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Abstract 
 

Global warming, characterized by the gradual increase in Earth's average surface temperature, 

has been a pressing environmental issue for the past few decades. The driving force of this 

phenomenon is the rising levels of carbon dioxide (CO2) within the Earth's atmosphere. This 

essay delves into the historical context of global warming, elucidates the mechanisms 

underpinning the surge in atmospheric CO2, and explores carbon capture as an effective tool 

for mitigating this alarming trend. Global warming as a scientific concern has its roots in the 

late 19th century when scientists first hypothesized that increasing CO2 concentrations could 

lead to a greenhouse effect, raising temperatures on Earth. However, it wasn't until the latter 

half of the 20th century that the issue gained significant attention. The Earth's atmosphere 

comprises various gases, with CO2 being a critical one in the context of global warming. CO2 

is a greenhouse gas, which means it can trap heat from the sun within the Earth's atmosphere, 

contributing to an increase in temperatures. The primary sources of elevated CO2 in the 

atmosphere are human activities, particularly the combustion of fossil fuels, deforestation, and 

industrial processes. 

Adsorption has long been recognized as an advantageous and promising separation technology, 

particularly in the context of large-scale carbon capture. This method offers a multitude of 

significant advantages that make it a preferred choice for many applications. In this 

comprehensive discussion, we delve into the compelling features of adsorption as a commercial 

separation method and its potential for addressing the challenges of carbon capture. One of the 

most notable strengths of adsorption lies in its recyclability and exceptional effectiveness. 

Adsorption processes entail the capture of target molecules, such as carbon dioxide (CO2), on 

the surface of solid adsorbents. These materials, often activated carbons or zeolites, exhibit a 

remarkable ability to attract and retain CO2 molecules efficiently. This effectiveness ensures a 
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high capture efficiency, which is essential in large-scale carbon capture endeavors. Moreover, 

adsorption materials can be reused multiple times without significant degradation in 

performance. This recyclability not only reduces waste but also contributes to substantial cost 

savings. By minimizing the need for frequent replacement of adsorbents, industries can lower 

the overall expenses associated with large-scale adsorbent material manufacture. 

In this thesis, a comprehensive approach was taken to address the critical need for effective 

carbon dioxide (CO2) adsorption, aiming to mitigate air pollution. Various adsorbents and 

composite materials were meticulously synthesized with a focus on simplicity and efficiency 

to minimize energy consumption. This strategic approach not only contributes to 

environmentally sustainable production but also emphasizes a commitment to developing 

energy-efficient solutions for combating air pollution on a global scale. 

This thesis is divided into eight chapters. Chapter 1 introduces the thesis, addressing global 

warming and emphasizing the role of carbon capture (CC). It reviews CC's technical options, 

focusing on adsorption, and identifies research gaps. Chapter objectives are set, and the 

organizational structure is outlined. Chapter 2 details the experimental framework, covering 

materials, analytical studies, synthesis methods, and the setup for CC and stability studies. 

Response Surface Methodology (RSM) for experimental design is explained, encompassing 

initial screening, optimization, and thermo-kinetic studies. Chapter 3 concentrates on CC using 

Coal Fly Ash (CFA)-derived adsorbents. It covers synthesis, optimization, and thermo-kinetic 

studies, including cyclic stability. Chapter 4 explores CC using bimetallic ZIFs (Ce/Zn and 

Ce/Co). It follows a similar structure to Chapter 3, covering synthesis, optimization, thermo-

kinetic studies, cyclic stability, and conclusions. Chapter 5 shifts focus to CC using MCM-41-

based composites, following the pattern of previous chapters. Chapter 6 examines CC using 

composites from CFA and ZIF-8, maintaining the structure of previous chapters. Chapter 7 

summarizes key findings from experimental chapters, drawing overarching conclusions. 
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Chapter 8 suggests future research areas, outlining recommendations for further exploration 

and improvement within the thesis scope.  

 

Keywords:  Composites, ZIF, MCM-41, CO2 adsorption, Cyclic stability, Adsorption kinetics, 

Adsorption isotherm, Coal fly ash. 
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1. Introduction 
 

1.1. Global warming and carbon capture 
 

Global warming, characterized by the gradual increase in Earth's average surface temperature, 

has been a pressing environmental issue for the past few decades. The driving force of this 

phenomenon is the rising levels of carbon dioxide (CO2) within the Earth's atmosphere. This 

essay delves into the historical context of global warming, elucidates the mechanisms 

underpinning the surge in atmospheric CO2, and explores carbon capture as an effective tool 

for mitigating this alarming trend [1]. Global warming as a scientific concern has its roots in 

the late 19th century when scientists first hypothesized that increasing CO2 concentrations 

could lead to a greenhouse effect, raising temperatures on Earth. However, it wasn't until the 

latter half of the 20th century that the issue gained significant attention. The establishment of 

the Intergovernmental Panel on Climate Change (IPCC) in 1988 played a pivotal role in 

consolidating scientific evidence and raising global awareness about the impending threat of 

global warming [2]. 

The Earth's atmosphere comprises various gases, with CO2 being a critical one in the context 

of global warming. CO2 is a greenhouse gas, which means it can trap heat from the sun within 

the Earth's atmosphere, contributing to an increase in temperatures. The primary sources of 

elevated CO2 in the atmosphere are human activities, particularly the combustion of fossil fuels, 

deforestation, and industrial processes. 

