlated with the surface area. The BET analysis is essential for the design and 

manufacturing of materials. Thus, the analysis is a fundamental tool in material 

characterization. Through the assessment of the surface area, BET analysis assists in 

understanding various material behaviors. Thereby, the performance of the material can be 

optimized in different applications. 

In the BET apparatus, to measure the surface area of a solid sample, the sample is first cooled 

to cryogenic temperatures with the liquid nitrogen and under vacuum conditions. Nitrogen gas, 

commonly used as adsorbate, is then introduced in controlled increments to contact with the 

solid sample (adsorbent). After each increment, the relative pressure (P/P0) is allowed to 

equilibrate, and the amount of nitrogen adsorbed (W) is measured. 

The BET method involves the construction of a linear plot of 1
𝑊 (

𝑃0

𝑃
− 1)⁄  versus P/P0. 

Thereby, the intercept I= 1/(WmC) and slope A=(C-1)/(WmC), expressions can be used for the 

determination of surface area of the adsorbent. In these terms, P is the equilibrium pressure and 

P0  is the saturation pressure of nitrogen. For most solids, such a linear relationship is valid 

within a specific range of the adsorption isotherm. This is typically valid in the P/P0 range of 

0.05 to 0.35. From the linear plot, the weight of nitrogen that corresponds to a monolayer of 

surface coverage (Wm) is determined. Thereafter, the total surface area of the sample is 

determined from the slope and intercept of the BET plot (using the BET equation) and the 

known molecular cross-sectional area of the nitrogen molecule. The BET linearized expression 

is: 
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1

𝑊 (
𝑃0

𝑃 − 1)
=

1

𝑊𝑚𝐶
+

𝐶 − 1

𝑊𝑚𝐶
(

𝑃

𝑃0
) (2.2) 

In the above expression, C is the BET constant. The constant reflects the energy of adsorption 

in the first adsorbed layer and conveys the strength of the adsorbent-adsorbate interactions. The 

following equations can be used for the determination of BET constant and monolayer 

adsorbed quantity: 

𝐶 = 1 +
𝐴

𝐼
 (2.3) 

 

𝑊𝑚 =
1

𝐴 + 𝐼
 (2.4) 

 

The total surface area and specific surface area can be determined with the following 

expressions: 

𝑆𝑡𝑜𝑡𝑎𝑙 =
𝑊𝑚𝑁𝑎𝑣𝑆

𝑉
 (2.5) 

 

𝑆𝐵𝐸𝑇 =
𝑆𝑡𝑜𝑡𝑎𝑙

𝑚
 (2.6) 

 

In the above equations, Nav is Avogadro’s number, S is the single adsorb molecule coverage, 

V is the adsorbate gas molar volume and m is the mass of the adsorbent. 

To determine the pore volume and pore size distribution, the gas pressure is incrementally 

increased to fill all pores with nitrogen. Following this, the pressure is reduced incrementally 

to evaporate the condensed nitrogen from the system. Thereby, an analysis of the resulting 

adsorption and desorption isotherms provides information for the pore volume and pore size 

distribution [4]. 

The BET surface area of the samples was determined with the Quantachrome Instruments 

Autosorb IQ MP. Prior to the measurement, an empty cell was prepared by ensuring that it was 
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clean and dry. Thereby, the cell was evacuated and was filled back with inert gas as per the 

requirement. Given that some samples exhibit significant nitrogen absorption even at room 

temperature, helium was used in the weighing stages. This accounts to any potential absorption. 

The weight measurement procedure involved weighing the empty cell, loading the sample by 

avoiding sample accumulation in the stem of the cell, and then weighing of the loaded cell. 

Prior to the subsequent outgassing step, the system was checked for leaks, and the sample was 

degassed at 423 K to remove moisture and pre-adsorbent gases. 

Using the Brunauer–Emmett–Teller (BET) method, the specific surface area was calculated 

from nitrogen adsorption data and for a relative pressure range (P/P₀) of 0.05 to 0.30. The pore 

size distribution was determined using the Barrett–Joyner–Halenda (BJH) method. Similarly, 

the total pore volume of the adsorbents was evaluated based on the maximum adsorbed volume 

of nitrogen gas at P/P0 ≈ 0.99. 

 2.1.3 Assessment of Gas adsorption capacity 

The pure gas adsorption isotherm describes the equilibrium relationship between the quantity 

of a single gas adsorbed onto a solid surface and the pressure of the gas at a constant 

temperature. Such an isotherm is fundamental for an insight into the interaction between a 

specific gas and an adsorbent material and without interference from other gases. Parameters 

being obtained from such pure gas adsorption isotherms include the maximum adsorption 

capacity, energy, and adsorption constants, that characterize the affinity between the gas and 

the adsorbent. For the obtained data, graphical representations of the relationship between gas 

quantity and applied pressure in adsorption can be visualized [5]. Thereby, the amount of gas 

adsorbed on a solid surface depends upon the two degrees of freedom (pressure and 

temperature): 
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𝑁 = 𝑓(𝑃, 𝑇) (2.7) 

where N is the amount adsorbed (mmol g-1), P is the pressure (bar), and T is the temperature 

(K).  

In the design of adsorption mechanisms, three primary factors are to be considered. These are 

physical adsorption (being governed by van der Waals forces); chemical adsorption (being 

facilitated by chemical bonding); and ion exchange processes. Adsorption isotherms are 

determined by several factors. These include the nature of the adsorbate and adsorbent, the 

species being adsorbed, and various physical properties [6]. 

In CO₂ adsorption studies that especially target flue gas applications, the accurate measurement 

of CO2 adsorption capacity is very important. For such needs, two predominant techniques can 

be used for the measurement of gas adsorption isotherms. These are volumetric and gravimetric 

methods [7,8]. A brief account of these are as follows: 

i. Volumetric Method: The technique enables the measurement of the volume or gas pressure 

of the adsorbent. The method requires precise determination of cell and void volumes. The 

amount of absorbed gas is quantified by monitoring changes in gas pressure or volume. Thus, 

the method provides detailed data with respect to gas volume or pressure changes [9]. 

However, it does not provide kinetic information about the adsorption process, is ineffective 

for small quantities of adsorbent (e.g., several milligrams), and is not practical at extremely 

low or high pressures due to difficulties in pressure measurements and for scenarios in which 

equations of state (EoS) could not be applied for the adsorbed gases [10]. 

ii. Gravimetric Method: The method enables the measurement of the amount of sorbed gas. 

This is conducted through the recording of the sample’s weight alterations at constant 

pressure. To do so, the sample is either mechanically suspended or held via the magnetic 

coupling in a high-pressure vessel. Thereby, buoyancy effects are minimized. An accurate 
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balance is used to detect alterations in the sample weight [11]. The method allows for real-

time observation of the adsorption system approach to reach equilibrium. This state is 

confirmed through the data display setup of the balance system. Thus, the method enables the 

definition of technical adsorption equilibrium based on a chosen fraction of the sample mass 

and a specified time interval. The method is less effective for very small amounts of adsorbent 

and can be challenging at extreme pressures. 

In summary, while the volumetric method is useful for the measurement of gas volume or 

pressure changes, the gravimetric method is advantageous for the observation that prompts 

upon the approached equilibrium. Thus, the later can provide more information in certain 

research applications [7]. 

2.1.3.1 Gravimetric Adsorption Setup 

RubothermTM Magnetic Suspension Balance was used for the gravimetric gas adsorption 

measurements. To do so, firstly, gas cylinders were connected to the balance with the stainless-

steel tubes (Figure 2.1). The temperature transducers, mass flow controllers, and pressure 

transducers were all installed at appropriate locations. 
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Figure 2.1: Schematic representation of gravimetric adsorption system for gas adsorption 

studies. (Nomenclature: MSB: Magnetic Suspension Balance, MFC: Mass Flow Controller, P1 

& P2: Pressure transducers, H1: Helium inlet valve, H3: Adsorbate inlet valve, H4: Balance 

inlet valve, H6: Balance outlet valve, H5 & H8: Bypass valve, H12: Vent valve, H13: Vacuum 

valve) 

The magnetic suspension balance (MSB) is a gravimetric device that enables to weigh samples 

in a contactless arrangement in almost all environments. Instead of hanging directly on the 

balance, the sample to be assessed is linked to a so-called suspension magnet. Such a system 

consists of a permanent magnet, a sensor core, and a device for the decoupling of the measured 

load (sample). An electromagnet, which is attached to the underfloor weighing hook of a 

balance, maintains the freely suspended state of the suspension magnet via an electronic control 

unit. Using such magnetic suspension coupling system, the measuring force is transmitted in a 

contactless format from the measuring chamber to the microbalance, which is located outside 

the chamber under ambient atmospheric conditions. A controlled suspended state is achieved 
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by utilizing a direct analogous control circle (PID controller and position transducer). This 

modulates the voltage on the electromagnet in such a way that the suspension magnet is held 

constantly in a vertical position. A microcontroller-driven digital set point controller being 

superimposed on the direct PID controller allows various positions of the suspension magnet. 

The distinct merit of the Rubotherm magnetic suspension balance is that the microbalance can 

be tared and calibrated during measurements.  

The balance can be configured with a second load coupling and sample position. This enables 

the weight measurement of two samples during a single experiment. Such a function can be 

used for comparative measurements of two samples (e.g., comparison of reactive and reference 

samples). In other words, both sorption and density of the gaseous atmosphere in the reactor 

can be determined. The second coupling and sample position create in total three vertical 

positions. At these conditions, the MSB can be controlled. These positions refer to Zero Point, 

Tare, Measuring Point 1, and Measuring Point 2. A brief account of these are as follows: 

Zero Point (ZP): Only the permanent magnet is suspended to tare and/or calibrate the 

microbalance. 

Measuring Point 1 (MP1): For the first sorption measurement, the permanent magnet is raised. 

This engages the first coupling, and determines the weight of the first reactive sample. 

Measuring Point 2 (MP2): The permanent magnet is raised further to engage the second 

coupling. This lifts and weighs together both the samples. 

The weight of the second sample for sorption measurement 2 is determined by subtracting the 

weight measured at measuring point 1 from the combined weight. A known-volume inert sinker 

is used as the second sample for the determination of the density of the fluid phase in the 
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reactor. Using the Archimedes principle, the buoyancy force acting on the sinker precisely 

determines the density of the gas phase in the reactor. 

2.1.3.2 Adsorption measurements 

A gravimetric gas adsorption analyzer was used to evaluate the gas adsorption capacity of the 

adsorbents in the temperature range of 303-343K. In a standard measurement procedure, 

⁓600mg of adsorbent is placed in a sample holder that is fitted with an analysis port. The sample 

was degassed at 523 K with helium gas (30 cm3min-1) for 180 minutes to remove the pre-

adsorbent gases. A sample is considered to be activated in a scenario in which it does not loose 

significant weight with respect to the time. After activation, the sample was cooled under 

vacuum condition to reach the experimental temperature. Using a recirculation bath, the sample 

was maintained at the respective analysis temperature (303 K, 323 K, and 343). The adsorbed 

gas quantity was calculated based on the alteration in the adsorbent weight. The stability of the 

adsorbent was examined by determining its adsorption capacity at the applied pressure 

alteration. The equilibrium adsorption was measured at approximately 13 points within the 

measured pressure range. Thereby, more reliable isotherm model parameters have been 

obtained. After each cycle, the sample was degassed under vacuum at 523 K for 180 min. 

Thereafter, gas cyclic adsorption-desorption performance was evaluated. The excess amount 

of adsorption was calculated from raw measurements and with buoyancy corrections. 

According to non-adsorbing helium assumptions, the impenetrable solid volume of the 

adsorbent for buoyancy correction was determined from helium measurements at 293K and in 

the pressure range of 0 - 25 bar. 
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2.1.3.3 Adsorption Calculations 

After activation, the pressure chamber of the balance was completely evacuated and was cooled 

down to reach to the experimental temperature. The evacuated sample weight is calculated with 

the following expression: 

𝑁𝑡0 = 𝑁𝑏𝑢𝑐𝑘𝑒𝑡,0 + 𝑁𝑠𝑎𝑚𝑝𝑙𝑒,0 (2.8) 

The activated samples are equilibrated with a gas at a particular temperature and pressure. 

Thereby, the excess amount adsorbed (Nt) is calculated with the expression: 

𝑁𝑡 = 𝑁𝑒𝑞 − 𝑁𝑡0 + 𝑉𝑏𝑢𝑜𝜌𝑔𝑎𝑠 (2.9) 

where, Vbuo is the buoyancy volume and ρgas is the density of gas at equilibrium pressure and 

temperature. The balance reading taken during the experiment can directly be used to determine 

Neq and with the expression: 

𝑁𝑒𝑞 = 𝑀𝑃1 − 𝑍𝑃 (𝑎𝑡 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚) (2.10) 

To determine the excess amount adsorbed from the balance, it is necessary to know the 

buoyancy volume. This is determined with the expression: 

𝑉𝑏𝑢𝑜 =  𝑉𝐵 +  𝑉𝑆 (2.11) 

where, VB is the volume of the bucket and Vs is the volume of the impenetrable solid 

Usually, buoyancy volume is calculated through a base run of the adsorbent system at different 

pressures. The experiments are usually conducted at room temperature. Since helium is not an 

adsorbing gas, the excess amount adsorbed for helium was zero, and the excess amount in eq. 

(2.10) was reduced to 

𝑁𝑒𝑞 = 𝑁𝑡0 − 𝑉𝑏𝑢𝑜𝜌𝑔𝑎𝑠 (2.12) 

Thus, the eq. (2.12) can be rewritten as: 
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𝑀𝑃1 − 𝑍𝑃 = 𝑁𝑡0 − 𝑉𝑏𝑢𝑜𝜌𝑔𝑎𝑠 (2.13) 

At different pressures, the density of helium was plotted against alterations in equilibrium 

conditions. The buoyancy volume was determined from the slope of the plot of the equilibrium 

readings and helium density. 

Based on the virial equation of state, the bulk density was obtained with the expression: 

𝜌𝑔𝑎𝑠 =
−1 + √1 + 4

𝐵𝑔𝑎𝑠 × 𝑃
𝑅 × 𝑇

2𝐵𝑔𝑎𝑠
 

(2.14) 

where, Bgas is the second virial coefficient of the gas phase, P is the pressure (bar), R is the gas 

constant (JK-1mol-1), and T is the temperature (K).  

The Bgas is temperature dependent parameter and is evaluated as: 

𝐵𝑔𝑎𝑠 = 𝐵1 +
𝐵2

𝑇
+

𝐵3

𝑇3
+

𝐵4

𝑇8
+

𝐵5

𝑇9
 (2.15) 

The values of B1, B2, B3, B4, and B5 parameters are given in Table 2.1. 

Table 2.1: A summary of second-virial coefficients of various gases. 

Gas 
B1×102 B2×10-1 B3×10-5 B4×10-15 B5×10-17 

m3kmol-1 m3kmol-1K m3kmol-1K3 m3kmol-1K8 m3kmol-1K9 

He 1.40 -3.54 -5.95×10-6 3.61×10-13 -7.94×10-15 

CO2 5.44 -3.64 -14.96 85.90 -139.70 

CH4 5.44 -2.71 -2.14 0.92 -0.79 

N2 4.67 -1.50 -0.61 0.08 -0.05 

 

Finally, the adsorbed gas amount (mmol g-1) was calculated with the expression: 

𝑁 =
(𝑁𝑒𝑞 − 𝑁𝑡0 + 𝑉𝑏𝑢𝑜𝜌𝑔𝑎𝑠)

𝑁𝑡0 × 𝑀𝑤
 (2.16) 

where, Mw is the molar mass of the gas 

It is well known that the adsorption capacity of the synthesized adsorbents is very likely to alter 

with the variation in the composition of the gaseous mixture. Factors such as the partial 

pressure of the components, competitive adsorption, and adsorbent affinity for each constituent 
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gas would profoundly influence the CO2 adsorption process. For the assessment of the 

adsorbent’s performance under standard conditions, the conducted Ph.D. thesis research works 

were devoted to a specific gas mixture composition. Accordingly, the consistent performance 

of alternate sorbents was ascertained as per the objectives set for the thesis research works.  

However, additional compositions also need to be considered for obtaining a comprehensive 

understanding of the adsorbent’s behavior under diverse scenarios.  Such research works could 

be considered as future research works and as an excellent extension of the conducted research 

works in the Ph.D. thesis. Accordingly, the performance of the best-assessed adsorbents can be 

further assured for real-world applications. 

2.1.3.4 Purity of Gases 

Three different gases were utilized for gas adsorption studies. Helium was employed to activate 

the sample. The minimum purity of the gases used in the experiments exceeded 99.9%, and no 

additional purification was performed after purchasing the gases.  

Table 2.2 provides information with respect to the percentage purity of all gases and their 

respective suppliers. 

Table 2.2: A summary of deployed gases and their purities in the conducted experimental 

investigations. 

Supplier Gas Minimum Gas Purity (%) 

Assam Air Products He 99.995 

Assam Air Products CO2 99.99 

Assam Air Products N2 99.99 

Vadilal Gases Limited CH4 99.95 
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2.1.3.5 Adsorption Process Conditions 

The equilibrium adsorption isotherms of three gases were assessed for various adsorbents with 

the gravimetric adsorption method. The assessments were conducted at a wide temperature 

range and were extended to atmospheric pressure conditions. The selection of temperature and 

pressure conditions in the Ph.D. thesis research works was based on their relevance for typical 

industrial applications. The adsorption experiments were conducted at 303 K, 323 K, and 343 

K and upto 1 bar pressure. Such conditions simulate the conditions relevant to the post-

combustion carbon capture systems in which CO2 is present at low partial pressures in flue 

gases. These conditions are widely studied and provide a benchmark for the comparison of the 

performance of various sorbents.  

The undertaken experimental investigations did not involve experiments at pressures beyond 1 

bar. However, the consideration of higher pressures in experimental investigations, as 

encountered in pre-combustion or natural gas sweetening processes, could provide valuable 

insights into the adsorbent's performance under variant operational conditions. Such 

investigations to be undertaken in the future could extend the pressure range and the associated 

influence assessment in terms of the behavior of the adsorbents under high-pressure 

environments and their associated applicability. The experimental conditions at which 

adsorption measurements were conducted have been detailed in Table 2.3. 
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Table 2.3: A summary of various investigated adsorbents in the Ph.D. thesis and their range 

of operating conditions. 

Adsorbent Adsorbate 
T Pressure Range 

(K) (bar) 

Zeolite-Y 

CO2 

CH4 

N2 

303 

303 

303 

0-1 

Beta 

CO2 

CH4 

N2 

303 

303 

303 

0-1 

ZSM-5 

CO2 

CH4 

N2 

303 

303 

303 

0-1 

MEOH1 

MEOH5 

MEOH10 

CO2 

CO2, CH4, N2 

CO2 

303 

303 

303 

0-1 

DEOH1, DEOH5, 

DEOH10 
CO2 303 0-1 

TEOH1, TEOH5, 

TEOH10 
CO2 303 0-1 

HYZC, LiYZC, 

NaYZC, KYZC 
CO2, CH4, N2 303, 323, 343 0-1 

KYZC5 

KYZC10 

KYZC15 

CO2 

CO2, CH4, N2 

CO2 

303 

303, 323, 343 

303 

0-1 

 

2.1.3.6 Physical Properties of Gases 

The physical properties of gases are important to understand and predict their behavior. They 

as well influence the interaction of the gases with surfaces and external fields. Based on gas 

laws, the molecular weight of gas molecules affects their average kinetic energy at a given 
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temperature. Thereby, this property influences other key properties such as pressure and 

temperature. Gas molecules can adsorb onto surfaces and traverse porous materials. This is 

based on the size of gas molecules. Higher polarizability produces stronger London dispersion 

forces (van der Waals forces) between molecules. Polarizable gases interact more strongly with 

electric fields and other dipolar or charged species. This affects their chemical reactivity and 

interactions with the surfaces. Gases with significant quadrupole moments interact with non-

uniform electric fields. This aspect influences their behavior in electrostatic adsorption 

processes. The physical properties of the gases deployed in the conducted research have been 

listed in Table 2.4. 