1. Fossil Fuel Combustion: The burning of fossil fuels such as coal, oil, and natural gas for 

energy production and transportation stands as the largest contributor to rising CO2 levels. 

Historical records from the World Bank demonstrate that global fossil fuel consumption 

steadily increased throughout the 20th century, with a sharp acceleration in the latter half. 



Chapter 1 
 

3 
 

2. Deforestation: Another significant contributor to the increase in atmospheric CO2 is 

deforestation. As forests are cleared for agriculture, urbanization, and timber harvesting, the 

carbon stored in trees is released into the atmosphere. A study published in the journal "Nature" 

in 2020 indicated that deforestation is responsible for approximately 15% of global CO2 

emissions. 

3. Industrial Processes: Industrial activities, including cement production, chemical 

manufacturing, and other processes, release CO2 as a byproduct. The industrial sector's 

contributions to atmospheric CO2 levels have been well-documented in various studies and 

reports. 

The greenhouse effect resulting from heightened CO2 levels has led to a litany of adverse 

effects, including more frequent and severe heatwaves, rising sea levels, and disruptions in 

global weather patterns. In response to the pressing need to reduce CO2 emissions and mitigate 

global warming, scientists and engineers have explored a range of strategies. One of the most 

promising approaches is carbon capture and utilization (CCU) or carbon capture and 

sequestration (CCS). Carbon capture involves the capture of CO2 emissions from various 

sources before they are released into the atmosphere. These captured emissions can then either 

be stored underground in geological formations (CCS) or converted into valuable products such 

as fuels, chemicals, or construction materials (CCU) [3]. 

While carbon capture holds promise as a mitigation strategy, several challenges and barriers 

had to be addressed to realize its full potential. One significant challenge was the high cost 

associated with CCS infrastructure and operations. Research by the Global CCS Institute 

estimated that the cost of CCS could be several times higher than traditional emissions 

reduction measures. However, ongoing advancements in technology and economies of scale 

were expected to reduce these costs over time. 
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To address the challenges associated with carbon capture and utilization, extensive research 

and development efforts were underway. The U.S. Department of Energy (DOE), for instance, 

established the Carbon Utilization Program, which funded research projects aimed at 

developing innovative CCU technologies. These efforts included exploring novel materials and 

processes to enhance the efficiency and economic viability of carbon capture and utilization. 

Moreover, international collaborations and initiatives focused on scaling up carbon capture 

technologies. The Mission Innovation Carbon Capture, Utilization, and Storage Challenge, 

which brought together governments and industry stakeholders from multiple countries, aimed 

to accelerate the deployment of CCS and CCU technologies and drive down costs. A study 

published by Zhang et al. [4] explored the potential of a novel sorbent for carbon capture, which 

demonstrated higher efficiency and lower costs compared to traditional methods. This research 

highlighted the ongoing advancements in carbon capture technologies. 

Global warming, driven by the increasing levels of CO2 in the atmosphere, posed a severe 

threat to the planet's climate and ecosystems. The scientific consensus was clear: human 

activities were the primary drivers of this phenomenon. To mitigate global warming and limit 

its catastrophic consequences, it was imperative to significantly reduce CO2 emissions. Carbon 

capture and utilization (CCU) and carbon capture and storage (CCS) stood out as promising 

strategies to achieve this goal. 
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1.2. Carbon capture methodologies and technologies 
 

Carbon capture and storage (CCS) is a crucial technology in the fight against climate change, 

aiming to reduce the release of carbon dioxide (CO2) into the atmosphere. There are three 

significant methodologies for CCS: post-combustion, pre-combustion, and oxyfuel 

combustion. These methods play a pivotal role in mitigating the impact of CO2 emissions from 

various industrial processes, particularly in the energy sector. 

In the post-combustion method, CO2 is captured from the flue gases after the combustion 

process of fossil fuels is completed [5]. This approach is particularly significant because it 

offers a retrofitting option for existing fossil fuel power plants to incorporate CCS technology. 

Post-combustion capture is widely prevalent in research and application due to its adaptability 

to existing infrastructure. It involves capturing CO2 from the exhaust gases, which are a mixture 

of various components, primarily nitrogen and CO2. This method typically employs various 

solvents or adsorbents to selectively capture CO2, leaving behind other gases that can be 

released into the atmosphere [6]. Research and development efforts in post-combustion capture 

have led to the creation of efficient and cost-effective technologies. For instance, amine-based 

solvents have been widely used in post-combustion capture systems. Studies have focused on 

improving the efficiency of these solvents and minimizing energy consumption during the 

capture process. 

The pre-combustion method involves a series of chemical processes that occur before the 

combustion of fossil fuels. In this approach, the fuel is first converted into a mixture of 

hydrogen (H2) and carbon monoxide (CO). Subsequently, CO2 is captured from this mixture 

before the combustion process begins [7]. The pre-combustion method offers several 

advantages. Firstly, it produces a relatively pure stream of CO2, making capture more efficient. 