Table 2.4: A summary of the adsorption-related molecular properties of various gases. 

Gas 

Molecular 

Weight 

Kinetic 

Diameter 
Polarizability 

Quadrupole 

Moment 

(gmol-1) (Å) (×1025 cm3) (×1040 Cm2) 

He 4 2.58 2.06 0 

CO2 44 3.3 26.3 14.3 

CH4 16 3.8 26 0 

N2 28 3.64 17.6 1.52 

 

2.1.4 Ranking methodology for the selection of the best commercial adsorbent 

To evaluate upon the effectiveness of commercial zeolites as support materials for amine-

functionalization and cation loading, a ranking methodology was deployed based on the data 

of the carbon dioxide adsorption studies. The three alternate zeolites (Zeolite-Y, β-Zeolite, and 

ZSM-5) were assessed for their CO2 adsorption capacities. The findings conveyed that the 

Zeolite-Y exhibited the highest CO2 adsorption capacity. This is attributed to its large pore 

diameter within the supercage structure that facilitates greater CO2 uptake. Following Zeolite-

Y, β-Zeolite demonstrated a commendable CO2 adsorption capacity. ZSM-5, while effective, 
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exhibited the lowest CO2 adsorption capacity among the selected zeolites. Consequently, 

Zeolite-Y was identified as the most suitable candidate for further studies that prompt upon the 

assessment of amine-functionalized or cation-loaded adsorbents. 

2.2 Synthesis and characterization of amine-functionalized Zeolite-Y adsorbents 

2.2.1 Base Materials 

The materials used in this study were methanol (99.5%) (supplied by Sigma Aldrich), 

monoethanolamine, diethanolamine, and triethanolamine (98%) (provided by Sigma Aldrich), 

and Zeolite-Y (provided by Alfa Aesar). The CO2 (99.9%), CH4 (99.9%), N2 (99.9%), and 

helium (99.9%) gas cylinders were purchased from Assam Air Products, Guwahati. 

2.2.2 Adsorbent Synthesis 

Three alternate amine loadings were considered to prepare amine-functionalized adsorbents (1 

wt.%, 5 wt.%, and 10 wt.%). Monoethanolamine, diethanolamine, and triethanolamine were 

deployed as alternate amines. Firstly, high-temperature calcination was conducted for 4h for 

the Zeolite-Y support. This removed volatile materials. Thereafter, the synthesis process 

involved two separate sub-processes. In the first sub-process, the Zeolite-Y support was mixed 

with methanol for 20 min and a 1:2 solid-to-liquid loading ratio choice. Thereafter, the mixture 

was allowed to air dry for 180 min at room temperature. Such a mixture is termed as air-dried 

zeolite. In the second sub-process, amine with respective loading was added to methanol and 

was stirred for 20 min. This solution is termed as amine-solution. Subsequently, the air-dried 

zeolite from first sub-process and amine-solution from second sub-process were mixed for 120 

min in a separate conical flask. Subsequently, the mixture was subjected to filtration and the 

adsorbent from the process was dried at 140°C in a vacuum oven for 180 min  [12]. The 
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modified Zeolite-Y with monoethanolamine loading of 1 wt.%, 5 wt.%, and 10 wt.% have been 

designated as MEOH1, MEOH5, and MEOH10. Similarly, diethanolamine (DEOH) and 

triethanolamine (TEOH) were used to produce respective amine-loaded adsorbents (DEOH1, 

DEOH5, DEOH10, TEOH1, TEOH5, TEOH10). The visual representation of commercial 

Zeolite-Y and synthesized amine-functionalized adsorbent is represented in Appendix A2.1. 

2.2.3 Adsorbent Characterization  

The characterization of the materials was carried out with various analytical techniques such 

as X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), Fourier-

transform infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) surface area 

analyses. These have been detailed in section 2.1.2 of the Ph.D. thesis. 

2.2.3.1 XPS Spectral Analysis  

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive, non-destructive technique 

being used to analyze the outermost layer of 10 nm approximate size (~30 atomic layers) of 

the assessed material. XPS is employed to determine the composition of material surfaces, 

perform semi-quantitative analyses of the relative abundances of surface components, and 

assess upon the chemical states of polyvalent ions. These are analyzed through the measured 

binding energies, which are indicative of the nature and strength of their chemical bonds. 

XPS operates based on the photoelectric effect. As per this principle, electrons are emitted from 

atoms in response to incident electromagnetic radiation. When the energy of the incident 

photons exceeds the binding energy of the electrons in the material, photoelectrons are ejected. 

The energy of the incident photons (ℎϑ), which is fixed, influences the emission of 

photoelectrons. The kinetic energy (Ekinetic) of the emitted electrons is related to their binding 
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energy. Thus, XPS spectrum is produced and is characterized with a range of binding energies 

due to the prevalent multiple atomic orbitals. 

The relationship between the kinetic energy of the emitted electrons and their binding energy 

is expressed as: 

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛(ℎ𝜗) − 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 − ∅ (2.17) 

 

where Ekinetic is the kinetic energy of the photoelectron measured by the instrument, Ephoton is 

the energy of the incident photon (1486.7 eV for the X-ray source used), Ebinding is the binding 

energy of the electron, and Ø is the work function that represents the energy difference between 

the vacuum level (Eϑ) and the Fermi level (Ef) of the solid [13]. 

The XPS data were collected with a PHI 5000 Versa Probe III (Physical Electronics, USA) 

equipped with a micro-focused monochromatic K-Alpha X-ray source at 1486.7 eV. To ensure 

accurate spectral acquisition, the instrument provided charge compensation using low-energy 

electrons and positive ions. The samples were mounted on double-stick carbon tape. However, 

it was ensured that the powder is secure to avoid contamination of the sample chamber and 

degradation of the detectors. 

2.2.4 Gas Adsorption Studies 

In the conducted study, CO2, CH4, and N2 adsorption on amine-functionalized Zeolite-Y were 

assessed to determine the sensitive influence of various amine groups and their loadings on the 

adsorption data. Zeolite-Y samples were functionalized with three types of amine groups—

primary, secondary, and tertiary—at three different loadings: 1 wt.%, 5 wt.%, and 10 wt.%. 

The adsorption performance was assessed in terms of the CO2 uptake capacity of these 

functionalized materials. 
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Among the amine groups tested, the Zeolite-Y functionalized with primary amines 

demonstrated the highest CO2 adsorption capacity. Such a superior performance is attributed 

to the simpler molecular structure of primary amines. This enhanced their effectiveness in 

capturing CO2 with respect to the secondary and tertiary amines. The findings convey that the 

primary amine functionalization favors CO2 adsorption in this context. 

2.3 Synthesis and characterization of cation-loaded Zeolite-Y adsorbents 

2.3.1 Raw Materials 

Zeolite-Y was purchased from Alfa Aesar, Hyderabad. The lithium carbonate, sodium 

carbonate, and potassium carbonate (≥98%) were obtained from Merck India Limited, 

Mumbai. The gas cylinders for carbon dioxide (99.99%), nitrogen (99.99%), methane 

(99.99%), and helium (99.995%) were purchased from Assam Air Products, GuwahatiThe 

Analytical-grade chemicals were used without any further purification. 

2.3.2 Material Synthesis 

The adsorbents were prepared using the wet-impregnation method and lithium, sodium, and 

potassium as cations. To do so, in the first step, Zeolite-Y was calcined for four hours at 600°C. 

To achieve a homogeneous mixture, sodium, potassium, or lithium carbonate (0.10g) was 

added to distilled water (5.0ml) and stirred for 20 minutes. Zeolite-Y (1g) was subsequently 

added to the solution and was stirred for 60 minutes. As a final step, activated adsorbents at 

different cation-loading were produced by drying the prepared adsorbents for 24 hours at 120°C 

[14]. Thereby, adsorbents with lithium, sodium, and potassium ions were synthesized and were 

labeled as LiYZC, NaYZC, and KYZC. The visual representation of synthesized adsorbents is 

presented in Appendix A2.1. 
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2.3.3 Material Characterization 

The materials were characterized with a range of analytical techniques. Detailed descriptions 

of X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and Brunauer-

Emmett-Teller (BET) surface area analyses have been provided in section 2.1.2 of the Ph.D. 

thesis. Additionally, X-ray photoelectron spectroscopy (XPS) analysis as described in section 

2.2.3.1 of the Ph.D. thesis has been conducted. 

2.3.3.1 FETEM Structural Analysis 

Transmission electron microscopy (TEM) is a high-resolution analytical technique being used 

to visualize structures at the atomic scale. TEM achieves magnification of nanometer-scale 

structures up to 50 million times. This surpasses the resolution capabilities of visible light 

microscopy due to the shorter wavelength of electrons, which is approximately 100,000 times 

smaller than that of visible light. 

The TEM operates by generating a high-energy electron beam with a heated tungsten filament 

within the electron gun. This beam is focused onto the specimen through the condenser lenses 

and magnetic lenses. The electron column, maintained under vacuum, prevents interactions 

with air molecules. Thereby, it reduces deflections and ensures a clear image. As the electron 

beam interacts with the specimen, electrons are scattered. This creates variations in the image 

density. While denser regions of the specimen scatter more electrons and appear darker on the 

final image, thinner and more transparent regions allow more electrons to pass through and 

appear brighter. 

To eventually form a TEM image, the electron beam is accelerated through an extremely thin, 

"electron transparent" sample, which is typically less than 100 nm in thickness. The beam is 
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then focused and magnified through a series of electromagnetic lenses and apertures. Thereby, 

the resultant image is projected onto a phosphor screen or specialized camera for visualization. 

Such a process allows for a detailed examination of structural features at the atomic scale [15]. 

High-resolution imaging was conducted with a 200 kV Field Emission Transmission Electron 

Microscope (FETEM) (JEOL, Model: JAM-2100F), and for a magnification range of 100-200 

nm. The sample preparation involved a drop-casting method with isopropanol as the solvent. 

Precisely, two drops of the sample were deposited onto a TEM grid. The grid was then placed 

in a vacuum oven and was heated at 120°C for the overnight duration. This ensured complete 

solvent evaporation. Following the sample preparation process, the TEM grid was directly 

mounted into the TEM instrument for the imaging analysis. 

2.3.4 Evaluation of Best Isotherm Model for Pure Gas 

Isotherm models are often used to model adsorption equilibrium data. They are widely used to 

assess the pertinent adsorption mechanisms [16]. The conducted study primarily utilized two 

alternate adsorption isotherm models i.e. the Langmuir adsorption isotherm model and the 

Virial adsorption isotherm model. 

2.3.4.1 Langmuir Isotherm Model 

Langmuir developed a theoretical equilibrium isotherm that correlates the amount of gas 

adsorbed on the surface of an adsorbent with the gas pressure. The model is particularly suitable 

as the experimental adsorption isotherms being obtained from adsorption analysis are typically 

Type I isotherms [17]. The Langmuir isotherm model assumes a homogeneous distribution of 

reactive sites on the adsorbent surface and no lateral interactions between adsorbed molecules. 

The model applies to the case in which adsorption occurs in a monolayer. Thus, the surface has 

a fixed number of identical adsorption sites, and no migration of adsorbate molecules occurs 
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across the surface [18]. The non-linearized form of the Langmuir isotherm model, as proposed 

by Langmuir in 1918, is expressed as follows: 

N =
NmaxβP

1 + βP
 (2.18) 

where P is the pressure (bar), N is the amount of adsorbed gas on the support (mmol g-1), Nmax 

is the saturation adsorption capacity (mmol g-1), and β is Henry’s constant (mmol g-1 bar-1). The 

Henry’s constant is represented as: 

β = β0 exp (
β1

T
) (2.19) 

where T is the temperature (K), β0 and β1 are denoted as entropy and enthalpy of adsorption at 

zero loading condition, respectively. 

2.3.4.2 Virial Isotherm Model 

The Virial adsorption isotherm model is another important model for providing an insight into 

the gas adsorption on solid surfaces. It is based on the virial equation of state. The equation 

determines the pressure of a gas for a given volume and temperature. It incorporates 

coefficients that account for intermolecular interactions. The model is represented as: 

𝑃 =
𝑁

𝛽
𝑒𝑥𝑝(𝑏𝑁 + 𝑐𝑁2) (2.20) 

where P (bar) is the pressure, and N (mmol g-1) is the amount of adsorbent. Additionally, 

Henry's constant, β (mmol g-1 bar-1), as well as two Virial coefficients (b, mmol-1 g and c, mmol-

2 g2) are included in the above expression. It is considered that these parameters are 

temperature-dependent, i.e. 
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b = b0 exp (
b1

T
) 

c = c0 exp (
c1

T
) 

(2.21) 

 

(2.22) 

where T represents adsorption temperature (K) 

A Virial isotherm model is particularly useful for the adsorption data being measured at a wide 

range of pressures. The model enables a useful analysis of the adsorbate molecules and 

adsorbent surfaces. Unlike the Langmuir model, which assumes a homogeneous surface with 

identical adsorption sites, the Virial model can account for heterogeneity on the adsorbent 

surface. A Virial coefficient is determined experimentally and provides an insight into the 

nature of the interactions between an adsorbent and the adsorbed species. 

2.3.4.3 Henry’s constant 

Henry's law describes the relationship between the partial pressure of the adsorptive fluid and 

the amount of adsorbate [5]. Henry constant is defined as the slope of the isotherm at zero 

pressure. This constant, which appears in linear adsorption isotherms, is analogous to Henry's 

gas law. Derived from Gibbs adsorption, it is used to determine the equilibrium state of 

adsorption for adsorbates at low and constant temperatures. According to Henry’s adsorption 

isotherm, the equilibrium amount of adsorbate in the fluid is related to the partial pressure of 

the adsorptive fluid. This is expressed as: 

𝛽 = (
𝑁

𝑃
)

𝑃→0
 (2.23) 

where N is the amount of adsorbate (mmol g-1), β is Henry's adsorption constant, and P is the 

pressure (bar) of the adsorbate on the adsorbent. 
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Henry's isotherm is not suitable for adsorption experiments being conducted at high 

temperatures and pressures. For such conditions, the molecular motion and significant 

interaction forces might result in large fluctuations in the potential energy [19]. 

2.3.4.4 Adsorption Enthalpy 

The isosteric enthalpy of adsorption (∆hads) is an important parameter for an insight into the 

adsorption process of an adsorptive agent on an adsorbent. It describes the strength of the 

binding energy created between the adsorbate and the adsorbent. This exists due to an 

adsorptive agent's binding to an adsorbent's solid surface. An adsorbate with a high enthalpy 

of adsorption has a high affinity for an adsorbent. This facilitates a greater concentration of the 

adsorbed species under the same conditions. 

Low pressures typically facilitate the highest affinity for the adsorbate for occupancy at the 

adsorption sites. This corresponds to higher -∆hads values at very low loadings. The enthalpy 

of adsorption at zero coverage represents the interaction energy between initially adsorbed 

molecules. In the zero to low coverage range, the magnitude of the isosteric enthalpy of 

adsorption is primarily determined by the binding strength of the most favorable binding sites 

within the material. As these preferred sites become occupied, the enthalpy of adsorption 

usually decreases with increasing uptake [20]. The enthalpy of adsorption is typically 

determined either through experimental measurements or by using model-derived parameters 

based on the following equation: 

∆ℎ𝑎𝑑𝑠 = −𝑅
ln 𝑃

1 𝑇⁄
|

𝑁

 (2.24) 

where R is the universal gas constant (JK-1mol-1), P is the pressure (bar), T is the temperature 

(K), and N is the amount adsorbed (mmol g-1). The slope of this equation can be fitted to a plot 

of lnP and 1/T at various loadings to determine the heat of adsorption. Statistically relevant 
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linear fits can only be made from measurements of isotherms at three alternate temperatures. 

The enthalpy of adsorption for Langmuir (eq. 2.18) and Virial (eq. 2.20) adsorption isotherm 

models are represented as: 

∆ℎ𝑎𝑑𝑠 = −𝛽1𝑅 

∆ℎ𝑎𝑑𝑠 = −𝑅(𝛽1 + 𝑏1𝑁 + 𝑐1𝑁2) 

(2.25) 

(2.26) 

Two adsorption isotherm models, Langmuir and Virial, were employed to characterize the 

adsorption of CO2, CH4, and N2 gases. Thereby, Henry's constant and the heat of adsorption 

were determined for both cases. 

2.3.5 Ideal Adsorbed Solution Theory for Gas Mixture Selectivity Estimation 

The Ideal Adsorbed Solution Theory (IAST) is a predictive model being utilized to estimate 

multicomponent adsorption equilibrium and selectivity without experimental mixture data. The 

model is particularly valuable in gas purification and separation processes, and for cases that 

leverage upon the single-component adsorption isotherms for the prediction of the behavior of 

mixtures. According to IAST, the adsorbed phase is considered to be ideal. Thus, with no 

interactions among adsorbate molecules, the phase follows the principles of Raoult’s law for 

vapor-liquid equilibrium [21]. In such a scenario, an ideal solution is assumed to have formed 

in the adsorbed phase. This is characterized by the equal spreading of pressures for all 

components at constant temperatures. 

The spreading pressure (π) is an intensive variable being used to describe the state of the 

adsorbed phase and is calculated with the following integral expression [22]: 

𝜋𝐴

𝑅𝑇
= ∫

𝑛𝑖

𝑃𝑖

𝑃𝑖
0

0

𝑑𝑃𝑖 
(2.27) 

where A is the specific surface area of the adsorbent (m2 g-1), R is the gas constant (8.314 J K-

1 mol-1), T is the temperature (K), and ni represents the adsorption amount of component i. The 
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partial pressure (Pi) of a component is related to its spreading pressure π and can be expressed 

using Raoult’s law: 

𝑃𝑖 = 𝑦𝑖𝑃 = 𝑥𝑖𝑃𝑖
0(𝜋) (2.28) 

 

where Pi
0(π) is the partial pressure of the pure component i, P is the total pressure (bar), and xi 

and yi are the mole fractions of component i in the adsorbed and gas phases, respectively. The 

total amount of adsorbed species is calculated with the expression: 

1

𝑛𝑇
= ∑

𝑥𝑖

𝑛𝑖
0

𝑁0

𝑖=1

 (2.29) 

 

where N0 is the number of components in the mixture, and ni
0 is the standard loading state 

(mmol g-1). The adsorption amount of component i is determined with the expression: 

𝑛𝑖 = 𝑥𝑖𝑛𝑇 (2.30) 

 

The adsorption selectivity (Sij) based on IAST is defined with the expression: 

𝑆𝑖𝑗 =
𝑥𝑖 𝑥𝑗⁄

𝑦𝑖 𝑦𝑗⁄
 (2.31) 

 

where xi and xj are the mole fractions of components i and j in the adsorbed phase, and yi and 

yj are their respective mole fractions in the gas phase. 

Based on experimental single-component adsorption isotherms, the Ideal Adsorbed Solution 

Theory (IAST) was employed to assess upon the selectivity of CO2/CH4 and CO2/N2 mixtures 

at 303 K. The gas mixture of CO2, CH4, and N2 was chosen for its industrial relevance and the 

assessment of the practical selectivity of the adsorbent. CO2 is a major greenhouse gas, CH4 

represents natural gas, and N2 is a significant component of the flue gas.  While CO2 separation 

from CH4 is highly desired in natural gas purification schemes, the CO2/N2 separation is highly 

desired in carbon capture and storage frameworks. Since these gases also exhibit diverse 
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adsorption characteristics, their utilization as the test gases prompts a comprehensive 

evaluation of the adsorbent’s performance and selectivity under real-time scenarios. 

For the CO2/CH4 system, while a CO2 concentration of 5 mol% was used, a CO2 concentration 

of 13 mol% was chosen for the CO2/N2 system and the utilized gas mixture compositions were 

as per a relevant prior art [23]. These concentrations were selected to simulate the typical 

compositions being found in natural gas and flue gas streams, respectively. The selected 

concentrations were as per the typical compositions being reported in the relevant prior art for 

natural gas and flue gas streams. While the gas mixtures used in this study do not fully replicate 

real-world industrial conditions due to the absence of additional contaminants, they do provide 

fundamental insights into the adsorption behavior of zeolites under controlled conditions. 

2.3.6 Gas Adsorption Assessment Inference 

A comprehensive study was carried out to evaluate the gas adsorption properties of alkali-

cation-loaded Zeolite-Y and for CO2, CH4, and N2 gases. The cation sources used were Li+, 

Na+, and K+.  

2.4 Influence of Potassium Carbonate Loading on the Cation-Loaded Zeolite-Y 

Adsorbent CO2 Capture Characteristics 

2.4.1 Materials 

The raw materials utilized in this study have been detailed in Section 2.3.1. For cation loading 

studies with Zeolite-Y, only potassium carbonate (K2CO3) was employed. Such a choice was 

to assess upon the loading effect on the adsorption characteristics of the potassium-loaded 

Zeolite-Y adsorbent. Other raw materials discussed in Section 2.3.1 were not utilized in this 
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particular section, as potassium loading has been the sole objective for its sensitivity 

assessment. 

2.4.2 Synthesis 

All adsorbents were synthesized with the impregnation method and for variant potassium 

carbonate loadings of 5 wt.%, 10 wt.%, and 15 wt.% on Zeolite-Y. Initially, Zeolite-Y was 

calcined at 600°C for 4 h. Thereafter, firstly, potassium carbonate (either of 0.10 g, 0.20 g, and 

0.30 g) was dissolved in 5 mL of distilled water and the mixture stirred for 20 minutes. 

Subsequently, 1 g of Zeolite-Y was added to the potassium carbonate solution, and the mixture 

was stirred for 60 minutes. This ensured complete impregnation. The adsorbents were then 

activated by drying at 120°C for 24 h. The adsorbents prepared with different potassium 

carbonate loadings were designated as KYZC5, KYZC10, and KYZC15. These respectively 

correspond to 5%, 10%, and 15% K₂CO₃ loadings [14]. 

2.4.3 Characterization 

The materials were characterized with a variety of analytical techniques such as the X-ray 

diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller 

(BET) surface area analyses (details provided in section 2.1.2 of the Ph.D. thesis), X-ray 

photoelectron spectroscopy (XPS) (details provided in section 2.2.3.1 of the Ph.D. thesis), and 

the Field Emission Transmission Electron Microscopy (FETEM) analyses (detailed presented 

in section 2.3.3.1 of the Ph.D. thesis). 

2.4.3.1 Thermal Stability Assessment 

Thermogravimetric analysis (TGA) is a thermal analysis technique being used to monitor 

changes in the physical and chemical properties of materials and as a function of temperature. 
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The method involves the usage of a high-temperature furnace and a precise mass balance to 

track mass alterations in the sample being kept in a controlled purge gas stream. As the 

temperature of the system is incrementally increased, the TGA records the change in mass. 

Thereby, a plot can be generated for the weight loss versus temperature data. Such a plot 

provides valuable information with respect to the activation and decomposition temperatures 

of the material. 

In the conducted TGA study, a Netzsch STA449F3A00 thermogravimetric analyzer was 

employed to evaluate the thermal properties of the adsorbent and for a temperature range of 25 

to 900°C. To do so, firstly, approximately 10 mg of the sample was placed in a covered 

crucible. Thereafter, sample was the inserted into the TGA instrument. The analysis was carried 

out in an argon atmosphere and for a heating rate of 10°C/min. The resultant TGA data 

provided insights into the thermal behavior of the adsorbent. 

2.4.4 Modelling Studies 

The modeling studies for gas adsorption isotherms of CO2, CH4, and N2 have been discussed 

in detail in section 2.3.4 of the Ph.D. thesis. The section provided an in-depth analysis of the 

adsorption behavior of the gases and for two alternate isotherm models. The theoretical 

framework and computational methods deployed for fitness studies with the experimental data 

and subsequent interpretation of the adsorption characteristics have been thoroughly described. 

The modeling approach referred to the application of Langmuir and Virial adsorption isotherms 

for the evaluation of the adsorption capacity of the adsorbents. Additionally, the section 

addresses the parameters (Henry’s constant and heat of adsorption) derived from the models 

and their implications for an insight into the interaction between the gases and the adsorbent 

materials. 
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2.4.5 Application of IAST for Selectivity Prediction 

The selectivity of the optimized material for CO2 over CH4 and N2 has been addressed in detail. 

To do so, a comprehensive explanation of the Ideal Adsorbed Solution Theory (IAST) provided 

in section 2.3.5 of the Ph.D. thesis has been adopted. The section highlights the utility of IAST 

for the prediction of the adsorption selectivity of CO2 to CH4 and N2.  

2.4.6 Gas Adsorption Studies 

The gas (CO2, CH4, and N2) adsorption studies were conducted with the synthesized materials 

at temperatures of 303 K, 323 K, and 343 K. 

2.5 Summary 

The chapter provides a comprehensive analysis of the characterization and evaluation of 

various adsorbents for CO2 capture. Initially, commercial adsorbents were characterized, and 

their CO2 adsorption capacities were assessed to select a suitable support material for further 

studies. Based on these assessments, a support material with an optimal CO2 adsorption 

capacity was chosen. 

The chapter then details upon the synthesis and characterization of amine-functionalized 

adsorbents, including monoethanolamine, diethanolamine, and triethanolamine. CO2 

adsorption studies on these amine-functionalized adsorbents were conducted to evaluate their 

efficacy. Following this, the focus shifted to alkali-cation-loaded adsorbents, specifically 

incorporating Li+, Na+, and K+. These adsorbents were synthesized, characterized, and 

subjected to gas adsorption studies involving CO2, CH4, and N2. 

Modeling studies using the Langmuir and Virial adsorption isotherm models were performed 

to understand the adsorption behavior and derive thermodynamic parameters such as Henry's 
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constant and the heat of adsorption. Additionally, the selectivity of gas mixtures was evaluated 

using the Ideal Adsorbed Solution Theory (IAST). Based on the comprehensive analysis, the 

best-performing cation-loaded adsorbent was selected for further optimization. This included 

synthesizing adsorbents with various weight percentages of the cation and characterizing them 

through multiple techniques. Gas adsorption studies for CO2, CH4, and N2 were carried out, 

and the adsorption behavior was modeled to provide insights into the adsorbents' performance 

and selectivity for practical applications in gas separation. 
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Chapter 3 

Exploring the Synergistic Impact of Amine-Functionalization on 

Zeolite-Y for Gas Adsorption 

In the pursuit of enhancing gas adsorption capacities for industrial applications, the selection 

of optimal zeolites plays a pivotal role. This chapter discusses the performance comparison of 

three zeolites available commercially: Zeolite-Y, Beta, and ZSM-5. A series of rigorous 

evaluations identifies the best-performing zeolite based on its adsorption efficiency. The 

chapter explores further the functionalization of the selected zeolite with amine groups to 

enhance its adsorption capabilities. The investigation is substantiated by comprehensive gas 

adsorption studies, complemented by thermodynamic analyses, to elucidate amine 

functionalization's underlying mechanisms and efficacy in improving gas adsorption 

performance. 

 

3.1 Background 

Zeolites are crystalline aluminosilicates with a porous structure, which makes them ideal for 

adsorption applications such as gas capture. Zeolites exhibit high thermal stability, chemical 

resistance, and large surface areas, crucial for efficient gas adsorption. Among the wide array 

of zeolites, three commercially significant types—Zeolite-Y, Beta, and ZSM-5—are frequently 

studied for their CO2 adsorption capacities. 

A comparative study was conducted on the CO2 adsorption capacities of Zeolite-Y, Beta, and 

ZSM-5 to identify effective CO capture materials. These three zeolites were selected based on 

their structural diversity and previously reported potential for gas adsorption applications. 

Zeolite-Y is known for its large pore size and high adsorption capacity, making it suitable for 

capturing larger molecules such as CO2. Zeolite Beta exhibits high surface area and 

microporosity, which can potentially enhance adsorption efficiency. Zeolite ZSM-5 features a 
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medium pore size and a unique channel structure, offering distinctive adsorption 

characteristics. The term "medium pore size" for ZSM-5 typically refers to a pore size range of 

5–6 Å. Such a value range arises from its unique MFI framework structure. This framework 

consists of the intersection of the straight and sinusoidal channels with 10-membered ring 

openings and contributes to its distinct adsorption characteristics. The mentioned pore size 

range allows the ZSM-5 sorbent to exhibit selective adsorption for molecules with kinetic 

diameters within the mentioned range. Such molecules include the CO2. The CO2 adsorption 

capacities of the three zeolites were systematically evaluated under controlled conditions. The 

adsorption studies revealed that Zeolite-Y outperformed Zeolite Beta and ZSM-5 in terms of 

CO2 uptake.  

The superior adsorption capacity of Zeolite-Y is attributed to its larger pore volume and higher 

affinity for CO2 molecules. Given its exceptional performance in CO2 adsorption, Zeolite-Y 

was CO2 capture and sequestration applications in CO2 capture and sequestration. 

The selection of the best zeolite for CO2 adsorption was determined through a comparative 

study of Zeolite-Y, Beta, and ZSM-5, with Zeolite-Y demonstrating the highest adsorption 

capacity. The promising results for Zeolite-Y have led to its further enhancement via amine-

functionalization, which is anticipated to elevate its performance in practical CO2 capture 

scenarios. This research contributes to the ongoing development of efficient materials for 

mitigating the environmental impact of CO2 emissions. 

3.2 Commercial Zeolite Assessment 

3.2.1 Characterization 

Figure 3.1 (a) shows the XRD pattern of Zeolite-Y, Beta, and ZSM-5 in the 2θ range of 5-45°. 

The XRD peaks of Zeolite-Y exhibited at 6.28°, 10.26°, 12°, 15.78°, 18.84°, 20.5°, 23°, 23.84°, 

27.22°, 29.88°, 30.96°, 31.6°, and 34.3°. The appearance of all sharp peaks is due to the 
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topology structure of the Zeolite-Y framework. Beta zeolite peaks at 7.92°, 14.64°, 22.64°, and 

25.62° are broad peaks which is due to the amorphous nature of the material. The beta zeolite 

does not possess the periodicity and atoms are randomly distributed in the space. ZSM-5 

revealed the characteristic diffraction peaks at 2θ values around 7.88°, 8.78°, 14.74°, 23.02°, 

23.86°and 29.86°. These values were completely indexed to the structure of MFI topology and 

sharp peaks showed good crystallinity. 

 

 

Figure 3.1: (a) XRD pattern and (b) FTIR spectra of commercial zeolites. 

The functional groups and surface acidity of the adsorbents were characterized using Fourier 

Transform Infrared Spectroscopy (FTIR). Figure 3.2(b) presents the FTIR spectra of the 

studied zeolites, highlighting key vibrational modes that provide insights into their structural 

properties. For Zeolite-Y, the absorption band at 452 cm⁻¹ corresponds to the O-T-O bending 
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vibrations. The internal TO₄ tetrahedral bending vibrations for zeolites generally occur in the 

range of 437-519 cm⁻¹, indicating the presence of the tetrahedral framework structure.  

All zeolites exhibited an absorption band in the range of 538-595 cm⁻¹, which is attributed to 

variations in the five- or six-membered ring structures of the composite building units (CBU). 

This range highlights the structural diversity among the different zeolites. The external 

symmetric stretching vibrations of the zeolite framework are observed in the range of 789-819 

cm⁻¹. Additionally, a strong band in the range of 1042-1060 cm⁻¹ indicates the internal 

asymmetric stretching of the T-O-T bond, a crucial characteristic of the zeolite framework. 

Beta and ZSM-5 zeolites also show bending vibrations in the range of 1211-1214 cm⁻¹, which 

are assigned to the external asymmetric stretching of the T-O-T bond. These observations 

confirm the presence of specific functional groups and the integrity of the zeolite structure, 

which are essential for their performance in CO₂ adsorption [1]. 

The morphologies of all raw zeolites were analyzed by SEM and results are presented in Figure 

3.2 at a magnification of 20 KX with a particle size in the range of 100-200 nm. The SEM 

image of Zeolite-Y exhibits a typical crystal-like structure with a tetrahedral and hexagonal 

structure. It is seen from both SEM images of beta zeolite possessing almost spherical-shaped 

morphologies. The SEM images of ZSM-5 confirmed that it has high crystallinity, uniform in 

size and shape. It could be seen that it exhibited a typical hexagonal morphology characteristic 

of MFI-type zeolites. 
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Figure 3.2: FESEM images of  (a) YZC, (b) Beta, and (c) ZSM-5 at 20kX magnification. 
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In this study, the BET isotherms (Figure 3.3) for N₂ adsorption/desorption on three zeolites—

Zeolite-Y, Beta, and ZSM-5—are presented to compare their pore structures and surface areas. 

The N₂ adsorption/desorption isotherm for Zeolite-Y shows a Type I isotherm, characteristic 

of microporous materials. The initial steep rise at low relative pressures indicates a high affinity 

for N₂ adsorption due to the presence of micropores. The plateau at higher relative pressures 

suggests that the micropores are filled, and there is limited mesoporosity. This behavior is 

typical of materials with a large surface area and significant micropore volume. 

The N₂ adsorption/desorption isotherm for Beta zeolite exhibits a combination of Type I and 

Type IV isotherms. The initial steep rise at low relative pressures indicates the presence of 

micropores, while the subsequent increase at higher relative pressures suggests the presence of 

mesopores. This dual behavior indicates that Beta zeolite has both microporous and 

mesoporous structures, providing a moderate surface area and pore volume suitable for various 

adsorption applications. 

The N₂ adsorption/desorption isotherm for ZSM-5 also shows a combination of Type I and 

Type IV isotherms, similar to Beta zeolite. The initial rise at low relative pressures indicates 

the presence of micropores, while the increase at higher relative pressures and the hysteresis 

loop in the desorption branch indicate mesoporosity. This suggests that ZSM-5 has a mixed 

pore structure with both micropores and mesopores but with a lower surface area and pore 

volume compared to Zeolite-Y and Beta. 

These findings are crucial for selecting the appropriate zeolite for specific applications, 

particularly in the context of gas adsorption. The superior properties of Zeolite-Y make it a 

prime candidate for further functionalization and optimization to enhance its adsorption 

capabilities. 
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Figure 3.3: N2 adsorption-desorption isotherm plot of commercial zeolites. 

3.2.2 Adsorption Study 

Zeolite Y is a Faujasite [FAU] framework and thus has the crystalline structure channels run 

in three perpendicular dimensions and intersect to form large and spherical internal cavities. 

The FAU framework consists of sodalite building blocks that are connected through double 6 

rings (D6Rs), forming a super cage with a 12MR window. Beta zeolite has a large pore size 

and complex structure. It has a three-dimensional pore network with intersecting channels 

having 12 tetrahedral atom apertures, giving rise to large internal cavities similar to those in 

Zeolite-Y but the third channel is tortuous [2].  

ZSM-5[MFI] is a medium pore zeolite with interconnected channels. The framework contains 

straight 10MR channels that are intersected by sinusoidal 10MR channels. The structure was 
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geometrically optimized, which resulted in one cation being located in a 5MR adjacent to the 

wall of the 10MR main channel, and the other cation in the 10MR channel. This study showed 

that the interaction of CO2 occurs only with the cation site located in the 10MR channel because 

this is the only site accessible to CO2.  The cation that is situated in a 5MR adjacent to the wall 

is not accessible to CO2 because the kinetic diameter of CO2 (3.3Å) is much larger than the 

pore size of the 5MR (approximately1.5Å) through which the cation is accessed [3]. 

Figure 3.4 illustrates the CO2, CH4, and N2 adsorption performance of Zeolite-Y, beta, 

modernite, and ZSM-5 zeolites as a support material at 303 K. The reduction of adsorption 

capacity depends on the pore size of the support. In Zeolite-Y, the other sites except supercage 

are also available for adsorption. The double six-membered rings are available for the 

adsorption which is also a factor to enhance the adsorption. Zeolite-Y's carbon dioxide 

adsorption capacity (1.869 mmol g-1) is high compared to the remaining three zeolites because 

of the high supercage pore diameter. 

The adsorption capacity of carbon dioxide (CO₂) is notably higher compared to methane (CH₄) 

and nitrogen (N₂) due to several intrinsic properties of CO₂ and the corresponding interactions 

with the adsorbent surface. CO₂ possesses a relatively high quadrupole moment, which 

contributes to stronger van der Waals forces and significant electrostatic interactions with the 

adsorbent, particularly when the adsorbent surface contains active sites capable of engaging in 

such interactions. These interactions are further enhanced in adsorbents with cation exchange 

sites, which preferentially attract and bind CO₂ molecules. 

In contrast, CH₄ and N₂ exhibit lower quadrupole moments, resulting in predominantly weaker 

van der Waals interactions with the adsorbent surface. Consequently, the adsorption capacities 

for CH₄ and N₂ are considerably lower compared to CO₂. Additionally, the smaller kinetic 

diameter of CO₂ allows it to be more efficiently accommodated within the micropores of the 
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adsorbent, compared to the larger kinetic diameters of CH₄ and N₂. This size exclusion effect 

further enhances the selectivity of adsorbents towards CO₂ over CH₄ and N₂, leading to a higher 

overall adsorption capacity for CO₂. 

 

Figure 3.4: (a) CO2, (b) CH4, and (c) N2 adsorption capacities at 303K for commercial zeolites. 
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3.3 Amine-functionalized Zeolite 

The amine-loaded Zeolite-Y adsorbents were evaluated to enhance carbon dioxide adsorption 

capacity through synthesis, characterization, and the adsorption of carbon dioxide, within the 

context of current trends in separation technology. This study aims to study the ability of 

amine-loaded Zeolite-Y to adsorb carbon dioxide using three different loadings ethanolamine, 

diethanolamine, and triethanolamine. 

3.3.1 Characterization 

Figure 3.5(a) shows the thermal behavior of all the amine-loaded zeolites. They were obtained 

with the TGA instrument under N2 conditions. The characterization was carried out in a 

temperature range of 25 to 600°C and at a heating rate of 10°C/min. It was observed that a two-

step decomposition process occurred in the synthesized adsorbents (between 25 and 200°C and 

200 and 600°C). The TGA profile indicated that the physically adsorbed water molecules got 

desorbed in the first step. The second region in the range of 200℃ and 600°C can be attributed 

to the volatilization of the entrapped amine material. The heat treatment of materials from 

160°C to 600°C did not result in significant weight loss. This confirmed the high thermal 

stability of all the synthesized samples. The mass loss profile showed a larger variation in the 

order of MEOH<DEOH<TEOH loaded zeolite adsorbents, which follows the boiling point 

order (MEOH<DEOH<TEOH). 

X-ray diffraction was used for the determination of crystallinity in functionalized and 

commercial samples. Figure 3.5(b) shows the XRD patterns of Zeolite-Y and amine-

functionalized Zeolite-Y. Based on the X-ray powder diffraction of amine-functionalized 

Zeolite-Y, it appears that the crystal structure of Zeolite-Y was retained even after the 

modification. This conveys that the impregnation process did not affect crystallinity in any of 

the synthesized samples. Also, the diffraction peaks located at 2θ values of 6.28°, 15.82°, and 
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23.86° can be seen in all the samples. This indicates the presence of an ordered hexagonal 

structure. 

 

Figure 3.5: (a) TGA curve and (b) XRD pattern of amine-functionalized Zeolite-Y samples. 

Figure 3.6 depicts nitrogen adsorption-desorption isotherms of amine-functionalized Zeolite-

Y samples. For this case, a typical type-IV adsorption isotherm exists along with a hysteresis 
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loop. This conveyed a uniform mesoporous structure since the high volume of nitrogen got 

adsorbed at very low relative pressures. Therefore, marginally higher nitrogen uptake observed 

at lower pressures, in the range of 0.0-0.1, can be probably attributed to the fact that amine 

groups added to the pure Zeolite-Y occupy the surface and pore openings of the support. The 

relative pressure in the range between 0.3 and 0.4 has a steep capillary condensation inflection. 