Secondly, the hydrogen generated during the process can serve as a valuable energy source for 
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other industrial applications, reducing waste and enhancing overall energy efficiency. One of 

the key reactions involved in this method is the water gas shift reaction, where steam is added 

to the mixture to convert CO to CO2, which can then be readily separated from the hydrogen 

[8]. Ongoing research in pre-combustion capture focuses on optimizing the processes involved, 

exploring alternative feedstocks, and developing more efficient catalysts to enhance the overall 

performance of the method. 

The oxyfuel combustion method is similar to the post-combustion method in many aspects, 

with a significant difference being the use of pure oxygen instead of air in the combustion of 

fossil fuels. By utilizing pure oxygen, the resulting flue gas primarily consists of carbon dioxide 

and water vapor. In the oxyfuel combustion process, the water vapor in the flue gas is 

condensed through cooling, and the condensed water is then separated. What remains is an 

almost pure stream of carbon dioxide, which can be transported to a sequestration site for 

storage. This method is particularly efficient in terms of CO2 capture because it produces a 

nearly pure CO2 stream. However, the generation of pure oxygen can be energy-intensive, 

which presents its own set of challenges. Oxyfuel combustion has seen significant 

advancements, particularly in optimizing combustion conditions and addressing energy 

requirements. Additionally, ongoing research explores innovative ways to generate pure 

oxygen more efficiently and sustainably. 

Carbon capture and storage (CCS) technologies have emerged as critical tools in addressing 

the global challenge of reducing carbon dioxide (CO2) emissions and combatting climate 

change. These methods employ a range of innovative techniques, each uniquely suited to 

specific industrial applications and environmental conditions. Among the most notable CCS 

methods are absorption, adsorption, membrane separation, cryogenic distillation, and chemical 

looping combustion.  
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Absorption stands as a well-established method for capturing CO2 from gas streams, 

particularly those generated by industrial processes and power plants. In this process, CO2 is 

introduced into a liquid phase, facilitating its separation from the gas mixture. Frequently 

employed substances for absorption include mono-ethanol amine (MEA) and similar 

compounds, known for their high affinity for CO2 molecules. As CO2 dissolves into the liquid, 

it can be efficiently captured and subsequently separated from the gas stream. The advantage 

of absorption lies in its adaptability to a wide range of industrial processes, making it a 

prevalent choice for retrofitting existing facilities to include CCS technology [9]. 

Adsorption, another noteworthy CCS method, involves capturing CO2 molecules on the surface 

of solid porous materials, such as activated carbons and zeolites. These materials possess a 

unique ability to attract and retain CO2, making them highly effective adsorbents. Adsorption 

is celebrated for its versatility in capturing CO2 from gas streams while offering significant cost 

benefits. One of its most compelling advantages is the recyclability of adsorbents. These 

materials can be used multiple times without a substantial decline in performance, reducing 

both waste and the expenses associated with large-scale material production. This inherent 

recyclability contributes to making adsorption a sustainable and cost-effective choice for 

carbon capture. 

Membrane separation technology relies on semipermeable membranes designed to selectively 

separate CO2 from gas mixtures. These membranes allow CO2 molecules to permeate while 

blocking other components. Membrane separation is highly regarded for its energy efficiency, 

as it enables the production of high-purity CO2 streams with relatively low energy 

consumption. This method is particularly well-suited for applications where purity and energy 

efficiency are paramount, such as natural gas processing and hydrogen production. The ability 

to tailor membranes for specific separation needs adds to the versatility of this approach [10]. 
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Cryogenic distillation is an effective technique for separating gaseous components based on 

differences in their boiling points. This process involves cooling the gas mixture to very low 

temperatures and high pressures, causing components like CO2 to condense into a solid state. 

The condensed CO2 can then be collected in a separate chamber. Cryogenic distillation is 

particularly advantageous for separating CO2 from gas mixtures, providing high-purity CO2 

streams. This method finds application in various industries, including natural gas processing 

and air separation [11]. 

Chemical looping combustion represents a cutting-edge technology that employs a dual reactor 

bed system. In CLC, a specific metal oxide serves as the oxidizing agent responsible for 

converting fuel to CO2 during combustion. The reduced metal oxide is subsequently 

regenerated and used to capture the CO2 produced during the combustion process. CLC offers 

a unique approach to carbon capture while producing high-purity CO2 streams. It is particularly 

relevant for applications where combustion is inherent, such as power generation and industrial 

processes [12]. 

In summary, carbon capture and storage methods play a pivotal role in addressing the urgent 

need to reduce CO2 emissions and combat climate change. These techniques, including 

absorption, adsorption, membrane separation, cryogenic distillation, and chemical looping 

combustion, offer diverse solutions tailored to specific industrial settings and environmental 

conditions. Among these methods, adsorption stands out as a cost-effective and versatile 

option, characterized by its recyclability and applicability across a wide range of temperatures 

and pressures. By implementing and advancing these CCS technologies, we can make 

significant strides toward a more sustainable and environmentally responsible future. 
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1.3. Adsorption based carbon capture 
 

Adsorption has long been recognized as an advantageous and promising separation technology, 

particularly in the context of large-scale carbon capture. This method offers a multitude of 

significant advantages that make it a preferred choice for many applications. In this 

comprehensive discussion, we delve into the compelling features of adsorption as a commercial 

separation method and its potential for addressing the challenges of carbon capture. 