This was confirmed by the narrow pore size distribution in mesoporous materials. A sharp 

increase of relative pressures in the range of 0.9-1.0 was prevalent in some isotherms. This is 

probably due to multi-layer adsorption. The Zeolite-Y being impregnated with other amine 

groups and at various amine loadings, affirmed progressive decline in the nitrogen uptake with 

the increasing loading. 

 

Figure 3.6: Nitrogen adsorption isotherms at 77 K of the amine-functionalized Zeolite-Y. 

Table 3.1 shows the surface properties of amine-functionalized Zeolite-Y. The surface area, 

pore volume, and pore size were determined using N2 isotherms. For enhanced amine loading, 

the specific surface area and pore volume are reduced at a progressive rate. This indicated that 
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the amine groups filled the pores and prevented nitrogen from being adsorbed. Zeolite-Y 

loaded with the lowest amine wt.% and the commercial Zeolite-Y had similar surface 

characteristics. 

Table 3.1: Textural properties of amine-functionalized Zeolite-Y. 

Adsorbent SBET (m2/g) Vt (cc/g) P.D.avg (nm) 

YZC 355.26 0.24 2.73 

MEOH1 308.08 0.22 1.88 

MEOH5 286.60 0.20 2.03 

MEOH10 212.75 0.15 2.60 

DEOH1 280.29 0.18 2.01 

DEOH5 269.82 0.17 2.73 

DEOH10 192.61 0.13 3.27 

TEOH1 266.82 0.16 2.68 

TEOH5 206.83 0.14 3.90 

TEOH10 101.02 0.11 4.48 

 

Figure 3.7 shows the FTIR spectra of Zeolite-Y and the amine-functionalized Zeolite-Y 

adsorbents. All the samples exhibited symmetric T-O bands at 450 cm-1 (T: Si or Al) resulting 

from internal vibrations of the TO4 (SiO4 and AlO4) tetrahedron framework. Additionally, the 

spectrum suggests that the tetrahedral units are externally linked at 590 cm-1, and confirmed 

secondary building units (SBU) and external linkage. The IR spectrum of samples conveyed 
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significant bands at 810 cm-1, which are related to T-O-T (Si-O-Si or Si-O-Al) symmetry 

stretching (external linkage to symmetric stretch reflecting structure). The strongest vibration 

at 1029 cm-1 occurred due to an asymmetric stretching mode O-T-O that involved motions 

primarily associated with oxygen atoms. The sample's IR spectra affirmed a peak at 1633 cm-

1 related to O-H stretching, which is due to the existence of water molecules. The peak 

intensities of synthesized samples corresponding to the Zeolite-Y structure reduced after amine 

loading. The peaks found in the region 3387 cm-1 provide important information on 

impregnated amine groups [4]. In comparison to Zeolite-Y and amine-functionalized samples, 

the presence of an additional peak can be observed for amine-loading with N-H stretching on 

the surfaces of adsorbents.  

 

Figure 3.7: FTIR spectra of Zeolite-Y and amine-functionalized Zeolite-Y adsorbents. 
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Figure 3.8, Figure 3.9, Figure 3.10, and Figure 3.11 shows the SEM images of Zeolite-Y before 

and after amine loading. All the samples being characterized at 5kV acceleration voltages have 

been presented at a magnification of 50KX. The primary tetrahedral and secondary hexagonal 

structures of Zeolite-Y were intact even in the amine-modified samples. This indicates that the 

morphology of Zeolite-Y support did not change even after amine loading, which is also in 

alignment with the literature [5].  

 

Figure 3.8: FESEM image of pure Zeolite-Y adsorbent. 
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Figure 3.9: FESEM images of (a) MEOH1, (b) MEOH5, and (c) MEOH10 adsorbents. 
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Figure 3.10: FESEM images of (a) DEOH1, (b) DEOH5, and (c) DEOH10 adsorbents. 
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Figure 3.11: FESEM images of (a) TEOH1, (b) TEOH5, and (c) TEOH10 adsorbents. 
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3.3.2 Parameters Effect for CO2 Adsorption 

During adsorption equilibrium measurements, 99.9% pure carbon dioxide gas was used. Using 

a gravimetric adsorption system, the adsorption equilibrium of carbon dioxide gas on 

synthesized adsorbents was determined at 303 K. Before each isotherm measurement the 

sample was degassed by heated to 423 K under vacuum before the measurement. Gravimetric 

adsorption systems include a section of the system with a known volume, called the manifold. 

Using high-sensitivity pressure sensors, the exact amount of gas enclosed in these areas can be 

determined at any given time with the pneumatic valves connected to the system. 

3.3.2.1 Effect of amine groups 

In this study, the amine-loaded Zeolite-Y was used to adsorb carbon dioxide. During such 

sorption, some of the CO2 diffused into the adsorbent pores (physisorption), and the remainder 

reacted with the active amino sites. In empirical studies, it was affirmed that both Zeolite-Y 

and amine contribute to CO2 adsorption. FTIR spectra of the synthesized samples indicated the 

presence of amine groups and these functional amine groups act as active sites for CO2 

adsorption. The Si-OH-Al clusters on Zeolite-Y surfaces serve as a link to connect amine 

molecules. 

Figure 3.12 illustrates the molecular structures of the amines and their reactions with CO2. 

MEOH exhibited good adsorption capacity due to its simple molecular structure and a terminal 

–NH2 group which easily reacted with CO2. The steric hindrance of DEOH and TEOH limits 

molecular contact with CO2. Hence, DEOH has a lower adsorption capacity than MEOH due 

to the relatively larger molecules. In addition to steric hindrance, TEOH reacts with CO2 only 

in water, resulting in its lowest adsorption capacity [6]. The BET analysis of the samples 

discussed in section 3.3.1, also supports the decreasing adsorption capacity of the synthesized 

samples. During the amine modification of the zeolite using the wet impregnation method, the 
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amine molecules occupy the surface and pores of the zeolite sample which could be confirmed 

by the decrease in surface area and average pore size of the sample. As a result of the combined 

effect of steric hindrance and decreasing surface area the CO2 adsorption capacities of the 

synthesized samples decreased in the order of MEOH<DEOH<TEOH. The CO2 adsorption 

tests carried out in this study were performed under anhydrous conditions. Under these 

circumstances, CO2 binding to tertiary amines is very difficult. 

𝐶𝑂2 +  2𝑅𝑁𝐻2  ↔  𝑅𝑁𝐻3
+ + 𝑅𝑁𝐻𝐶𝑂𝑂− (3.1) 

𝐶𝑂2 +  2𝑅2𝑁𝐻 ↔  𝑅2𝑁𝐻2
+ + 𝑅2𝑁𝐶𝑂𝑂− (3.2) 

The reaction of primary and secondary amine groups with carbon dioxide results in the 

formation of carbamate ions as shown in equations (3.1) and (3.2).  

 

Figure 3.12: Adsorption mechanism of CO2 with (a) MEOH, and (b) DEOH. 

XPS measurements were performed on synthesized adsorbents after carbon dioxide adsorption 

to evaluate the adsorption mechanism of carbon dioxide on amine-loaded adsorbents. In the 
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high-resolution XPS analysis of the C1s spectrum, three distinct peaks were observed at 284.49 

eV, 286 eV, and 288.54 eV, as illustrated in Figure 3.13(a) and (b). These peaks are associated 

with the C-H, C-N, and O=C-N species, respectively [7,8]. However, in Figure 3.13(c), the C1s 

spectrum displays only two peaks at 284.49 eV and 286 eV, corresponding to C-H and C-N 

species, respectively. Therefore, both primary and secondary amine-loaded adsorbents 

exhibited adsorption mechanisms. Figure 3.13(c) shows a lack of adsorption peak for O=C-N, 

which may indicate that there is no adsorption between tertiary amines and carbon dioxide. 

 

Figure 3.13: High-resolution XPS spectra of C1s for (a) monoethanolamine, (b) 

diethanolamine, and (c) triethanolamine-loaded adsorbents. 
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3.3.2.2 Effect of amine loading 

Using a gravimetric adsorption system, the adsorption capacity of CO2 for modified Zeolite-Y 

adsorbents at 303 K has been depicted in Figure 3.14 (a), (b), and (c). According to the obtained 

results, CO2 adsorption capacity increased from 1 wt.% to 5 wt.% amine loading (2.13 - 2.26 

mmol g-1) but decreased for 10 wt.% amine loading case (1.7 mmol g-1). A higher MEOH 

loading (<5 wt.%) resulted in the maximum pore blocking of the zeolite structure. As a result 

of this, the zeolite surface available to adsorb CO2 decreased greatly and the diffusion barrier 

also increased. Therefore, support pore structure is not the only factor to influences CO2 

adsorption capacity. However, MEOH supported on mesoporous Zeolite-Y barely adsorbs CO2 

at room temperature at such a higher loading of the amine. Thus, adsorbents with low loadings 

will circumvent the adverse effect of diffusion limitation at room temperature. MEOH loading 

of 5 wt.% affirmed a maximum CO2 adsorption capacity of 2.26 mmol g-1 at 303 K and 1 bar 

pressure for pure CO2. The MEOH dispersion within the support cage-like structure can 

significantly enhance the CO2 adsorption capacity. 

The CO2 adsorption capacities of the synthesized samples in the present work are compared 

with the existing literature data in Table 3.2. All the synthesized samples, exhibited superior 

surface area, pore volume, and CO2 adsorption capacities. The MEOH-modified zeolite 

(MEOH5) sample exhibited the highest adsorption capacity and the effects of amine loading 

were discussed above. The determination of gas adsorption capacity for commercial Zeolite-Y 

as a sample has been explained in Appendix 3.1 and remaining gas adsorption capacity has 

been calculated by using similar steps. 
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Figure 3.14: (a) Effect of primary, secondary, and tertiary amine groups CO2 adsorption at 

303K, (b) Effect of 1 wt.%, 5 wt.%, and 10wt.% monoethanolamine loading on CO2 adsorption 

at 303K, and (c) CO2, CH4, and N2 adsorption of MEOH5 adsorbent at 303K. 
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Table 3.2: Comparative evaluation of amine loading adsorbents for pure CO2 adsorption at 

atmospheric pressure. 

Support 
Amine 

group 

Amine 

loading 

(wt.%) 

T 

(°C) 

SBET 

(m2 g-1) 

Vtotal 

(cm3 g-1) 

CO2 

Capacity 

(mmol g-1) 

Ref. 

NaY TEPA 50 75 172 0.148 2.11 [9] 

NaY DEA 50 75 - - 1.77 [10] 

NaY 2-MAE 50 75 - - 1.94 [10] 

Zeolite-13X DETA 40 75 35.43 0.993 1.05 [11] 

Zeolite-13X TEA 40 75 30.75 0.995 0.11 [11] 

Zeolite-13X MEA 40 75 - - 0.37 [11] 

Zeolite 4A TEA 40 75 - - 0.37 [11] 

Zeolite 4A MEA 40 75 - - 0.24 [11] 

Zeolite 5A TEA 40 75 - - 0.24 [11] 

Zeolite 5A MEA 40 75 - - 0.04 [11] 

Zeolite-Y MEOH 5 30 286.60 0.20 2.26 
Present 

work 

Zeolite-Y DEOH 5 30 269.82 0.17 1.84 
Present 

work 

Zeolite-Y TEOH 5 30 206.83 0.14 1.62 
Present 

work 

 

3.3.2.3 Adsorption isotherm 

A virial adsorption isotherm model was used to analyze the CO2 adsorption behavior of amine-

functionalized adsorbents as shown in Figure 3.15 (a), (b), and (c). The isotherm model has 

been used to determine the adsorbent's affinity and thermodynamic properties for the design of 
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an adsorption system. The virial isotherm model used for fitting experimental CO2 adsorption 

data is represented in Equation 3.3. Accordingly, the isotherm plot illustrates the model data at 

303 K and 0.1-1 bar pressure intervals. 

P =  
N

β
exp(bN + cN2) (3.3) 

where P stands for pressure (bar), and N stands for amount adsorption (mmol g-1). Apart from 

Henry's constant (β) (mmol g-1 bar-1), two virial coefficients b (mmol-1 g) and c (mmol-2 g2) are 

also included in the above expression. Generally, these parameters depend upon temperature 

as, 

β = β0 exp (
β1

T
) (3.4) 

b = b0 exp (
b1

T
) (3.5) 

c = c0 exp (
c1

T
) (3.6) 

In the above expressions, T represents the system temperature in Kelvin. The model was used 

to obtain Type I CO2 isotherm with good fitting at ambient temperatures (303 K). 

The expression revealed that the virial isotherm was independent of saturation capacity. In the 

literature [12], a different version of the equation exists that incorporates saturation capacity. 

Virial isotherms with a second or third truncated virial coefficient are capable of correlating 

gas-solid equilibrium data with high accuracy. Virial adsorption isotherms can very effectively 

describe heterogeneous surfaces of adsorbents which possess many types of adsorption sites. 
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Figure 3.15: (a) Monoethanolamine, (b) Diethanolamine, (c) Triethanolamine adsorption 

isotherms for (▲) 1 wt.%, (●) 5 wt.%, and (◆) 10 wt.%. Symbols are experimental data; lines 

are fits obtained using the Virial model parameter. 
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The CO2 adsorption of all synthesized adsorbents increased gradually with increasing pressure. 

Adsorbents with a 5 wt.% amine loading affirmed the best CO2 adsorption capacity at 303K 

and 1 bar. This is due to the large number of amine functionalities that act as CO2-affinity sites 

on the sorbent. The gradual increase in CO2 adsorption could be due to the initial packing of 

CO2 molecules in monolayers and then in multilayers. CO2 adsorption can also occur inside 

amine-loaded pores, or on their external surfaces. This is because most exposed amine sites are 

already occupied by CO2. The larger molecular structure of DEOH molecules possessing two 

alkyl groups connected to the central "N," may contribute less to the CO2 adsorption capacity 

of the sorbent and accordingly reported low CO2 uptake in comparison to MEOH 

functionalized adsorbents. The structure or type of an amine molecule influences CO2 

adsorption on the adsorbent. In comparison to MEOH and DEOH, TEOH has a larger 

molecular structure with three alkyl groups on the central atom. CO2 adsorption capacity is 

lower for TEOH-functionalized adsorbents than for either MEOH or DEOH-functionalized 

adsorbents. It could be due to the presence of three bulky alkyl groups on the central "N" atom 

causing steric hindrance for CO2 adsorption.  

Figure 3.16 (a), (b), and (c) present the adsorption isotherms of CO2, CH4, and N2, along with  

their respective model fits using the Virial model for CO2 and the Langmuir model for CH4 

and N2. The adsorption data indicate that the quantity of gas adsorbed increases with an increase 

in partial pressure and decreases. The MEOH5 adsorbent exhibited adsorption capacities of 

2.26, 0.297, and 0.095 mmol g-1 for CO2, CH4, and N2, respectively. The isotherms underscore 

MEOH5's pronounced preference for CO2 over CH4 and N2, which can be attributed to CO2’s 

large linear quadrupole moment and its robust interaction with the intra-crystalline charge 

density frameworks of the adsorbent. The Langmuir model, as shown by the best-fit curves in    

Figure 3.16 (b) and (c), accurately describes the adsorption behavior of CH4 and N2. Despite 
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CH4's zero quadrupole moment, it demonstrates a higher adsorption capacity than N2 due to its 

greater polarizability.  

The Langmuir model, represented by the equation   

N =
NmaxβP

1 + βP
 (3.7) 

where N is the amount of adsorbed gas (mmol g-1), P is the pressure (bar), Nmax is the 

saturation adsorption capacity (mmol g-1), and β is Henry’s constant (mmol g-1 bar-1), provides 

an excellent fit for the experimental data of CH4 and N2.  The adsorption isotherm model 

parameters are presented in Appendix A3.2. 

 

Figure 3.16: (a) CO2 adsorption isotherms, (b) CH4 adsorption isotherms, (c) N2 adsorption 

isotherms on MEOH5 at 303 K. Symbols are experimental data; lines are fits obtained using 

Virial and Langmuir model parameters. 
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3.3.2.4 Adsorption enthalpy 

Based on the Virial adsorption isotherm, the following equation relates to the total amount of 

heat generated due to reactions between absorbent and CO2. For the heat of adsorption, the 

enthalpy of the standard state is computed with the determination of the heat of adsorption 

generated per mole of CO2. Amine structure is one of the main factors that affect heat 

adsorption [13]. 

−∆hads

R
=  β1 +  b1N +  c1N2 (3.8) 

Figure 3.17 depicts the heat of absorption (−Δhads) generated by amine-functionalized 

adsorbent at 303K. The heat adsorption at initial loading is extremely important as it represents 

the adsorption enthalpy at the strongest site and confirms its surface heterogeneity. At nearly 

zero loading, all graphs show relatively high adsorption enthalpy, which decreases with 

increasing amine loading. The negative values of -∆h0 confirm the exothermic adsorption of 

CO2. According to the thermodynamic analysis, the higher heat of adsorption value for MEOH-

loaded adsorbents conveyed that they have a higher CO2 interaction potential. 

While MEOH5 is considered to be the most efficient absorbent in the absorption process, it 

assured the highest heat of absorption value of 22.59 kJ mol-1 CO2. The lowest absorption rate 

was achieved for TEOH10, a tertiary amine (lowest heat of absorption value of 21.09 kJ mol-1 

CO2). The heat of adsorption was observed to be as per the order of TEOH < DEOH < MEOH 

in the synthesized sorbents. Adsorption processes generally involve physical adsorption with 

enthalpy changes in the range of 20-40 kJ mol-1. Similarly, chemical adsorption assures 

enthalpy changes in the range of 40-400 kJ mol-1 [14]. Thus, the amine-loaded adsorbents are 

likely to strongly physisorbed carbon dioxide. 
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Figure 3.17: Heat of adsorption at zero loading of amine-functionalized Zeolite-Y. 
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3.3.2.5 IAST Application 

Based on the experimental single-component adsorption isotherms, the selectivity of CO2/CH4 

and CO2/N2 mixtures at 303 K was evaluated using the Ideal Adsorbed Solution Theory 

(IAST), as depicted in Figure 3.18 (a) and (b). For the IAST calculations, 5 mol% CO2 in 

CO2/CH4 and 13 mol% CO2 in CO2/N2 were chosen to reflect typical concentrations found in 

natural gas and flue gas streams, respectively. 

At low pressures, CO2 molecules in MEOH5 experience strong electrostatic interactions, 

leading to high initial selectivity. However, as these sites become progressively occupied, the 

strength of these interactions diminishes, resulting in a notable decrease in CO2 selectivity over 

CH4 and N2. For the MEOH5 material, the calculated IAST selectivity at 0.02 bar was 

remarkably high, reaching values of 330 for the CO2/CH4 mixture and 300 for the CO2/N2 

mixture. As pressure increases, the selectivity for both CO2/CH4 and CO2/N2 mixtures 

decreases, eventually reaching a saturation point at 1 bar with still substantial values of 157.59 

and 143.77, respectively. This decline in selectivity was attributed to the kinematic diameter of 

the adsorbate molecules, with CO2 having a smaller kinematic diameter compared to methane 

and nitrogen. A smaller kinematic diameter of MEOH5 at lower pressures facilitates the 

occupancy of the narrow pores with the CO2. This is due to the higher adsorption selectivity. 

With increasing pressure, adsorption shifted to the lesser selective surfaces of the adsorbent. 

This prompted a reduction in the selectivity. 
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Figure 3.18: IAST predicted binary adsorption isotherms with pressure on MEOH5 for (a) 5 

mol% for the CO2/CH4 mixture and (b) 13 mol% for the CO2/N2 mixture. 