One of the most notable strengths of adsorption lies in its recyclability and exceptional 

effectiveness. Adsorption processes entail the capture of target molecules, such as carbon 

dioxide (CO2), on the surface of solid adsorbents. These materials, often activated carbons or 

zeolites, exhibit a remarkable ability to attract and retain CO2 molecules efficiently. This 

effectiveness ensures a high capture efficiency, which is essential in large-scale carbon capture 

endeavors. Moreover, adsorption materials can be reused multiple times without significant 

degradation in performance. This recyclability not only reduces waste but also contributes to 

substantial cost savings. By minimizing the need for frequent replacement of adsorbents, 

industries can lower the overall expenses associated with large-scale adsorbent material 

manufacture. 

Adsorption techniques offer a cost-effective alternative for carbon capture compared to other 

separation methods such as absorption or membrane technology. The materials required for 

adsorption, including activated carbons and zeolites, can often be manufactured at a 

significantly lower cost. This cost advantage stems from the relatively straightforward 

production processes and the abundance of raw materials used in adsorbent manufacturing. 

Additionally, adsorption's efficiency in capturing CO2 from gas streams translates to reduced 

energy consumption and operational costs. These economic benefits make adsorption an 
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attractive choice for industries seeking efficient and economical solutions for large-scale 

carbon capture. 
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Table 1.1: A comparison of various carbon capture technologies 

 

 

 

 

 

 

Method Advantages Disadvantages 

Absorption • High CO2 uptake efficiency. 

• Sorbents can be regenerated by 

heating/depressurization. 

• Absorption efficiency depends upon CO2 

concentration. 

• Environmental impacts may prove to be hazardous. 

• Significant energy costs to regenerate the absorbent. 

Adsorption • Adsorbent can be easily recycled. 

• High uptake efficiency. 

• High energy is required for CO2 desorption. 

CLC • Avoids energy intensive air 

separations. 

• Process is still developmental. 

• No large-scale operations. 

Membrane 

separation 
• The process is developed for a few 

other gases. 

• High separation efficiency. 

• High operational costs. 

Cryogenic 

distillation 
• Mature Technology. • Viable only for high CO2 concentrations. 

• Should be conducted at low temperatures. 

• Process is very energy intensive 
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Another significant advantage of adsorption is its versatility in adapting to a wide range of 

temperatures and pressures. Unlike some separation methods that are limited by specific 

operating conditions, adsorption can be effectively employed under various environmental and 

process parameters. This adaptability ensures the applicability of adsorption across diverse 

industrial settings and facilitates its integration into existing processes without substantial 

modifications. The ability to operate at different temperature and pressure ranges further 

enhances the utility of adsorption in scenarios where flexibility and optimization are essential 

considerations. 

Adsorption emerges as a highly favorable separation technology for large-scale carbon capture 

due to its exceptional features. Its recyclability and capture effectiveness, coupled with its cost-

effectiveness and adaptability to diverse operating conditions, make it a compelling choice for 

industries striving to reduce CO2 emissions. Adsorption's ability to efficiently capture CO2 

while minimizing costs and waste aligns with the imperative to transition toward more 

sustainable and environmentally responsible practices. As efforts to combat climate change 

intensify, adsorption stands as a pivotal technology in the arsenal of solutions for a cleaner and 

more sustainable future. 

Adsorbents play a pivotal role in capturing carbon dioxide (CO2) from industrial processes and 

power generation. These adsorbents can be categorized into two overarching classes: 

physisorbents [13] and chemisorbents [14], each with its unique characteristics and 

applications. Within physisorbents, we can further explore four distinct categories, while 

chemisorbents encompass a range of basic substances grafted onto inert and porous materials. 
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Table 1.2: CO2 uptake capacity of metal oxide based adsorbents 

SNo Sorbent Conditions CO2 Uptake Ref 

1 La0.5Ca0.5NiO3/CeO2 773 K 175.1 μmol/g [15] 

2 NiO/CaO 1023 K 8.0 mmol/g [16] 

3 Egg shell CaO 973 K 13.0 mmol/g [17] 

4 Ca-Mn-20 873 K 15.0 mmol/g [18] 

5 Ca12 Al14 O33 1023 K 7.0 mmol/g [19] 

6 MgO 573 K 2.0 mmol/g [20] 

7 MgO 673 K 3.0 mmol/g [21] 

8 MgO doped CaO 923 K 13.0 mmol/g [22] 

9 NaNO3/MgO 573 K 6.4 mmol/g [23] 

10 Ga-Hydrocalcite 573 K 1.5 mmol/g [24] 

11 Ga-K-Hydrocalcite 573 K 2.0 mmol/g [25] 

12 Li6Zr2O7 823 K 5.3 mmol/g [26] 

13 Li2ZrO3 (LZ-NP) 953 K 5.7 mmol/g [27] 

14 Li2ZrO3-Na2ZrO3 773 K 4.5 mmol/g [28] 

15 La-NiO/CaO 923 K 13.2 mmol/g [29] 

 

The first category of physisorbents includes porous metal oxides and their carbonate salts [30]. 

These compounds exhibit a strong affinity for CO2 molecules, making them effective for 

adsorption (table 1.2). Their porous structures provide ample surface area for CO2 capture. 