3.3.2.6 Cyclic study 

A series of four continuous adsorption-desorption cycles have been performed in the adsorption 

setup to investigate the cyclic performance of the optimized adsorbent (MEOH5). During each 

cycle, the adsorption process is performed at 303 K and up to 1 bar with pure carbon dioxide 
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gas. Regeneration of the adsorbent was performed at 423 K in a pure helium atmosphere under 

vacuum conditions to remove strongly adsorbed water molecules and make free adsorption 

sites available in small cages.  

Figure 3.19 shows the CO2 adsorption capacity of the adsorbent in the first cycle at 2.26 mmol 

g-1. As a result, the CO2 adsorption capacity of MEOH5 decreased to 2.19 mmol g-1 after four 

cycles, indicating that MEOH5 may be used for longer-term processes without major 

adsorption loss. All adsorption-desorption cycles had similar behavior with a small deviation 

over the four cycles studied. According to these results, it is mainly a physisorption process in 

which the adsorbent structure remains mechanically stable and there was oxidative degradation 

of the amine component to form amide, nitrite, and imine phases, which results in the 

deactivation of the adsorbent, resulting in a decrease in the CO2 adsorption capacity [15]. 

 

Figure 3.19: Cyclic adsorption-desorption performance of MEOH5 adsorbent. 
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3.3.3 Summary 

The effects of monoethanolamine (MEOH), diethanolamine (DEOH), and triethanolamine 

(TEOH) functionalization on highly ordered mesoporous Zeolite-Y adsorbent was compared 

for the pure CO2 case using a gravimetric adsorption system. Various characterization 

techniques and CO2 adsorption thermodynamics models were used to verify the results. The 

amines were well distributed on the surface and also effectively filled the Zeolite-Y pore space. 

Amine loading higher than 5 wt.% was probably effective in coating the external surface of the 

support material. In this study, MEOH5, DEOH5, and TEOH5 showed maximum adsorption 

capacities of 2.26, 1.84, and 1.62 mmol of CO2 per g adsorbents, respectively. Hence, MEOH-

loaded adsorbent was the suitable CO2 adsorbent. Physical adsorption was the primary 

mechanism for CO2 adsorption and the functional –NH2, -NH, and -N groups of the amines 

served as active sites. According to a thermodynamic perspective, the experimental results for 

CO2 adsorption were well concordant with the Virial, and CH4 and N2 were well fitted with 

Langmuir adsorption isotherm. Based on thermodynamic analysis, the corresponding heat of 

adsorption increased in the order MEOH > DEOH > TEOH. This is consistent with affirming 

a higher interaction potential between the adsorbate and adsorbent molecules. The selectivity 

of optimized amine-functionalized adsorbent (MEOH5) for two binary mixtures CO2/CH4 

(157.59) and CO2/N2 (143.77) has been predicted by using IAST at 303 K and 1 bar condition. 

The monoethanolamine functionalized Zeolite-Y adsorbent can effectively mitigate well-

known issues associated with high carbon capture costs, thus offering a promising application 

for future CO2 capture procedures. Following these findings, the next chapter explores the 

enhancement of gas adsorption capacity through the use of cation-loaded Zeolite-Y, aiming to 

increase the material's performance in gas capture. 
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Chapter 4 

Influence of Cation Exchange on the Gas Adsorption Efficiency of 

Zeolite-Y 

This chapter presents the synthesis and characterization of Zeolite-Y loaded with various 

cations, aiming to enhance its adsorption properties. The chapter begins with an overview of 

the methods used for the incorporation of different cations into the Zeolite-Y framework and 

the subsequent characterization techniques employed to evaluate the structural and chemical 

modifications. Following the synthesis and characterization, comprehensive gas adsorption 

studies are conducted using CO2, CH4, and N2 to assess the performance of the cation-loaded 

zeolites. The adsorption data is analyzed using two distinct modeling approaches to interpret 

the adsorption behavior. Additionally, the Ideal Adsorbed Solution Theory (IAST) is applied to 

determine the selectivity of the cation-loaded zeolites for CO2 relative to other gases, providing 

valuable insights into their potential for gas separation applications. 

 

4.1 Background 

Zeolite-based adsorbents contain both Lewis and Bronsted acid sites used as active sites that 

play a key role in various processes in refineries and petroleum technologies [1–4]. A zeolite 

with large pore apertures and 12 oxygen atoms connected by a silicon or aluminum atom 

(Faujasite Zeolite) adsorbs CO2 more readily at low pressures than CH4 or N2 [5]. Zeolites can 

be tailor-made for specific adsorption properties by manipulating their charge-balancing 

cations. Zeolites are distinguished by both negatively charged frameworks and charge-

balancing cations that can serve as effective adsorption sites [6]. In Zeolite-Y, all the cations 

are located in the supercage, which is located above the hexagonal window between the 

supercage and the sodalite cage. Furthermore, larger cations easily fit in the Zeolite-Y structure 

on another side of hexagonal windows that also contain counteractions [7]. 
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In the framework, aluminium atoms have a net negative charge of one due to their less positive 

charge than silicon atoms. The negative charge is balanced by exchangeable ions at each 

aluminium atom. Cations induce high electricity gradients within cavities, and the framework 

itself can be acidic or basic. The gas adsorption on alkali metal cations in Zeolite-Y may be 

related to the coordination of the cations to oxygen in the structure, which is highly dependent 

on the basicity of the associated cation and the location of the cation in framework channels 

[8]. The supercage contains the most preferred cationic site. Once the supercage is fully 

occupied, the remaining cations are distributed between the double-6-ring (D6R) connecting 

the two sodalite cages and another site within the sodalite cage [9]. 

4.2 Characterization 

In Figure 4.1, the FTIR spectrum indicates the formation of hydroxide and bicarbonate in the 

synthesized samples. There are two FTIR peaks for all adsorbents at 450 cm-1 and 586 cm-1. 

The peaks correspond to the tetrahedral bend of Si & Al and the stretching vibration of double 

six rings (D6R) [10]. The FT-IR spectrum of all the samples shows two peaks at 722 cm-1 and 

1014 cm-1 associated with TiO4 symmetric stretching and Si-O-Si asymmetric stretching. 

Compared to the support material, the carbonate-loaded samples showed a distinct peak at 1369 

cm-1, indicating the presence of CO3
2- ions because of the formation of bicarbonate [11]. In the 

IR spectrum, the peak at 1638 cm-1 is caused by the stretching vibrations of the –OH group of 

the hydroxide molecule. As a result of hydroxide formation, the peak at 3391 cm-1 is indicated 

by the -OH stretching band [12]. Thus, the FT-IR spectra of carbonate-modified Zeolite-Y 

confirm the modification of Zeolite-Y supported with lithium, sodium, and potassium 

carbonates.   
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Figure 4.1: FTIR spectra of commercial Zeolite-Y and cation-loaded Zeolite-Y adsorbents. 

The XRD patterns of pure Zeolite-Y and the cation-loaded adsorbents are shown in Figure 4.2. 

The similarity between XRD patterns of the synthetic and commercial adsorbents indicates that 

the original Zeolite-Y structure has been preserved [13]. No shift in peak positions and no 

significant diffraction peak was assigned to the cations. These results demonstrate that the wet-

impregnation method did not significantly affect Zeolite-Y structure. All the synthesized 

samples had sharp peaks due to their crystalline structure. Peak intensities decrease with 

carbonate loading due to a decrease in crystallinity of Zeolite-Y. There was also the possibility 

that secondary scattering may have occurred due to the presence of potassium ions on the 

Zeolite support. 
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Figure 4.2: XRD pattern of commercial Zeolite-Y and cation-loaded Zeolite-Y. 

Figure 4.3 (a) illustrates the nitrogen adsorption/desorption isotherm of Zeolite-Y and cation-

loaded Zeolite-Y samples. A hysteresis loop of type H4 was observed in all the mesoporous 

adsorbents based on surface area analysis, indicating they were mesoporous. Micropores are 

apparent in all adsorbents when relative pressure is low, as evidenced by steep isotherms [14]. 

However, as pressure increases, capillary condensation is observed between the adsorption and 

desorption branches, and the level of hysteresis indicates the amount of mesopores present. 

Due to uniform internal mesoporosity, the adsorbents demonstrated a pronounced capillary 

condensation step between 0.4 and 0.9 relative pressure. At high relative pressures, the 

adsorbents revealed a sharp increase in adsorbed nitrogen volume, which was consistent with 

the large mesoporous structure of the adsorbents.  
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Figure 4.3: (a) N2 adsorption-desorption isotherm, and (b) Pore size distribution of commercial 

Zeolite-Y and cation-loaded Zeolite-Y. 
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To calculate the pores in the samples, a classical BJH model was used based on the Kelvin 

equation corrected for multiple layers of adsorption. According to Figure 4.3 (b), BJH 

desorption patterns reveal the pore distribution of all adsorbents. The pore sizes range from 3 

to 10 nm with the most possible value being 3 nm which confirms the mesoporous nature of 

the adsorbents. 

Table 4.1: Physiochemical properties of adsorbents. 

Adsorbent SBET (m2/g) dBJH (nm) Vt (cc/g) 

YZC 432.11 2.23 0.24 

LiYZC 401.03 2.24 0.21 

NaYZC 333.36 2.26 0.19 

KYZC 294.29 2.27 0.17 

Table 4.1 shows the BET surface area, pore size, and pore volume of commercial and cation-

loaded adsorbents. In comparison with commercial adsorbent, cation-loaded Zeolite-Y has 

lesser surface areas (SBET) and total pore volumes (Vtotal) sequentially. In addition, a proportion 

of the cations entered the pores, and another proportion was incorporated into the zeolite's 

framework during cation loading [15].  

Figure 4.4 (a), (b), (c), and (d) shows TEM images of commercial Zeolite-Y and cation-loaded 

adsorbents. The commercial adsorbent contains zeolite agglomerates consisting of nanosized 

zeolite crystallites. The cation-based adsorbents were prepared by impregnation and all the 

adsorbents possessed hexagonal structures with a particle size of 200 nm. A uniform 

distribution of cations was observed between the micropores and the exterior surface of the 

zeolite. Although cation loading changed texture properties, morphology remained unchanged. 

It was possible that this would result in a higher fraction of cations inside the micropores of the 
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zeolite. Moreover, more cations were immobilized on the zeolite due to higher cation loading 

(Li+, Na+, and K+) in the channels of H-modified Zeolite-Y.  

 

Figure 4.4: FETEM images of (a) Zeolite-Y, (b) LiYZC, (c) NaYZC, and (d) KYZC. 

A detailed XPS spectrum of the C1s, Li1s, Na1s, and K2p regions is shown in Figure 4.5. To 

facilitate comparison, the intensity of each synthesized adsorbent is scaled equally in each 

figure. All adsorbents exhibited C1s spectrum peaks at 285 eV, consistent with C-C bonded 

carbon. This peak was attributed to the reference peak. A further position of the C1s peak was 

observed for carbonate in synthesized materials. A 288 eV peak in synthesized materials was 

TH-3601_166107117



Influence of Cation Exchange on the Gas Adsorption Efficiency of Zeolite-Y 

 

141 
 

attributed to a carbonate compound, which may be the result of bicarbonate formation [16]. In 

the case of the Li1s, Na1s, and K2p peaks, peak fit results are included as a means of displaying 

the state of the metal. There was a clear peak at 54 eV for lithium, a peak at 1071.12 eV for 

sodium, and a peak at 293.88 eV for potassium in its metallic state [17,18]. The presence of 

cations confirmed Zeolite-Y cation loading.   

 

Figure 4.5: High-resolution XPS spectrum of (a) YZC, (b) LiYZC, (c) NaYZC, and (d) KYZC. 

4.3 Gas adsorption performance 

The gas adsorption performance of different cation loadings (Li+, Na+, and K+) on Zeolite-Y 

was measured at 303 K, 323 K, and 343 K. A Rubotherm Magnetic Suspension balance was 

used to measure the adsorption isotherm. The adsorbent was thoroughly activated at a high 

temperature (423 K) for 180 min. In this process, helium flows over the sample at 30 cc min-1 

under vacuum and the sample is cooled down to an experimental temperature. The jacket 
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surrounding the balance assembly circulated water from the water bath to maintain a constant 

temperature. The gas of interest was introduced to the desired experimental pressure after the 

desired temperature had been established in the system. A controlled increase in pressure in 

the system resulted in equilibrium measurements at intermediate pressures. To desorb the 

adsorbate from the solid, the system was evacuated and regenerated with heating and helium 

purging. In equilibrium, the excess amount adsorbed, Mex, is correlated with the microbalance 

reading, Mt, and the buoyancy force acting on the bucket and sample. 

𝑀𝑒𝑥 =  𝑀𝑡 −  𝑀𝑡0 + 𝑀𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦𝜌𝑔𝑎𝑠 (4.1) 

Where the Mt0 signal is a result of the sample evacuated weight and the sample holder weight. 

Vbuoyancy is the buoyancy volume and ρgas is the bulk gas density at equilibrium pressure and 

temperature. A buoyancy volume can be determined using helium run on an adsorbent at 

varying pressures. The experiments are usually carried out at room temperature.   

4.3.1 Effect of Cation Loading 

As shown in Figure 4.6, CO2 adsorption isotherms were measured on cation-loaded Zeolite-Y 

at 303 K. In zeolites, cations enhance the electron density of the framework oxygen to enhance 

the capitation of acidic molecules [19,20]. For all the adsorbents, cations act as Lewis acid 

sites, whereas oxygen atoms in the framework, bearing partial negative charges, act as basic 

sites. The metal cations Li, Na, and K neutralized the negative charge of the framework. The 

electropositivity of exchangeable cations increases the basic strength of these sites [21]. The 

basicity of framework oxygen atoms of cation-loaded Zeolite-Y is in the order of H+ < Li+ < 

Na+ < K+ based on local hard–soft acid–base (HSAB) descriptors[22]. This principle indicates 

that the Lewis acid site (the carbon in CO2) and basic Zeolite-Y oxygen atoms interact the most 

in K+ and the least in H+. Based on this observation, KYZC had the highest CO2 occupancy in 

the middle of the 12-membered oxygen ring, while HYZC had the lowest [23]. There is 
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evidence that electrostatic and van der Waals interactions are crucial to the interactions between 

metal ions, zeolite, and carbon dioxide [24]. 

 

Figure 4.6: Carbon dioxide adsorption isotherm of commercial Zeolite-Y and cation-loaded 

Zeolite-Y at 303K. 

The high sorption capacity of K+-loaded Zeolite-Y is primarily due to the basicity of the 

potassium ion. However, the ionic radius and charge/radius ratio also play a very important 

role in this regard. The potassium's relatively large ionic radius reduces framework distortion 

and maintains favorable electrostatic interactions within the Zeolite supercage. Such a feature 

enhances CO2 adsorption but shall not detriment upon the desired pore accessibility or 

structural integrity. While smaller cations may increase charge density and interaction strength, 

they can also cause greater framework distortion. This prompts a reduction in the overall 

adsorption performance. In the conducted investigations, the structural stability of Zeolite-Y 

Post-K+ inclusion was verified and confirmed. As per this observation, it can be inferred that 

the ionic radius and charge/radius ratio of potassium are optimal for the enhancement of the 

CO2 sorption capacity. 
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4.3.2 Effect of temperature 

The effect of temperature on CO2 adsorption has been investigated with cation-loaded Zeolite-

Y as shown in Figure 4.7. Adsorbents enhanced their CO2 adsorption capacity with increasing 

partial CO2 pressure and decreased their adsorption capacity with rising temperatures. The 

decrease of CO2 adsorption with the increase of the temperature has been associated with a 

decrease in adsorbent-adsorbate interactions (site–adsorbate) caused by the increasing mobility 

of adsorbed molecules into the zeolites cavities due to an increase in thermal agitation [25]. At 

higher adsorption temperatures, CO2 molecules have greater kinetic energy. This leads to faster 

diffusion and shorter equilibrium times. However, due to the exothermic nature of 

physisorption, higher temperatures tend to reduce the interaction strength between CO2 and the 

adsorbent surface. This phenomenon results in a lower adsorption capacity. 

In addition, fixed energy sites reduce the possibility of CO2 being retained on the adsorbent 

surface [26]. The highest adsorption capacity was obtained for all adsorbents at 303 K. This 

pattern is attributed to the exothermic nature of the adsorption process. 
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Figure 4.7: Carbon dioxide adsorption isotherm of (a) HYZC, (b) LiYZC, (c) NaYZC, and (d) 

KYZC at (●) 303 K, (▲) 323 K, and (◆) 343 K. 

4.3.3 Adsorption isotherm model 

The adsorption isotherms were modelled to gain insight into the adsorption process. The 

accuracy of the models is generally determined by the independent variables in the equation. 

The Virial model was used to fit carbon dioxide experimental data and the Langmuir model 

was used to fit CH4 and N2 gases with good statistical significance. As shown in Figure 4.7, 

Figure 4.8, and Figure 4.9, equilibrium adsorption isotherms of CO2, CH4, and N2 on cation-

loaded adsorbents were well described by their respective isotherm models at 303 K, 323 K, 

and 343 K. 
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Figure 4.8: Methane adsorption isotherm of (a) HYZC, (b) LiYZC, (c) NaYZC, and (d) KYZC 

at (●) 303 K, (▲) 323 K, and (◆) 343 K. 

The Virial adsorption isotherm model equation for the carbon dioxide gas fit was  

ln (
𝑃

𝑁
) =  𝑏𝑁 + 𝑐𝑁2 − ln(𝛽) (4.2) 

where P and N indicate pressure (bar) and adsorption capacity (mmol g-1). The Henry’s 

constant (mmol g-1 bar-1) is represented by the symbol β whereas b and c are virial coefficients. 

The parameters are temperature-dependent 

𝑏 =  𝑏0 +  
𝑏1

𝑇
 (4.3) 
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𝑐 =  𝑐0 +  
𝑐1

𝑇
 (4.4) 

𝛽 =  𝛽0 𝑒𝑥𝑝 (
𝛽1

𝑇
) (4.5) 

T represents temperature in K. There are two parameters β0 and β1, which are related to entropy 

and enthalpy of adsorption at zero loading, respectively.  

 

Figure 4.9: Nitrogen adsorption isotherm of (a) HYZC, (b) LiYZC, (c) NaYZC, and (d) KYZC 

at (●) 303 K, (▲) 323 K, and (◆) 343 K. 

In this study, CO2 loading on KYZC at 303 K and 1 bar was measured to be 2.99 mmol g-1, 

which is higher than the loadings on NaYZC (2.74 mmol g-1), LiYZC (2.37 mmol g-1), and 

HYZC (1.87 mmol g-1) which are due to the existence of larger pores and channel structures 

that hold adsorbate in place without steric effects. It is due to the cationic nature of the 
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adsorbent surface that alternatives have higher adsorption capacities. The CO2 loadings were 

higher than those of CH4 and N2 in all adsorbents despite carbon dioxide having a large linear 

quadrupole moment, polarizability, smaller kinetic diameter, and stronger interaction between 

CO2 molecules and cations. The high polarizability of methane gas makes it more adsorbent 

than nitrogen even though it has a zero quadrupole moment. 

The Langmuir adsorption isotherm model for methane and nitrogen fit was 

𝑁 =  
𝑁𝑚𝑎𝑥𝛽𝑃

1 + 𝛽𝑃
 (4.6) 

In the above equation, N, Nmax, β, and P represent the amount adsorbed (mmol g-1), maximum 

loading (mmol g-1), Henry’s constant (mmol g-1 bar-1), and Pressure (bar). The adsorption 

isotherm model parameters are mentioned in Appendix A 4.1, 4.2, 4.3, and 4.4 for all the 

adsorbents with three different gases. 