Additionally, the stability of these materials under various conditions adds to their appeal in 

CCS applications. Activated carbons (ACs) and their derivatives constitute a second class of 

physisorbents known for their versatility and excellent thermal stability [31].  
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Table 1.3: Activated Carbons in CO2 adsorption 

S No Adsorbent Conditions CO2 Uptake Ref 

1 C-Char 293 K 2.3 mmol/g [32] 

2 KAC-P-10 333 K 2.8 mmol/g [31] 

3 CA-K-1-PEI-60 348 K, 1 bar 2.1 mmol/g [33] 

4 Plastic-Char 273 K, 1 bar 3.5 mmol/g [34] 

5 Pine sawdust AC 273 K, 1 bar 5.8 mmol/g [35] 

6 AC/Fe3O4 298 K, 5 bar 1.6 mmol/g [36] 

7 CUPI-8 298 K, 20 bar 5.8 mmol/g [37] 

8 TRI-A-RHA 348 K, 1 bar 3.9 mmol/g [38] 

9 K3K5 273 K, 1 bar 6.5 mmol/g [39] 

10 AC O S 273 K, 1 bar 5.2 mmol/g [40] 

11 
Biomass combustion bottom 

ash-derived AC 
323 K, 1 bar 1.9 mmol/g [41] 

12 KOH + alum AC 273 K, 1 bar 4.5 mmol/g [42] 

13 PCAC-750-2 273 K 6.5 mmol/g [43] 

14 TOK-900 273 K, 1 bar 6.8 mmol/g [44] 

15 Bamboo AC 293 K, 1 bar 3.4 mmol/g [45] 

 

ACs have been extensively studied and reported in the context of CCS (table 1.3). These 

adsorbents offer a wide range of applications due to their ability to efficiently capture CO2 from 

gas streams [46]. Zeolites and mesoporous silicas form the third category of physisorbents [47]. 

These materials act as natural molecular sieves and possess a strong affinity for acidic gases 

(table 1.4). Moreover, their pH tunability allows for tailored CO2 capture under specific 

conditions [48]. Zeolites, in particular, are considered promising options for commercial use in 

both CO2 capture and conversion applications [49].  
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Table 1.4: Zeolites in CO2 adsorption 

S No Adsorbent Conditions CO2 Uptake Ref 

1 13X-ODTMS 293 K 4.0 mmol/g [50] 

2 Na67.95Li17.15-CP 273 K, 1 bar 3.6 mmol/g [51] 

3 Kaolinite 4A 298 K, 1 bar 2.5 mmol/g [52] 

4 MCM-41-450-N60 298 K, 1 bar 2.3 mmol/g [53] 

5 ZTC-NS 298 K, 1 bar 6.0 mmol/g [54] 

6 Na13X 308 K, 1 bar 3.5 mmol/g [55] 

7 Sil-ZSM-B 298 K, 1 bar 2.1 mmol/g [56] 

8 0.6NaOH-48 h 273 K, 1 bar 1.9 mmol/g [57] 

9 LiX Zeolite 298 K, 1 bar 5.6 mmol/g [58] 

10 UiO-66/zeolite Y 298 K, 30 bar 14.6 mmol/g [59] 

11 H-SSZ-13(RH) 298 K, 1 bar 2.7 mmol/g [60] 

12 A5 Zeolite 273 K, 30 bar 5.2 mmol/g [61] 

13 HZSM-5/AEEA 321 K 4.4 mmol/g [62] 

14 PDY-7 298 K, 1 bar 5.4 mmol/g [63] 

15 13X-PEI-60 348 K 1.3 mmol/g [64] 

     

The fourth category of physisorbents encompasses innovative materials such as metal organic 

frameworks (MOFs), covalent organic frameworks (COFs), and microporous organic polymers 

(MOPs) [65]. These sorbents are distinguished by their versatility, tunability, and exceptionally 

large pores (table 1.5). While COFs have shown promise in CO2 capture research, these 

materials are better suited for membranous CO2 separation rather than direct adsorption [66]. 

Their innovation lies in their potential to revolutionize CCS technologies. 
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Table 1.5: MOFs and MOPs in CO2 adsorption 

S No Adsorbent Conditions CO2 uptake Ref 

1 pip-γCD-MOF 333 K, 1.1 atm 0.1 mmol/g [67] 