4.3.4 Heat of Adsorption 

In the adsorption process, adsorption heat is a thermodynamic parameter that reflects 

adsorption behavior, and it is often used to identify the type of adsorption [27]. Viral and 

Langmuir's parameters were used to calculate the enthalpy of adsorption at zero loading for 

CO2, CH4, and N2 using experimental data at 303 K, 323 K, and 343 K as shown in Figure 

4.10. Based on these parameters, enthalpies were calculated as follows [28]: 

Langmuir Model: 

Virial Model: 

∆ℎ𝑎𝑑𝑠 =  𝛽1𝑅 

∆ℎ𝑎𝑑𝑠 = −𝑅(𝛽1 + 𝑏1𝑁 + 𝑐1𝑁2) 

(4.7) 

(4.8) 

where, R is the gas constant (Jmol-1K-1) 
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A negative enthalpy change -∆hads value for three gases confirms exothermic adsorption on 

synthesized adsorbents. All three ∆hads values are smaller than 40 kJmol-1, which indicates that 

physisorption occurred on all three adsorbents. 

 

Figure 4.10: Heat of adsorption at zero loading of cation-loaded adsorbents for three different 

gases. 

KYZC has a CO2 enthalpy of adsorption of 33.19 kJmol-1 at zero coverage. The value of this 

adsorbent is higher than other synthesized adsorbents. At zero loading, the enthalpy of 

adsorption of CH4 and N2 on KYZC10 is 32.13 kJ mol-1 and 20.56 kJ mol-1, respectively. A 

comparison of the enthalpy of adsorption for CH4 and N2 with CO2 indicates that the enthalpy 

of adsorption for CO2 is among the highest among all the adsorbents. These molecules' polarity 

doesn't significantly affect their interactions and only dispersion interactions with the surface 

control the adsorption process. However, CH4 has greater polarizability (even though it is non-

polar), resulting in a slightly higher adsorption enthalpy than N2. As shown by the largest -
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∆hads, CO2-adsorbents had the strongest interaction. Since the quadrupole moment strengthens 

the interaction between CO2 and the adsorbent, CO2 adsorption generates more heat. A 

combination of increasing pore curvature and increasing pore diameter positively affects -∆hads 

[29]. A larger amount of heat is released when CO2 migrates into small pores, which makes 

CO2 adsorption more effective.   

4.3.5 IAST Applications 

The selectivity of two binary mixtures was calculated using Ideal Adsorbed Solution Theory 

(IAST) to investigate the influence of adsorbate properties and the role of cations in the Zeolite-

Y framework on binary adsorption. Figure 4.11 (a) and (b) illustrates the variation in CO₂ 

selectivity over CH4 and N2 with pressure, starting from 5 mol% for the CO2/CH4 mixture and 

13 mol% for the CO2/N2 mixture at 303 K. At atmospheric pressure and 303 K, CO2 selectivity 

over CH4 was significantly higher in KYZC (219.59) compared to HYZC (150.11), LiYZC 

(161.51), and NaYZC (211.11) adsorbents. This enhanced selectivity was attributed to the 

strong electrostatic interactions between K+ ions and CO2 molecules, owing to the higher 

basicity of KYZC. At low pressures, CO2 molecules experience strong electrostatic interactions 

with the cations in the Zeolite-Y framework. However, as these adsorption sites became 

increasingly occupied, the electrostatic interactions weakened, leading to a notable decrease in 

CO2 selectivity with increased pressure. The extent of this selectivity decreased under pressure 

varies among different adsorbents. For instance, the CO2/N2 selectivity was reduced for HYZC 

(111.79), LiYZC (113.50), and NaYZC (128.56) adsorbents at 1 bar pressure is less 

pronounced than KYZC (140.62) due to the weaker electrostatic interactions of CO2 with the 

Zeolite-Y framework. 
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Figure 4.11: IAST predicted binary adsorption isotherms at 303K with pressure on cation-

loaded Zeolite-Y for (a) 5 mol% for the CO2/CH4 mixture and (b) 13 mol% for the CO2/N2 

mixture. 
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4.4. Summary 

A systematic study of the relationship between physiochemical properties and adsorption of 

cation-loaded Zeolite-Y (1.87 mmol g-1) adsorbents was conducted using Li+ (2.37 mmol g-1), 

Na+ (2.74 mmol g-1), and K+ (2.99 mmol g-1) as cation sources. CO2 adsorption was 

predominantly affected by isosteric heat, while potassium-loaded samples had the highest 

adsorption factor due to their increased basicity. The equilibrium adsorption data for carbon 

dioxide have been obtained for all four materials at 303 K and up to 1 atmosphere. A Virial 

adsorption isotherm model was successfully used to model CO2 data. Based on the results, CO2 

simultaneously interacts with the cation and neighbouring lattice oxygen atoms in the adjacent 

12-MR window. The interaction strongly stabilizes CO2 adsorption on KYZC, but not on 

LiYZC and NaYZC. This trend can be explained by the basicity (charge) of the oxygen atoms 

within the framework. The interaction of a cation-oxygen dipole with a CO2 quadrupole allows 

the more basic lattice oxygen atoms to provide more charge to the carbon atom. The IAST was 

conducted to predict the selectivity of the two binary mixtures of gases. The selectivity of 

KYZC for CO2/CH4 (219.59) and CO2/N2 (140.62) mixtures was higher as compared to the 

other synthesized adsorbents at 303 K and 1 bar. As a result of these promising results, the 

following chapter focuses on optimizing this adsorbent to refine and maximize its efficiency 

for gas capture by using various potassium loadings on Zeolite-Y at different temperatures. 
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Chapter 5 

Exploring CO2 Selectivity in K2CO3-Modified Zeolite-Y: Loading 

and Temperature Effects on Adsorption Performance 

This chapter focuses on the synthesis and characterization of Zeolite-Y modified with various 

weight percentages of potassium carbonate, aimed at enhancing its performance as an 

adsorbent. The synthesis process involves loading different amounts of potassium carbonate 

onto Zeolite-Y, followed by comprehensive characterization to assess the impact on the zeolite's 

structural and chemical properties. The chapter details gas adsorption studies conducted for 

CO2, CH4, and N2 using a gravimetric system to evaluate the adsorption capabilities of these 

modified adsorbents. The data obtained from these studies are analyzed through modelling 

approaches to better understand adsorption behaviour. Additionally, the Ideal Adsorbed 

Solution Theory (IAST) is applied to determine the selectivity of the potassium carbonate-

loaded zeolites for CO2 relative to other gases (CH4 and N2). The chapter concludes with cyclic 

studies to assess the stability and reusability of the optimized adsorbents over multiple 

adsorption cycles. 

 

5.1 Background 

An innovative concept for CO2 adsorption was investigated recently using alkali metal-based 

sorbents, such as potassium carbonate. Various mesoporous solid support materials based on 

K2CO3 have been demonstrated to be very promising for CO2 capture. Adsorbents based on 

alkaline metals like Na2CO3, K2CO3, MgO, and CaO exhibit good potential for regenerable 

CO2 adsorption due to their higher uptake, faster kinetics, higher selectivity, and wider 

temperature applicability range. Potassium-based adsorbents, in particular, are a cost-effective 

and energy-efficient solution for post-combustion CO2 capture and separation. K2CO3 is 

thermally stable, resulting in a more stable and greener CO2 sorbent. It has been reported that 

K2CO3 has excellent carbonation properties due to its hexagonal crystal structure and the 
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dispersion of K2CO3 in support material is affected by the porosity of the support material. 

Potassium carbonate-based adsorbents can adsorb CO2 via a carbonation reaction, and they can 

be regenerated at a lower temperature not exceeding  150ºC [1].  

5.2 Adsorbents characterization 

The FTIR analysis of both the pure zeolite and synthesized samples is shown in Figure 5.1. 

The results revealed that the synthesized samples exhibited nearly identical FT-IR spectra, 

indicating that the Zeolite-Y structures were preserved. All the samples possess two FTIR 

peaks at 450 cm-1 and 586 cm-1 that were related to Si-O-Al stretching and the double six rings 

(D6R) external linkage band of the zeolite structure [2,3]. A significant peak at 1014 cm-1 

corresponds to Si-O asymmetric stretching vibrations [4]. In addition, one peak was observed 

in synthesized samples between 1312-1423 cm-1 representing the presence of carbonate ions 

due to the formation of KHCO3 [5]. The peak at 1638 cm-1 in the FT-IR spectrum of all the 

samples was due to the O-H stretching vibrations of water molecules [6]. The broad peaks at 

3078-3629 cm-1 for KYZC5, KYZC10, and KYZC15 can be correlated with the –OH group of 

the KOH molecule [7]. Thus, the FT-IR spectra of the K2CO3-modified Zeolite-Y confirmed 

the modification of Zeolite-Y support with potassium carbonate using the impregnation 

method. 
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Figure 5.1: Attenuated total reflection (ATR) spectra of potassium carbonate loaded Zeolite-

Y. 

Figure 5.2 shows the XRD patterns of pure Zeolite-Y and the synthesized adsorbents. The 

peaks in Zeolite-Y occur at 2θ values of 6.3°, 10.26°, 12°, 15.78°, 18.84°, 20.52°, 22.98°, 

23.82°, 26°, 27.26°, 29.84°, 31°, 31.64°, 32.7°, 34.36°, and 38.2°. It is also evident that all 

synthesized sample particles exhibited sharp peaks. This is due to their crystalline nature. The 

reduction in peak intensity occurred for enhanced potassium carbonate loading scenario. This 

is due to the reduced crystallinity of Zeolite-Y for the case. The change in peak intensity could 

also be a result of secondary scattering by the presence of potassium ions on the Zeolite-Y 

support [5].  
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Figure 5.2: XRD patterns of Zeolite-Y, pure K2CO3, and synthesized adsorbents. 

During large-scale applications, recyclability of the adsorbent is considered to be one of the 

most important parameters and TGA analysis helps in determining the stability as well as 

suitable regeneration temperatures of the samples. So, the thermogravimetric analysis of pure 

Zeolite-Y and the synthesized samples, shown in Figure 5.3, was carried out.  
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Figure 5.3: TGA analysis of Zeolite-Y, and different loading of K2CO3 on Zeolite-Y. 

The TGA analysis of pure Zeolite-Y exhibited a single step weight (7.45 wt.%) in the 

temperature range of 25-120°C which was due to the moisture. For synthesized adsorbents, 

they were observed to have a three-stage weight loss in the temperature ranges of 25-227°C, 

227-411°C, and 422-900°C as shown in Table 5.1. The first stage of weight loss was observed 

for all adsorbents in the temperature range 25-227°C which is due to the desorption of 

physically adsorbed water molecules from the adsorbent surface. A second phase of weight 

loss was attributed to the decomposition of KHCO3 molecules in the temperature range of 227-

411°C. The third phase of weight loss could be attributed to the decomposition of KOH 

molecules in the temperature range of 411-900°C [8]. 
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Table 5.1: Thermal decomposition of pure Zeolite-Y and synthesized adsorbents. 

Adsorbent Temperature range (°C) Weight loss (%) 

ZYC 25-120 7.45 

KZYC15 25-230 

230-410 

410-900 

12.61 

1.6 

1.19 

KZYC10 25-230 

230-410 

410-900 

11.16 

1.94 

0.69 

KZYC5 25-230 

230-410 

410-900 

9.23 

2.92 

2.71 

Figure 5.4 (a) depicts the nitrogen adsorption/desorption isotherms of Zeolite-Y and potassium 

carbonate-loaded Zeolite-Y adsorbents. It is evident from the surface area analysis that all the 

adsorbents exhibited a type IV isotherm with a H4 hysteresis loop which conveys that the 

adsorbents were mesoporous materials. Nitrogen adsorbed volume demonstrated a small step 

increment at the lower relative pressure (0.1<P/P0<0.4) due to the existence of small internal 

pores in the adsorbents. The adsorbents displayed a pronounced capillary condensation step in 

the relative pressure range of 0.5 to 0.9 which was due to the uniform internal mesoporosity. 

However, at high relative pressure (0.9<P/P0<0.99), the adsorbents affirmed a sharp increase 

in the adsorbed nitrogen volume which confirmed the larger mesoporous structure of the 

adsorbents.  
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Figure 5.4: (a) Adsorption-desorption isotherm of commercial Zeolite-Y and potassium 

carbonate loaded Zeolite-Y with N2 at 77K, (b) BJH pore size distribution curve for pure and 

loaded adsorbents. 
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The BET surface area and pore volume reduced with increasing K2CO3 loading. This implies 

that the potassium species (KHCO3/KOH) occupied the cavities of zeolite [8].  

The pore size distributions of the samples were calculated with the classical Barrett-Joyner-

Halenda (BJH) model.  The model is as per the corrected Kelvin equation, which is corrected 

for multilayer adsorption. As shown in Figure 5.4(b), the desorption pattern using BJH reveals 

the pore distribution of all adsorbents, indicating that the pore diameter of pure Zeolite-Y and 

synthesized samples ranges between 3 and 8 nm. This further confirms the presence of 

mesopores in the potassium-loaded samples. The pore size distribution of KYZC10 is centered 

around 3-8 nm whereas pure Zeolite-Y is from 3-6 nm. Table 5.2 summarizes the relevant 

structural properties of commercial Zeolite-Y and synthesized adsorbents.  

Table 5.2: Physical properties of different adsorbents. 

Adsorbent SBET (m2/g) PDavg (nm) Vt (cc/g) 

YZC 355.26 2.73 0.24 

KYZC5 294.29 3.22 0.17 

KYZC10 163.83 3.80 0.12 

KYZC15 62.51 3.41 0.09 

A high-magnification TEM image of pure Zeolite-Y and potassium carbonate-loaded Zeolite-

Y is shown in Figure 5.5 (a), (b), (c), and (d). Pure zeolite and synthesized adsorbents have a 

typical hexagonal sodalite cage, and their particle size is about 100–200 nm. Small spots were 

observed on the surface of the synthesized samples. The size and number of particles increased 

with potassium loading. A small amount of potassium was observed on the exterior of the 

KYZC15 adsorbent, which probably blocked the external pores. 
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Figure 5.5: TEM images of (a) YZC, (b) KYZC5, (c) KYZC10, and (d) KYZC15. 

Figure 5.6 (a), (b), (c), and (d) show the C 1s−K 2p region spectra of pure Zeolite-Y and 

potassium-loaded Zeolite-Y. The peaks in all the spectra appearing in the region 282.54–290.50 

eV correspond to C 1s. The C 1s peak in the range 284.76-284.82eV was chosen as the 

reference peak, and its intensity did not change significantly. In the spectrum of the synthesized 

adsorbents, the C 1s peak between 289.01-289.14 eV is most likely due to a small amount of 

carbonate. A doublet of contributions is found in the K 2p region representing contributions in 

the region of 293.50-293.88 eV for the K+ group and 296.53-296.21 eV for the K-O group [9].  
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Figure 5.6: XPS spectra of (a) YZC, (b) KYZC5, (c) KYZC10, and (d) KYZC15. 

5.3 Role of various parameters on gas adsorption 

In a gravimetric adsorption system, the adsorption equilibria of CO2, CH4, and N2 on 

synthesized adsorbents were determined at 303 K, 323 K, and 343 K. Before each isotherm 

measurement, the samples were activated by heating them to 150ºC with a 30 cm3 min-1 purge 

flow of helium under vacuum condition. To ensure activation of the adsorbent, it was ensured 

that its weight did not significantly decrease over time. The activated adsorbent was cooled 

under vacuum to the experimental temperature. During the adsorption analysis, a sufficient 

amount of time was allowed for the adsorbate gas within the adsorption cell to reach 
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equilibrium before measuring each isotherm point. A pressure dose was increased gradually to 

measure the isotherm. After every adsorption process, the adsorbents were activated at a higher 

temperature under vacuum again for the adsorbent to be ready for the next adsorption process. 

The standard method for equilibrium measurement was used, and the excess amount adsorbed 

was estimated using buoyancy corrections [10]. The following is the equation for calculating 

the total amount adsorbed by the adsorbent: 

Mt −  Meq −  M0 +  Vbuoyancyρgas (5.1) 

Where Mo is the adsorbent weight under vacuum, Meq is the adsorbent weight in equilibrium, 

Vbuoyancy is buoyancy volume, and ρgas is the density of a gas. According to the non-adsorbing 

helium assumption, the required buoyant volume was calculated based on helium readings at 

293 K and in the pressure range of 0–25 bar. 

5.3.1 Effect of K2CO3 loading 

Figure 5.7(a) illustrates the carbon dioxide adsorption performance of sorbents prepared with 

three different potassium carbonate loadings ranging from 5 to 15 wt% and at 303 K. The CO2 

adsorption capacity of Zeolite-Y support was 2.19 mmol g-1 at 303 K and the adsorption 

capacity enhanced sharply after potassium carbonate loading (KYZCx). A sharp increase in the 

adsorption capacity was observed in the low-pressure region (≤0.30 bar) for all the synthesized 

samples. This is due to the physisorption between carbon dioxide and potassium carbonate on 

the surface of adsorbents. At 303 K and 1 bar, equilibrium adsorption capacities exhibited the 

following trend KYZC10  KYXC5  YZC  KYZC15. The potassium carbonate loading 

increased carbon dioxide adsorption, and the equilibrium capacity is 3.61 mmol g-1 (303 K and 

1 bar) for 10 wt% loadings. A further increase in the loading reduced carbon dioxide adsorption 

capacity. This could be occurred due to the pore blocking and voids filling of zeolite based on 

TH-3601_166107117



Exploring CO2 Selectivity in K2CO3-Modified Zeolite-Y: Loading and Temperature Effects on 

Adsorption Performance 

 
 

169 
 

BET analysis. Thus, it is apparent that the active channel sites (cationic sites) overlapped and 

reduced the surface area of the potassium carbonate adsorbent being accessible for carbon 

dioxide sorption. 

The lower CO2 adsorption capacity being analyzed for the 5 wt.% potassium carbonate-loaded 

Zeolite-Y (KYZC5) in comparison to the 10 wt.% (KYZC10) can be attributed to insufficient 

active potassium cation sites for the lower loading case. For gas adsorption, the Zeolite-Y can 

be loaded with 10 wt.% of the potassium carbonate to ascertain a finer and optimal trade-off 

between the porous structural integrity and the sufficiency of active sites. Consequently, CO2 

adsorption efficiency has been higher for the later case. For the 15 wt.% loading case 

(KYZC15), excessive potassium carbonate may have blocked the pores and reduced the 

accessibility to active sites. This led to a reduced adsorption capacity. Thus, the 10 wt.% 

loading case that demonstrated the highest adsorption capacity can be inferred to be the best 

case due to its optimal loading and distribution. 

5.3.2 Effect of temperature 

Figure 5.7(b) depicts the adsorption capacities of KYZC10 at three different temperatures (303 

K, 323 K, and 343 K). At 1 bar pressure, the adsorption capacities of KYZC10 were found to 

be 3.61, 2.89, and 1.73 mmol g-1 corresponding to 303 K, 323 K, and 343 K. Carbon dioxide 

adsorption was reduced with increasing temperature. This is associated with the exothermic 

interaction that lowers the extent of adsorption. Due to the higher kinetic energy of the 

adsorbate molecules, all the adsorbents possessed a lower adsorption capacity at a higher 

temperature. This is due to entropy enhancement with temperature that resulted in the breakage 

of bonds between adsorbate and adsorbent molecules. In other words, the adsorption capacity 

is reduced with increasing temperature.  
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Figure 5.7: (a) CO2 adsorption capacities at 303 K for three different K2CO3 loaded Zeolite-

Y, and (b) Effect of KYZC10 material for CO2 adsorption at three different temperatures. 
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5.3.3 Isotherm model 

The adsorption energetics can be better understood with isotherm modeling. Thereby, 

Langmuir isotherm and dual-site Langmuir isotherm were deployed to model the experimental 

data of the mentioned adsorbents. Subsequently, for both models, good fitness was not assured 

for the carbon dioxide adsorption case. This is possibly due to the pertinent heterogeneity in 

the zeolite system with multiple groups. Virial isotherms, however, are versatile and can 

provide good statistical significance for the description of zeolite. The model is represented as: 

𝑃 =
𝑁

𝛽
𝑒𝑥𝑝(𝑏𝑁 + 𝑐𝑁2) (5.2) 

where, P (bar) refers to pressure, and N (mmol g⁻¹) refers to the amount adsorbed. Also, other 

terms in the above expression are Henry's constant β (mmol g⁻¹ bar⁻¹), and two virial 

coefficients b (mmol⁻¹ g) and c (mmol⁻² g²). These parameters are considered to be temperature 

dependent i.e. 

β = β0 exp (
β1

T
)  

b = b0 exp (
b1

T
)  

c = c0 exp (
c1

T
)  

where T represents the system temperature (in Kelvin). Using this model, the best fit was 

achieved for CO2 adsorption isotherm at all temperatures (303 K, 323 K, 343 K). 

The adsorption capacities of an optimized sample (KYZC10) for other gases (CH4 and N2) 

were determined to evaluate the potential of adsorbent for flue gas separation. Each gas (CO2, 
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CH4, and N2) possessed different polarizability and quadrupole moment (Table 5.3). Using the 

adsorption isotherms were modeled to determine Henry's constant and heat of adsorption. 

Table 5.3: Gas adsorption properties. 

Gas 
M.W. 

Kinetic 

diameter 
Polarizability×1025 

Quadrupole 

moment×1040 

(gmol-1) (Å) (cm3) (C.m2) 

CO2 44 3.3 26.3 14.3 

CH4 16 3.8 26.0 0.0 

N2 28 3.64 17.6 1.52 

 

Figure 5.8 (a), (b), and (c) show the adsorption of CO2, CH4, and N2 as well as the fit of the 

isotherm models with Langmuir (for CH4 and N2) and virial (for CO2) models. The amount 

adsorbed by all gas adsorbate increases as partial pressure increases and decreases as 

temperature increases. In KYZC10, the adsorption capacity for CO2, CH4, and N2 is 3.61, 0.13, 

and 0.047 mmol g-1, respectively. As shown in the adsorption isotherms, KYZC10 adsorbent 

has a much higher affinity for carbon dioxide when compared to the other gases (N2, CH4) due 

to the large linear quadrupole moment of CO2, and its strong interaction with intra-crystalline 

charge density frameworks. Considering the isotherm model fitting (lines in Figure 5.8), the 

Langmuir model is useful to describe CH4 and N2 data. Despite having zero quadrupole 

moment, methane gas has a higher adsorption value over nitrogen because of its high 

polarizability. 

For CH4 and N2 gases, the best-fit curves representing the Langmuir isotherm for experimental 

adsorption data are depicted in  Figure 5.8 (b) and (c) respectively.  
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N =
NmaxβP

1 + βP
 (5.3) 

where, the model considers pressure (P, bar), amount of adsorbed gas on the support (N, mmol 

g-1), saturation adsorption capacity (Nmax, mmol g-1), and Henry’s constant (β, mmol g-1 bar-1) 

as the relevant terms.  

 

Figure 5.8: (a) CO2 adsorption isotherms, (b) CH4 adsorption isotherms, (c) N2 adsorption 

isotherms on KYZC10 at (●) 303 K, (▲) 323 K, and (◆) 343 K. Symbols are experimental 

data; lines are fits obtained using Virial and Langmuir model parameters. 

In comparison to CH4 and N2, CO2 has a higher adsorption capacity in the entire parametric 

range due to high polarizability and quadrupole moments (Table 5.3). In the low-pressure 
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region, carbon dioxide exhibits greater loading due to the strong electrostatic interaction 

between CO2 molecules and K+ ions than CH4 or N2. The adsorption isotherm model 

parameters for KYZC10 adsorbent of all the three gases are presented in Appendix A5.1. 

5.3.4 Adsorption enthalpy and Henry constant variation 

Henry's constant (β) and the adsorption enthalpy of all three gases were determined at zero 

loading (∆hads,0) for KYZC10 adsorbent at 303 K, 323 K, and 343 K respectively. For KYZC10, 

CO2 has higher values of β and ∆hads,0, which confirms the importance of electrostatic 

interactions during the adsorption process.  

5.3.4.1 Enthalpy Calculation 

The isotherm models can be used to evaluate the enthalpy of adsorption. To evaluate enthalpy 

with the Virial and Langmuir models, the following equations can be respectively applied: 

−∆ℎ𝑎𝑑𝑠

𝑅
= 𝛽1 + 𝑏1𝑁 + 𝑐1𝑁2 (5.4) 

−∆ℎ𝑎𝑑𝑠

𝑅
= 𝛽1 

(5.5) 

Figure 5.9 (a) depicts the enthalpy of the material (KYZC10) at zero loading conditions which 

helps in understanding the ease of regeneration. The enthalpy of adsorption indicated the 

strength of the interactions between the adsorbate and the adsorbent molecules. The isosteric 

heat of adsorption for CO2, CH4, and N2 at zero loading is 34.83 kJmol-1, 18.54 kJmol-1, and 

11.73 kJmol-1, respectively. 

5.3.5 Henry’s constant calculation 

Variation of Henry's constant (β) plot with temperature for all the adsorbate gases adsorbing 

on KYZC10 is depicted in Figure 5.9(b). Among the adsorbate gases, CO2 exhibits stronger 
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van der Waals interactions at all temperatures over CH4 and N2. Henry's constant altered 

significantly in low-pressure conditions highlighting the greater role of electrostatic 

interactions. Further, the electrostatic interactions weakened with increasing temperature. On 

the other hand, due to low electrostatic interactions, Henry's constant is comparatively 

insensitive to CH4 and N2 gases and at all three alternative temperatures. 

 

Figure 5.9: (a) Comparison of enthalpy of adsorption at zero loading of KYZC10 for three 

different gases, (b) Variation Henry constant with temperature for three different gases (●) 

CO2, (▲) CH4, and (◆) N2. 
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Also, it shall be noted that CO2 has a greater quadrupole moment value at 303K in comparison 

to the value at 323K or 343K. This is due to its electrostatic interactions with the gas molecules 

and K+ metal ions. These electrostatic connections deteriorate with temperature and are 

replaced by dispersion interactions. In contrast to carbon dioxide, methane and nitrogen have 

lesser electrostatic interaction between the gas molecule and cationic group, and both gases 

have smaller Henry's constant. Thus, it is apparent that KYZC10 adsorbent has a high affinity 

for the adsorption of CO2 due to strong ion-quadrupole interactions. 

5.3.6 IAST Applications 

Based on the experimental single-component adsorption isotherms, the Ideal Adsorbed 

Solution Theory (IAST) was utilized to determine the selectivity of CO2/CH4 and CO2/N2 

mixtures at 303 K, 323 K, and 343 K as presented in Figure 5.10 (a) and (b). In the case of 

CO2/CH4, 5 mol% of CO2 and 13 mol% of CO2 for CO2/N2 were selected for IAST calculations 

to the composition of natural gas and flue gas streams. 

A decrease in CO2 selectivity with the rise in CO2 pressure was less pronounced for CO2/N2 

mixtures than for CO2/CH4 mixtures due to the larger difference in the polarizability between 

CO2 and N2. The selective adsorption of the gases occurs as a result of interaction between the 

adsorbate and adsorbent molecules. In the case of CO2/CH4, at 303 K and 1 bar pressure, the 

selectivity was 273.63, which indicates high selectivity for carbon dioxide. This could be due 

to the modified zeolite likely exhibiting a higher affinity for CO2 compared to CH4. This is due 

to CO2's higher polarizability and quadrupole moment, which enhance its interaction with the 

surface of the zeolite. The presence of potassium ions (K⁺) from K2CO3 may also enhance CO2 

adsorption due to increased basicity, which favors the adsorption of acidic gases like CO2. But 

as the pressure of the binary mixture increased, the selectivity decreased exponentially, as the 

carbon dioxide now has to competitively adsorb over methane gas which has comparable 
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polarizability. In the case of the CO2/N2 system, nitrogen being a relatively bigger molecule 

compared to carbon dioxide, occupies the pores of the adsorbent, resulting in lower selectivity 

(202.74) at 303 K and 1 bar. However, as the CO2 has more affinity for the adsorbent, the CO2 

molecules gradually replaced N2 molecules from the pores, resulting in increased selectivity 

for CO2 at higher pressures. The impact of temperature on CO2 selectivity over CH4 is 

illustrated in Figure 5.10 (a) As the temperature increases from 303 K to 343 K, a noticeable 

decline in CO2 selectivity for the binary gas mixture is observed. This reduction can be 

attributed to the more significant decrease in electrostatic interactions for CO2 molecules 

compared to CH4 molecules at elevated temperatures. A similar trend is observed for CO2 

selectivity over N2, as depicted in Figure 5.10 (b). 

 

Figure 5.10: IAST predicted binary adsorption isotherms with pressure on KYZC10 for (a) 5 

mol% for the CO2/CH4 mixture and (b) 13 mol% for the CO2/N2 mixture. 
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5.3.7 Cyclic performance 

Adsorption capacity stability after regeneration of the adsorbent is a fundamental parameter for 

industrial application. Henceforth, cyclic studies were conducted for carbon dioxide adsorption 

with KYZC10. The regeneration of the KYZC10 was carried out in a helium environment at 

150°C for 180 min after which the adsorption-desorption studies were carried out. KYZC10 

performed well at 303 K and 1 bar and for eight cycles as shown in Figure 5.11. It was observed 

that the adsorbent possessed stable adsorption capacity in the range of 3.61-3.51 mmol g-1 for 

eight cycles. After the 8th cycle, the adsorbent exhibited only a 3% loss of adsorption capacity 

in comparison to its initial capacity of 3.61 mmol g-1. Thus, it can be inferred that the KYZC10 

is a good adsorbent due to its stable performance during the adsorption and desorption process.  

 

Figure 5.11: Cyclic adsorption/desorption performance of KYZC10 adsorbent for carbon 

dioxide adsorption. 
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The excellent cyclic adsorption-desorption performance and thermal stability of the KYZC10 

sorbent are supported with rigorous experimental tests. The CO2 adsorption capacity of 

KYZC10 was retained up to the eighth cycle and the negligible structural degradation and 

thermal stability up to 200°C confirms its suitability for repeated applications.  These features 

can be attributed to the optimal potassium loading that facilitated the optimal trade-off between 

adsorption performance and structural integrity.  Future studies could aim to enhance the cyclic 

performance beyond the eight cycles, and such efforts will potentially ascertain the viability of 

KYZC10 in long-term industrial applications. 

This number of adsorption-desorption cycles was selected as eight for the conduct of the 

preliminary assessment of any significant loss in the CO2 sorption capacity. While industrial 

applications require significantly more cycles for ascertaining the long-term viability of the 

tested sorbents, the Ph.D. thesis research work scope was to only affirm upon an initial 

assessment of the evaluated material’s performance. 

Furthermore, industrial gas streams often contain impurities that also affect adsorption. 

However, the conducted Ph.D. research works involved a fundamental evaluation under 

controlled conditions and with high-purity gases. Future research works in the chosen field of 

study can further extend the investigations to a higher number of cycles (about 10 – 15) and 

thereby facilitate the assessment of the adsorption performance with even more realistic 

conditions and with impurities-containing gas streams. Accordingly, the long-term 

applicability of the material in real-world scenarios can be confirmed and needful 

process/product alterations can be as well targeted. 
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In summary, KYZC10 exhibited superior adsorption capacity over pure and other synthesized 

adsorbents. Such data can be used very effectively for enhanced energy-efficient large CO2 

capture systems. 

5.4 Comparison of synthesized adsorbents for gas adsorption 

In this Ph.D. thesis, a comprehensive approach was undertaken to enhance carbon dioxide 

adsorption capacity using commercial Zeolite-Y as a support material. Zeolite-Y was initially 

selected based on its favourable pore size and inherent CO2 adsorption capacity (1.869 mmol 

g-1). To further augment its performance, the zeolite was functionalized with three distinct 

amine groups—monoethanolamine, diethanolamine, and triethanolamine—at varying loadings 

(1 wt.%, 5 wt.%, and 10 wt.%). Among these, monoethanolamine-functionalized Zeolite-Y 

(MEOH5) emerged as the most effective, exhibiting superior CO2 adsorption (2.26 mmol g-1) 

due to its simple molecular structure and enhanced interaction with the zeolite framework. This 

material maintained stability across four adsorption-desorption cycles. 

For the determination of the specific influence of the cations on the CO2 adsorption capacity 

of the doped Zeolite-Y sorbents, the Ph.D. thesis research works were only conducted for the 

alternate monovalent cations (Li+, Na+, and K+). Such a choice was guided by their ionic radius, 

charge density, and affinity for CO2, as well as their practical feasibility for large-scale 

applications. However, likely, bivalent cations (e.g., Mg2+, Ca2+, and Ba2+) may also have a 

significant and sensitive influence on the CO2 adsorption capacity. This is due to their higher 

charge density, which potentially enhances the electrostatic interactions between the adsorbent 

and CO2 molecules. Literature reports suggest that bivalent cations could alter the zeolite 

framework's charge distribution and pore environment and can consequently improve the 

selectivity and adsorption performance. The case of bivalent cation doping is beyond the scope 

of the research undertaken in the Ph.D. thesis. However, it is indeed a promising direction for 
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future research. Accordingly, future research needs to assess and optimize the performance of 

bivalent cations’ doped Zeolite-Y-based adsorbents in terms of enhanced CO2 adsorption 

capacity. 

Subsequently, the research shifted focus to cation-exchanged Zeolite-Y to explore further 

enhancements. Potassium-loaded Zeolite-Y demonstrated the highest CO2 adsorption capacity 

(2.99 mmol g-1), leading to an optimized material, KYZC10, which not only achieved the best 

adsorption capacity (3.61 mmol g-1) but also remained stable through eight adsorption-

desorption cycles. Modeling studies revealed that CO2 adsorption was best described by the 

Virial adsorption isotherm model, whereas CH4 and N2 adsorption adhered to the Langmuir 

model. Additionally, the selectivity of the synthesized adsorbents was effectively predicted 

using Ideal Adsorbed Solution Theory (IAST). Among all the synthesized adsorbents, the 

KYZC10 had the highest selectivity values for two binary mixtures CO2/CH4 with 5 mol% of 

CO2 and CO2/N2 with 13 mol% of CO2 at 303 K and 1 bar. This comparative analysis highlights 

the systematic optimization and robust performance of the developed adsorbents, underscoring 

their potential for industrial applications. The comparison of the selected Zeolite-Y as a support 

material for gas adsorption studies, followed by its functionalization with various amine groups 

and subsequent cation exchange, is detailed in Table 5.4. This table presents a comprehensive 

overview of the performance metrics, highlighting the evolution of adsorption capacities across 

the different modifications. 
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Table 5.4: A comparison of the CO2 adsorption capacities and selectivity of selected 

commercial zeolites and best synthetic adsorbents at 303 K and 1 bar conditions. 

Adsorbent 
Selectivity N (CO2) 

CO2/CH4 CO2/N2 (mmol g-1) 

Zeolite-Y 150.11 111.78 1.87 

MEOH5 157.59 143.77 2.26 

KYZC10 273.63 202.74 3.61 

 

The potassium compounds other than K2CO3 were used, such as KOH or KNO3, the effect on 

CO2 adsorption could differ due to the variant chemical properties and ion release behavior of 

these compounds. K2CO3 was selected for its ability to release K+ ions while maintaining a 

moderate increase in basicity, which is essential for CO2 interaction. KOH would release OH- 

in addition to K+. This potentially enhances CO2 adsorption and as well modifies the 

framework. In contrast, KNO3 would release NO3
-, which is less basic and might have a lesser 

effect on the CO2 adsorption for the adsorption facilitated by the K2CO3. Therefore, while 

K2CO3 is effective, other potassium compounds may lead to different adsorption behavior. This 

is due to their ionic composition and interaction with the zeolite. 

Distinct mechanisms are responsible for the interactions between the CO2 and the cations and 

amines. Accordingly, loading ranges are bound to alter significantly for the amines and the 

cations functionalized Zeolite-Y sorbents.  Based on preliminary investigation and literature-

reported details, the cation loadings are lower than the 5 wt.% impregnation may not either 

significantly alter the Zeolite-Y's basicity or increase CO2 adsorption capacity. Henceforth, the 

cation loading range has been chosen to be from 5 – 15 wt.% in the conducted research works. 

This ascertained optimal adsorbent performance and maintenance of the structural integrity of 

the zeolite. In contrast, being a chemisorption process, the amine functionalization is effective 

even for the lower loading case. This is due to the strong interaction of amine groups with the 
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CO2. Thus, a lower loading range of 1 – 10 wt.% was adopted for the amine-functionalized 

Zeolite-Y sorbent. However, future work needs to explore even lower cation loadings to 

validate their impact and sensitive influence. Needless to say, such efforts may require 

advanced and sensitive characterization techniques. 

Theoretically, while the doping of the Zeolite-Y with K+ ions enhances the basicity and 

adsorption sites, the functionalization with amines introduces chemisorptive interactions with 

CO2. Accordingly, a synergistic combination of these processes will propel and substantially 

improve the adsorption efficiency.  However, the conducted Ph.D. thesis research works did 

not explore this perspective. Henceforth, future research investigations can be devoted to the 

optimization of the sequence and degree of the associated modifications for the maximization 

of the CO2 taken along with the material's stability and reusability. Additionally, the targeted 

research works carefully to avoid detrimental issues such as pore blockage and reduced 

adsorption site accessibility. 

The inherent differences in the gas properties and associated interaction mechanisms are 

responsible for the choice of the Virial isotherm as the best-fit model for CO2 sorption data and 

the Langmuir isotherm as the best-fit model for CH4 and N2 sorption data. The high quadrupole 

moment of CO2 and its ability to interact strongly with adsorbent surfaces renders the Virial 

isotherm to be the most appropriate as it accounts for both adsorbate-adsorbent interactions as 

well as adsorbate-adsorbate interactions. However, in contrast, the non-polar CH4 and N2 gases 

with weaker and enhanced uniform interactions align well with the assumption of the 

monolayer adsorption on a homogenous surface i.e., with the Langmuir isotherm model. These 

distinctions underscore the need for model selection based on the physical characteristics of 

the investigated system. 
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Due to pertinent experimental constraints and optimization of the adsorbent performance, the 

PhD thesis research works were carried out upto 4 adsorption-desorption cycles. The observed 

stability in these cycles ascertained confidence levels with respect to the potential of the 

synthesized materials. However, for the assessment of the long-term reusability of the sorbents, 

larger cycles (upto 8) shall be considered in the testing phase. Such studies shall be addressed 

in future efforts and with extended cyclic studies, the adsorbents’ robustness towards 

industrially relevant conditions can be confirmed. Thereby, apart from the longevity of the 

sorbents in real-time applications, the data can be analyzed for further optimization of the 

materials design and associated regeneration protocols. 

In the Ph.D. thesis research works it has been established that the K2CO3 sorbent is a readily 

available low-cost sorbent that can serve as a highly effective cation source for improved CO2 

adsorption.  However, a detailed economic analysis that infers upon the economic feasibility 

of the sorbent would further strengthen the argument. Such a study is beyond the scope of the 

objectives undertaken in the Ph.D. thesis research works. Accordingly, in the near future, based 

on the costs of the raw materials, processes, and performance with alternate cation sources, the 

economic feasibility shall be addressed in quantitative format for the relevance of the sorbent 

for industrial and real-time applications. 