2 PVAm(0.4)@MIL-101 298 K, 1 atm 3.0 mmol/g [68] 

3 HKUST-1 298 K, 1 atm 3.3 mmol/g [69] 

4 NH2-β-CD-MOF 273 K, 1 atm 0.5 mmol/g [70] 

5 MIL-101(Cr, Mg) 301 K, 1 atm 1.9 mmol/g [71] 

6 MIL-101 Cr 298 K, 1 atm 1.5 mmol/g [72] 

7 UiO-66/FA_mod 298 K, 1 atm 1.5 mmol/g [73] 

8 Qc-5-Cu 298 K, 1 atm 2.5 mmol/g [74] 

9 SIFSIX-3-Cu 298 K, 1 atm 1.0 mmol/g [75] 

10 Zn(im-P-im) 298 K, 1 atm 3.5 mmol/g [76] 

11 Ni-4PyC 298 K, 1 atm 3.1 mmol/g [77] 

12 PM24@ MIL-101 298 K, 1 atm 2.9 mmol/g [78] 

13 ZIF-90 323 K, 1 bar 2.2 mmol/g [79] 

14 UiO-66 298 K, 1 atm 2.3 mmol/g [80] 

15 NH2-UiO-66 298 K, 1 atm 3.2 mmol/g [81] 

16 MOF-200 298 K, 1 atm 1.2 mmol/g [82] 

17 GO@ZIF-8 298 K, 1 atm 0.8 mmol/g [83] 

18 MH-0 298 K, 1 atm 4.1 mmol/g [84] 

19 Fe(pz)[Pt(CN)4] 298 K, 1 atm 4.7 mmol/g [85] 

20 MIL-101(Cr)-NH2 308 K, 1 atm 3.4 mmol/g [86] 

21 UiO-66(Hf) 298 K, 1 atm 1.5 mmol/g [87] 

22 GO-TAc/MOF-60 298 K, 1 atm 5.6 mmol/g [88] 

23 PPIA-MOF-5(40%) 298 K, 1 atm 3.5 mmol/g [89] 

24 Ni(II)-MOF 298 K, 27 atm 2.7 mmol/g  [90] 

25 PAN/HK@HK3-A NFM 273 K, 1 atm 3.9 mmol/g [91] 

 

Chemisorbents, in contrast, involve basic substances that are loaded or grafted onto inert and 

porous adsorbents like activated carbons and mesoporous silicas. These basic materials, 

including amines, alkali and alkaline earth metal hydroxides, and oxides of calcium and 

magnesium, are incorporated onto inert supports to enhance their CO2 capture capabilities. 

Among these, amines and metal hydroxides have garnered significant attention from 
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researchers due to their effectiveness in enhancing CO2 uptake values. As research and 

development in this field continue, adsorbents hold the potential to play a transformative role 

in achieving a more sustainable and environmentally responsible future. 

In the synthesis of CO2 sorbents, two broad categories of methods are commonly employed: 

conventional and modern synthesis techniques. Among conventional methods, solvothermal 

(hydrothermal), electrochemical, and sol-gel methods are prominent. Solvothermal methods 

have been historically used for multiple sorbent synthesis, involving the heating of reagents 

dissolved in a universal solvent within a closed autoclave reactor [92]. The resulting crystal 

sizes are influenced by pressure and temperature, with higher pressures and longer durations 

yielding larger crystals. Subsequent washing with solvents, often organic ones, is followed, 

posing environmental concerns [93]. Hydrothermal methods are similar but use water as a 

solvent instead of organics, offering excellent crystal size control but requiring extended 

durations and substantial energy [94]. Electrochemical methods are rapid but result in lower 

pore volumes, poorer crystallinity, and relatively low surface areas [95]. 

In contrast, modern methods include microwave synthesis, sonochemical methods, spray 

drying/evaporation, and chemical flow methods. Microwave synthesis exposes reagents to 

constant microwave radiation, enabling rapid completion within hours but making large-scale 

synthesis challenging [96]. Sonochemical methods utilize sound frequencies to facilitate 

reactions, offering fast completion within an hour, but often with low yields [97]. Spray 

drying/evaporation methods are simple but time-consuming, taking extended periods to yield 

significant sorbent quantities. Chemical flow methods allow reactions to proceed 

autonomously, with variable completion times.  
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1.4. Research Motivation 
 

The imperative to mitigate anthropogenic CO2 emissions goes beyond immediate 

environmental concerns. It is deeply intertwined with the broader global effort to achieve 

sustainable development. By curbing CO2 emissions, the research aims to contribute to the 

fulfillment of international agreements like the Paris Agreement, fostering global cooperation 

to limit temperature rise and mitigate the adverse effects of climate change. The consequences 

of unmitigated emissions include rising sea levels, disruptions in agriculture, and threats to 

biodiversity, making the mitigation of CO2 emissions a critical aspect of ensuring a resilient 

and sustainable future. 

The transformation of coal fly ash (CFA) into CO2 adsorbents represents a paradigm shift in 

how society views and manages waste. Beyond waste reduction, this approach aligns with the 

concept of industrial symbiosis, where one industry's waste becomes another's resource. By 

converting what was once considered a pollutant into a valuable commodity, researchers 

contribute to a circular economy model. This circularity not only minimizes the environmental 

impact of waste but also reduces the demand for raw materials, promoting a more sustainable 

and resource-efficient industrial ecosystem. Herein, CFA based adsorbents, Na-X and Na-A, 

were used due to the fact that they offered a high CO2 affinity among the sorbents that could 

be synthesized using CFA. 

The investigation into the intricate process parameters of CO2 adsorption involves a deep 

exploration of physical and chemical phenomena. Researchers explore the thermodynamics 

and kinetics of adsorption, the impact of pressure swings, and the role of various adsorbent 

materials. This knowledge is not only fundamental to optimizing existing carbon capture 

technologies but also lays the groundwork for the development of novel approaches. 

Understanding the nuances of CO2 adsorption processes contributes not only to environmental 
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goals but also to the advancement of scientific knowledge and the potential for breakthrough 

technologies in separation science. 