5.5 Summary 

In this study, potassium-loaded Zeolite-Y was synthesized through an impregnation approach 

that significantly enhanced carbon dioxide adsorption capacity. The carbon dioxide gas 

adsorption studies were performed at 303 K, 323 K, and 343 K in a gravimetric adsorption 

system. Based on the experimental results, KYZC10 (10 wt.% loading of K2CO3 on support) 

was determined to be the optimized adsorbent which gives maximum equilibrium adsorption 

capacity (3.61 mmol g-1) at atmospheric pressure (1 bar). A thermodynamic study was also 

conducted on the synthesized adsorbents with three potassium carbonate loading (5 wt.%, 10 
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wt.%, and 15 wt.%) on support. Among the three synthesized adsorbents, KYZC10 was 

considered to be an optimized adsorbent due to its high carbon dioxide uptake. Subsequently, 

the optimized adsorbent was used to carry out adsorption studies (CO2, CH4, and N2) at three 

different temperatures (303 K, 323 K, and 343 K) along with the carbon dioxide cyclic 

adsorption/desorption process. This study also used the Ideal Adsorbed Solution Theory 

(IAST) to predict CO2 selectivity over other gases (CH4 and N2). This adsorbent exhibited good 

stability during cyclic performance, indicating that it was a potential candidate for carbon 

dioxide separation. In conclusion, KYZC10 adsorbent performed better CO2 adsorption 

concerning adsorption capacity and selectivity in comparison to all synthesized adsorbents. 
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Chapter 6 

Conclusions and Future Scope 

In this chapter, section 6.1 describes the major conclusions that have been summarized from 

the Ph.D. thesis research works. Section 6.2 summarizes recommendations for future research 

work in the addressed research sub-themes. 

6.1 Conclusions 

6.1.1 Selection of Zeolite-Y as the best commercial sorbent 

The primary aim of the Ph.D. thesis was to conduct a comprehensive assessment of the 

adsorptive properties of commercially available zeolites, amine-functionalized best-

performing commercial zeolites, and cation-loaded best-performing commercial zeolites. The 

initial phase of the research focused on the selection of Zeolite-Y as the support material. 

Subsequent research activity explored the effects of amine functionalization and cation loading 

on the mentioned support. Gases with industrial significance such as carbon dioxide, methane, 

and nitrogen, were selected for the adsorption studies. This is due to their diverse range of 

polarity and polarizability. The adsorption isotherms of these gases were meticulously assessed 

for the mentioned. Thereby, a relationship between the adsorption dynamics and the physical 

properties of the adsorbates was sought and achieved. 

The rationale behind the specific selection of Zeolite-Y stems from its impressive structural 

attributes, such as high surface area, substantial pore volume, and an adaptable framework that 

allows for significant modifications such as amine-functionalization or cation exchange. These 

characteristics render Zeolite-Y to be an excellent candidate for gas adsorption applications. 

Furthermore, the use of Zeolite-Y and its modified counterparts within this study has been 

based on the proven effectiveness of the adsorbents in selectively adsorbing specific gases. 

Such a trait is very important for industrial applications that demand the capture of selected 
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gases. The research problem formulation encapsulates the pivotal achievements and converges 

to major conclusions. These precisely summarize the works undertaken and their findings. 

6.1.2 Amine-functionalized Zeolite-Y characteristics 

 The results indicated successful dispersion of amines (monoethanolamine, diethanolamine, 

and triethanolamine) on the adsorbent surface. Thus, the pore structure of Zeolite-Y was 

substantially occupied by the amines. 

 The modified adsorbents, MEOH5, DEOH5, and TEOH5, reached maximum CO2 uptake 

capacities of 2.26, 1.84, and 1.62 mmol g-1 adsorbents, respectively. Thus, MEOH5 has been 

the most efficient for CO2 adsorption. 

 The adsorption process was primarily governed by physical interactions, with the functional 

groups –NH2, -NH, and -N acting as the principal active sites to facilitate the selective CO2 

sorption mechanism. 

 Thermodynamic analysis confirmed that the CO2 adsorption behavior aligned closely with 

the Virial adsorption isotherm model. 

 The heat of adsorption values followed the sequence of MEOH (22.59 kJ mol-1) > DEOH 

(21.88 kJ mol-1) > TEOH (21.87 kJ mol-1). This signified a stronger interaction between 

CO2 molecules and the MEOH-functionalized adsorbent. 

 Monoethanolamine (MEOH) modification demonstrated enhanced adsorptive interactions. 

Thus, the MEOH-functionalized Zeolite-Y is a promising candidate for the targeting of 

economic challenges that are linked to CO2 sequestration. 

 Four continuous adsorption-desorption cycles were performed to evaluate the cyclic 

performance of the optimized MEOH5 adsorbent at 303 K and up to 1 bar with pure CO2. 

The CO2 adsorption capacity marginally reduced from 2.26 mmol g-1 in the first cycle to 
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2.19 mmol g-1 after four cycles. This affirmed the long-term usage potential of the sorbent 

with minimal adsorption loss 

 The IAST predicted selectivity of optimized adsorbent (MEOH5) for two binary mixtures 

CO2/CH4 and CO2/N2 was 157.59 and 143.77 at 303 K and 1 bar. 

 In summary, the MEOH-functionalized Zeolite-Y has a significant potential for future 

applications in CO2 capture technologies. 

6.1.3 Cation-loaded Zeolite-Y 

 Among Li+, Na+, and K+ ions based alternate cation-loaded Zeolite-Y, the potassium-

modified sorbent has been the best in terms of sub-sequentially higher adsorption. This is 

attributed to increased basicity. 

 For all sorbents, CO2 sorption was primarily influenced by the isosteric heat of adsorption 

(such as CO2 has 33.19 kJ mol-1, CH4 has 32.13 kJ mol-1, and N2 has 20.56 kJ mol-1 for 

KYZC adsorbent). 

 The CO2 adsorption data was effectively described by the Virial isotherm model. However, 

CH4 and N2 adsorption data were best assessed by the Langmuir isotherm model. Thus, the 

mentioned models could accurately represent the adsorption mechanism of the mentioned 

gases at the process conditions (1 bar, 303 – 343 K). 

 The CO2 engages in a dual-point interaction. This is associated with both the exchangeable 

cation and the adjacent lattice oxygen atoms located in the contiguous 12-membered ring 

(12-MR) windows of the Zeolite-Y structure. 

 Variations in CO2 adsorption were explained by the cation-oxygen dipole coupling with the 

CO2 quadrupole moment. This is influenced by the basicity or effective charge of the oxygen 

atoms within the Zeolite framework. 
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 Selectivity for the CO2/CH4 and CO2/N2 binary mixtures was determined with Ideal 

Adsorbed Solution Theory (IAST), with 5 mol% CO2 for the CO2/CH4 mixture and 13 mol% 

CO2 for the CO2/N2 mixture. The KYZC adsorbent exhibited higher selectivity for both 

cases (219.59 for CO2/CH4 and 140.62 for CO2/N2 mixtures) at 303 K and 1 bar condition. 

This is attributed to its enhanced basicity and stronger interactions with CO2 in comparison 

with the CH4 and N2. 

6.1.4 Optimally loaded potassium-exchanged Zeolite-Y sorbent characteristics 

 KYZC10, with a 10 wt.% K2CO3 loading on Zeolite-Y has been the most effective sorbent, 

as the material achieved the highest equilibrium adsorption capacity of 3.61 mmol g-1 at 

standard atmospheric pressure and 303 – 343 K temperature range. 

 Thermodynamic studies with variant potassium carbonate loadings (5 wt.%, 10 wt.%, and 

15 wt.%), inferred that the KYZC10 has been the optimal adsorbent for CO2 capture. 

 Cyclic adsorption-desorption tests affirmed that the KYZC10 maintained consistent 

performance in successive eight adsorption-desorption cycles (3.61–3.51 mmol g-1). This 

affirmed its stability and potential for CO2 adsorption applications. 

 Selectivity for CO2/CH4 and CO2/N2 binary mixtures was determined using Ideal Adsorbed 

Solution Theory (IAST), with 5 mol% CO2 for CO2/CH4 (273.63) and 13 mol% CO2 for 

CO2/N2 (202.74) at 303 K and atmospheric pressure. 

 With increasing binary mixture pressure, selectivity decreased exponentially. This is due to 

the competitive adsorption of CO2 with respect to CH4. Also, comparable polarizability has 

been confirmed. 

 For the CO2/N2 system, lower selectivity was observed due to nitrogen’s larger molecular 

size, which prompts it to occupy the pores of the adsorbent. 
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 The reduced CO2 selectivity for binary gas mixtures was noted with temperature alteration 

from 303 K to 343 K. This attributed to a significant reduction in electrostatic interactions 

for CO2 in comparison to CH4 and N2 and at higher temperatures. 

6.2 Future Scope 

The following areas have been identified for possible research in the addressed sub-research 

themes of the Ph.D. thesis. 

 Investigate the effects of other alkaline cations (such as Mg, Ca) on the adsorption 

performance of Zeolite-Y. Thereby, cations with even superior adsorptive characteristics 

can be identified along with their composition. 

 Conduct comprehensive kinetic studies to assess the rate of adsorption and desorption. Such 

studies provide insights into the practical application of these materials in dynamic industrial 

processes. 

 Examine the adsorption thermodynamics at different temperatures and pressures. Thereby, 

a comprehensive, rigorous, and versatile understanding of the best material's performance 

for wider process conditions can be achieved. 

 Focus on the long-term stability and regeneration efficiency of cation-loaded Zeolite-Y. 

Thereby, ensuring economic viability for repeated use in commercial applications. 

 Evaluate the performance of synthesized zeolite adsorbents using real industrial gas streams 

rather than idealized gas mixtures. Thereby, assess upon the selectivity of cation-loaded 

Zeolite-Y in more constrained and real-world scenarios. 

 The CO2 adsorption performance of the synthesized adsorbents shall be assessed at variant 

levels of the RH. Accordingly, the best fitness of the best-performing sorbents can be 

ascertained in real-world scenarios. 

 Future research should focus on the evaluation of the performance of synthesized zeolite 

adsorbents with real industrial gas streams but not idealized gas mixtures. The presence of 
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impurities, such as sulphur compounds, moisture, and other trace contaminants, could affect 

adsorption efficiency and material stability. Henceforth, a deeper understanding of these 

interactions is very important for the assessment of the long-term durability and economic 

feasibility of zeolites for CO₂ capture applications in industrial processing schemes. 

In summary, elucidating upon the foundational aspects, future investigations need to develop 

and evaluate Zeolite-based adsorbents for CO2 capture and shall explore research sub-themes 

such as adsorbent performance optimization under variant conditions and for alternate cation 

modifications. Deeper explorations in the undertaken field of study shall address molecular 

interactions between CO2 and adsorbents and shall eventually facilitate the effective and 

efficient design of tailored sorbents for CO2 capture. Such studies shall involve advanced 

characterization techniques and computational modeling approaches for the assessment of 

competent adsorption mechanisms. Accordingly, features that govern CO2 uptake at the 

molecular level can be effectively explored. Also, the influence of material aging, structural 

changes under long-term cycling, and the sensitive influence of multi-component gas mixtures 

on adsorption behavior shall be considered competent research sub-themes. In summary, the 

conduct of future research works with the foundational and deeper research sub-themes will ill 

facilitate the design and development of cost-competitive and optimal adsorbent systems with 

enhanced CO2 capture in real-world applications. 
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Appendix A2.1: Visual representation of commercial and 

synthesized adsorbents 
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Appendix A3.1: Adsorption capacity sample calculation 

The steps outlined below detail the procedure used to determine the carbon dioxide adsorption 

capacity of the commercial Zeolite-Y adsorbent at 303 K and 1 bar. These calculations are 

consistent and have been applied to all adsorbents studied to assess their gas adsorption 

capacities. 

1. Note down the reading of ZP, MP1, MP2, temperature, and pressure from control panel 

ZP = 0.00215 gm 

MP1 = 9.59285 gm 

MP2 = 29.12661 gm 

T = 30°C 

P = 751 mmHg 

2. Convert the temperature into Kelvin 

T = 303K 

3. Calculate Bgas 

𝐵𝑔𝑎𝑠 = 𝐵1 +
𝐵2
𝑇
+
𝐵3
𝑇3
+
𝐵4
𝑇8
+
𝐵5
𝑇9

 

B1 = 5.440*10-2 m3kmol-1 

B2 = -3.635*101 m3kmol-1 K3 

B3 = -1.496*106 m3kmol-1 K8 
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B4 = 8.590*1016 m3kmol-1 K9 

Bgas = -118.784761 cc mol-1 

4. Convert pressure into bar 

𝑃 (𝑏𝑎𝑟) =
−1.01325

760
× ((𝑃(𝑚𝑚𝐻𝑔) × 𝑠𝑙𝑜𝑝𝑒) + 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡) 

For pressure gauge = 3 (20000 torr), 

Slope = 1 

Intercept = 14 

P = 1.02 bar 

5. Density (mg cc-1) 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =

(

 
−1 + √(1 + 4 × 𝐵𝑔𝑎𝑠 × 0.000001 × 𝑃 ×

100000
𝑇 × 𝑅 )

(2 × 𝐵𝑔𝑎𝑠 × 0.000001) ×
𝑀.𝑊.× 1000
1000000 )

  

where,  

M.W. = Molecular weight of carbon dioxide (44 g mol-1) 

Density = 1.79 mg cc-1 

6. Difference of weights 

MP1 – ZP = 9.59070 gm 

MP2 – MP1 = 19.53376 gm 
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MP1 – ZP0 = 9.54438 gm (under vacuum condition) 

MP2 – MP10 = 19.54108 gm (under vacuum condition) 

7. Buoyancy correction, bucket = 1.29642 mg 

𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛, 𝑏𝑢𝑐𝑘𝑒𝑡 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × (𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 (𝑏𝑢𝑐𝑘𝑒𝑡 + ℎ𝑎𝑛𝑔𝑑𝑜𝑤𝑛)) 

where,  

volume of (bucket + hang down) = 0.7242 cc 

8. Weight of Mnet and M0 

(𝑀𝑛𝑒𝑡 +𝑀0) = (
𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛, 𝑏𝑢𝑐𝑘𝑒𝑡

1000
) + (𝑀𝑃1 − 𝑍𝑃) 

Mnet + M0 = 9.59200 gm 

9. Nnet (mmol g-1) 

𝑁𝑛𝑒𝑡 = (
(𝑀𝑛𝑒𝑡 +𝑀0)

𝑀.𝑊.
) × (

1000

𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 𝑤𝑡.
) 

Nnet = 1.82966 mmol g-1 

10. Buoyancy correction, sinker = 2.48836 mg 

𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛, 𝑠𝑖𝑛𝑘𝑒𝑟 = 𝑉 − 𝑟𝑎𝑡𝑖𝑜 × ((𝑀𝑃2 −𝑀𝑃10) − (𝑀𝑃2 −𝑀𝑃1)) × 1000 

where, 

𝑉 − 𝑟𝑎𝑡𝑖𝑜 =
𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑀𝑃1

𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑀𝑃2
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The slope of MP1 (linear graph between density as the x-axis and (MP1-ZP) as the y-axis) 

Slope of MP2 (linear graph between density as x-axis and (MP2-ZP) as y-axis) 

11. Buoyancy correction, density = 2.58456 mg 

𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛, 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑀𝑃1 𝑠𝑙𝑜𝑝𝑒 

12. True mass in vacuum = 9.59328 gm 

𝑡𝑟𝑢𝑒 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑣𝑎𝑐𝑢𝑢𝑚 =  
𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛, 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

1000
+ (𝑀𝑃1 − 𝑍𝑃) 

13. Adsorption capacity, N = 1.869 mmol g-1 

𝑁 =
(𝑡𝑟𝑢𝑒 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑣𝑎𝑐𝑢𝑢𝑚 − (𝑀𝑃1 − 𝑍𝑃0))

𝑀.𝑊.
×

1000

𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 𝑤𝑡.
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Appendix A3.2: Adsorption isotherm model parameters for 

optimized material (MEOH5) 

 

Isotherm Gas Parameters Coefficient 
R2 

Virial CO2 

β0×103, mmol g-1 

bar-1 
7.192 

0.9996 

β1, K -2634.2 

b0, mmol-1 g 2.733 

b1, mmol-1 g K -600.4 

c0, mmol-2 g2 -1.675 

c1, mmol-2 g2 K 495.4 

Langmuir CH4 

Nmax, mmol g-1 0.29 

0.9975 
β0×103, mmol g-1 

bar-1 
1.25 

β1, K 1018.3 

Langmuir N2 

Nmax, mmol g-1 0.09 

0.9726 
β0×103, mmol g-1 

bar-1 
0.942 

β1, K 870.5 
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Appendix A4.1: Adsorption isotherm model parameters for 

HYZC adsorbent 

 

Isotherm Gas Parameters Coefficient 
R2 

Virial CO2 

β0×103, mmol g-1 

bar-1 
3.061 

0.9999 

β1, K -1528.6 

b0, mmol-1 g 2.553 

b1, mmol-1 g K -588.2 

c0, mmol-2 g2 -0.699 

c1, mmol-2 g2 K 203.9 

Langmuir CH4 

Nmax, mmol g-1 0.21 

0.9994 
β0×103, mmol g-1 

bar-1 
1.80 

β1, K 1582.9 

Langmuir N2 

Nmax, mmol g-1 0.09 

0.9826 
β0×103, mmol g-1 

bar-1 
1.48 

β1, K 1278.8 
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Appendix A4.2: Adsorption isotherm model parameters for 

LiYZC adsorbent 

 

Isotherm Gas Parameters Coefficient 
R2 

Virial CO2 

β0×103, mmol g-1 

bar-1 
8.572 

0.9999 

β1, K -3416.2 

b0, mmol-1 g 8.434 

b1, mmol-1 g K -3059.8 

c0, mmol-2 g2 -1.823 

c1, mmol-2 g2 K 630.6 

Langmuir CH4 

Nmax, mmol g-1 0.192 

0.9998 
β0×103, mmol g-1 

bar-1 
6.46 

β1, K 1613.1 

Langmuir N2 

Nmax, mmol g-1 0.09 

0.9908 
β0×103, mmol g-1 

bar-1 
2.10 

β1, K 1411.4 

 

  

TH-3601_166107117



Appendix 

 

204 
 

Appendix A4.3: Adsorption isotherm model parameters for 

NaYZC adsorbent 

 

Isotherm Gas Parameters Coefficient 
R2 

Virial CO2 

β0×103, mmol g-1 

bar-1 
9.709 

0.9999 

β1, K -4260.2 

b0, mmol-1 g 10.497 

b1, mmol-1 g K -3062.1 

c0, mmol-2 g2 -2.994 

c1, mmol-2 g2 K 995.9 

Langmuir CH4 

Nmax, mmol g-1 0.24 

0.9998 
β0×103, mmol g-1 

bar-1 
7.033 

β1, K 1779.9 

Langmuir N2 

Nmax, mmol g-1 0.12 

0.9986 
β0×103, mmol g-1 

bar-1 
2.42 

β1, K 1526.6 
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Appendix A4.4: Adsorption isotherm model parameters for 

KYZC adsorbent 

 

Isotherm Gas Parameters Coefficient 
R2 

Virial CO2 

β0×103, mmol g-1 

bar-1 
15.506 

0.9999 

β1, K -5720.4 

b0, mmol-1 g 11.025 

b1, mmol-1 g K -3247.4 

c0, mmol-2 g2 -4.159 

c1, mmol-2 g2 K 1241.9 

Langmuir CH4 

Nmax, mmol g-1 0.24 

0.9998 
β0×103, mmol g-1 

bar-1 
7.43 

β1, K 1939.6 

Langmuir N2 

Nmax, mmol g-1 0.14 

0.9992 
β0×103, mmol g-1 

bar-1 
4.52 

β1, K 1536.4 

  

TH-3601_166107117



Appendix 

 

206 
 

Appendix A5.1: Adsorption isotherm model parameters for 

optimized material (KYZC10) 

 

Isotherm Gas Parameters 
Coefficient (Std. 

Error) 

R2 

Virial CO2 

β0×103, mmol g-1 

bar-1 
19.053 

0.9999 

β1, K -6994.9 

b0, mmol-1 g 11.193 

b1, mmol-1 g K -3872.1 

c0, mmol-2 g2 -6.526 

c1, mmol-2 g2 K 1489.4 

Langmuir CH4 

Nmax, mmol g-1 0.82 

0.9999 
β0×103, mmol g-1 

bar-1 
9.63 

β1, K 3280.3 

Langmuir N2 

Nmax, mmol g-1 0.05 

0.9998 
β0×103, mmol g-1 

bar-1 
5.43 

β1, K 2232.4 
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