Lowering the energy requirements for CO2 adsorption carries implications for broader energy 

transitions. It aligns with the pursuit of sustainable and low-carbon energy sources. As carbon 

capture technologies become more energy-efficient, they become more viable options for 

integration into diverse industries, including power generation, manufacturing, and 

transportation. The research contributes to the overarching goal of transitioning toward a low-

carbon energy landscape, thereby addressing both environmental and energy security concerns 

on a global scale. 

The quest for long-lasting adsorbents involves a meticulous examination of material science, 

durability testing, and predictive modeling. It requires an understanding of how various 

environmental factors, including contaminants and temperature fluctuations, affect the 

structural integrity and performance of adsorbents over time. By seeking materials with 

prolonged lifespans, researchers contribute to the development of robust and resilient carbon 

capture systems that can operate seamlessly under real-world conditions. This not only ensures 

the longevity of infrastructure investments but also reduces the ecological footprint associated 

with the production and replacement of adsorbent materials. 
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1.5. Research Gaps 
 

The following are a few existing gaps in the field of CO2 adsorption. 

• Environmental-Friendly Routes of Synthesis Procedures: One of the significant gaps in 

CO2 adsorption research lies in the development of environmentally friendly synthesis 

methods for adsorbent materials. Traditional synthesis routes often involve high energy 

consumption, hazardous chemicals, and generate significant waste. Researchers are 

actively exploring more sustainable alternatives, such as green chemistry approaches, 

sol-gel processes, and bio-inspired synthesis methods. These eco-friendly procedures 

aim to minimize the environmental footprint of adsorbent production while maintaining 

or enhancing their CO2 adsorption properties. 

• Thermal and Structural Stability: The thermal and structural stability of adsorbent 

materials is of paramount importance in CO2 adsorption applications. High-temperature 

and pressure conditions, such as those found in flue gas streams, can cause degradation 

or structural changes in adsorbents, reducing their effectiveness. Research gaps exist in 

developing adsorbents that can maintain their stability over extended operational 

lifetimes and continue to capture CO2 efficiently under harsh conditions. 

• Cyclic Stability and Regeneration of Adsorbent: One of the key challenges in CO2 

adsorption technology is the cyclic stability and regeneration of adsorbents. After 

adsorbing CO2, the adsorbent needs to release the captured CO2 for further use or 

storage. Research in this area focuses on designing regeneration processes that are 

energy-efficient and can maintain the adsorbent's performance over multiple 

adsorption-desorption cycles. The development of novel regeneration strategies and 

materials that reduce energy consumption and enhance cyclic stability is a critical 

research gap. 
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• Combinations/Blends of Two or More Adsorbents: Developing hybrid or blended 

adsorbents by combining two or more materials is an emerging area in CO2 adsorption 

research. This approach aims to harness the strengths of different adsorbents, such as 

high adsorption capacity and selectivity, to address the gaps in individual materials. 

Research in this domain focuses on optimizing combinations, understanding the 

synergistic effects, and tailoring materials to specific industrial applications. The 

challenge lies in identifying the ideal combinations and compositions to achieve 

enhanced CO2 capture performance. For this study, sorbents CFAZ/ZIF-8, (Ce,Zn)ZIF-

8, (Ce,Co)ZIF-67, ZIF-8@MCM-41, MCM-41/AC/Na and ZIF-8@Na-A were chosen. 

They were chosen because all of these sorbents have good specific surface areas (500 

m2/g), good CO2 affinity (30:1 reported selectivity between CO2 to N2 uptakes) and 

potentially high cyclic stability. Also, sorbents CFAZ/ZIF-8 and ZIF-8@Na-A were 

chosen because they could be synthesized from commercially available waste coal fly 

ash, in addition to their properties like thermal stability and high CO2 affinity. 

 

Closing these research gaps is crucial for the advancement of CO2 adsorption research and its 

widespread implementation in mitigating greenhouse gas emissions. As the need for efficient 

carbon capture and storage solutions continues to grow, addressing these challenges will 

contribute to the development of more sustainable and effective CO2 adsorption processes. 
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1.6. Research Objectives 
 

The development and optimization of adsorbents for carbon capture is a multifaceted process 

that involves several crucial steps and methodologies. To achieve the highest efficacy in 

capturing carbon dioxide (CO2) emissions, it is imperative to employ a systematic approach. 

Here, the key points outlined in the research framework are given: 

• Synthesis of novel effective adsorbents/composites: The first step in this research 

endeavor involves the synthesis of adsorbents and their blends. To accomplish this, 

various novel and effective protocols were employed. These methods were selected 

based on their ability to produce adsorbents with specific properties that enhance CO2 

capture capacity. The choice of synthesis protocol significantly influences the 

characteristics and performance of the resulting adsorbent materials. For this study, 

sorbents CFAZ/ZIF-8, (Ce,Zn)ZIF-8, (Ce,Co)ZIF-67, ZIF-8@MCM-41, MCM-

41/AC/Na and ZIF-8@Na-A were chosen. 

• Determining the cyclic stability of adsorbents: To assess the long-term viability and 

durability of the developed sorbent system, cyclic stability studies are conducted. These 

studies involve subjecting the adsorbents to multiple cycles from 5 cycles to 50. The 

goal is to ensure that the sorbent materials can maintain their capture capacity over 

extended periods of use, thus validating their suitability for real-world applications. 

• Obtaining interrelationships between sorbent attributes and uptake performance: A 

critical aspect of this research is to establish qualitative and quantitative 

interrelationships between process parameters (temperature, adsorbent loading, 

duration of feed flow, pressure, amount of amine loaded) and their performance in 

carbon capture. This analysis helps in understanding how specific synthesis methods 

influence the physico-chemical properties of the adsorbents and, in turn, affect their 
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capture efficiency. For sorbents (Ce,Zn)ZIF-8, (Ce,Co)ZIF-67, ZIF-8@MCM-41, 

MCM-41/AC/Na and ZIF-8@Na-A, RSM was employed in order to obtain these 

relationships (Chapters 4, 5 and 6). 

• Performing adsorption isotherm modelling and thermodynamic studies: 

Thermodynamic studies are conducted to estimate vital thermodynamic parameters 

associated with the carbon capture process. These parameters include heat of 

adsorption. Analyzing these thermodynamic aspects provides insights into the 

thermodynamic favorability of CO2 adsorption onto the selected adsorbents. Isotherm 

modelling studies in this thesis work were done from 1 bar to 4 bar process pressures. 

For heat of adsorption calculations three temperatures (25 ⁰C, 40 ⁰C and 55 ⁰C) were 

considered. 

• Performing adsorption kinetic modelling: Kinetic studies are a fundamental component 

of this research. A suitable kinetic model is developed to fit the experimental data and 

understand the kinetics of the adsorption process. This analysis helps identify 

controlling regimes within the process and the parameters that influence them. 

Additionally, it allows for the estimation of kinetic parameters such as rate constants, 

providing insights into the dynamics of CO2 capture. 

 

In conclusion, this comprehensive research framework encompasses various stages, from 

adsorbent synthesis to process optimization and stability assessment. The interplay between 

synthesis protocols, sorbent attributes, and performance is rigorously studied, and 

thermodynamic and kinetic analyses provide valuable insights into the feasibility and 

efficiency of carbon capture. This systematic approach is crucial in advancing the development 

of effective and sustainable carbon capture technologies. 
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1.7. Overview of the thesis 
   

Chapter 1: Introduction 

The first chapter provides an overarching introduction to the thesis, encompassing the critical 

aspects of global warming and the pivotal role of carbon capture (CC) in mitigating its impact. 

It includes a comprehensive review of CC's technical options, emphasizing adsorption as a 

method and conducting a comparative analysis of various technical approaches. The chapter 

delves into the review of adsorption-based carbon capture, discussing adsorbents, synthesis 

methods, performance, contactors, and modeling. It identifies research gaps in this field, sets 

the objectives of the thesis work, and concludes with an overview of the organizational 

structure of subsequent chapters. 

Chapter 2: Experimental - Materials and Methods 

The second chapter outlines the experimental framework, detailing the materials employed for 

various syntheses, along with analytical studies using techniques such as XRD, SEM, BET, 

FTIR, and others. It elucidates the synthesis methods adopted and describes the experimental 

setup for carbon capture and stability studies. The methodology for experimental design using 

Response Surface Methodology (RSM) is expounded, covering initial screening, carbon 

capture optimization studies, and cyclic stability studies. Additionally, thermo-kinetic studies, 

encompassing kinetic and isotherm studies, are presented. 

Chapter 3: Carbon capture studies using adsorbents derived from coal fly ash 

This chapter focuses on the utilization of adsorbents derived from Coal Fly Ash (CFA) for 

carbon capture. It begins with an introduction, followed by the synthesis of adsorbents, carbon 

capture optimization studies, and thermo-kinetic studies, including kinetic and isotherm 
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studies. Cyclic stability studies and conclusions drawn from this set of experiments are 

presented in detail. 

Chapter 4: Carbon capture studies using bimetallic ZIFs based Ce/Zn and Ce/Co 

combinations 

Chapter 4 explores carbon capture studies using bimetallic Zeolitic Imidazolate Frameworks 

(ZIFs) based on Ce/Zn and Ce/Co combinations. It follows a similar structure to Chapter 3, 

with an introduction, synthesis of adsorbents, carbon capture optimization studies, thermo-

kinetic studies (kinetic and isotherm studies), cyclic stability studies, and concluding remarks. 

Chapter 5: Carbon capture studies using MCM-41 based composites 

This chapter shifts the focus to carbon capture studies using composites based on MCM-41. 

The structure follows the pattern of previous chapters, covering an introduction, synthesis of 

adsorbents, carbon capture optimization studies, thermo-kinetic studies (kinetic and isotherm 

studies), cyclic stability studies, and concluding insights. 

Chapter 6: Carbon capture studies using CFA derived composites with ZIF 8 

The final experimental chapter explores carbon capture studies using composites derived from 

CFA and ZIF-8. Similar to previous chapters, it includes an introduction, synthesis of 

adsorbents, carbon capture optimization studies, thermo-kinetic studies (kinetic and isotherm 

studies), cyclic stability studies, and concluding remarks. 

Chapter 7: Summary and Conclusions 

This chapter provides a comprehensive summary of the key findings from each experimental 

chapter, drawing overarching conclusions based on the results obtained. 
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Chapter 8: Recommendations for future work 

The final chapter outlines recommendations for future research, identifying potential areas of 

further exploration and improvement within the scope of the presented thesis work. 
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2. Experimental materials and methods 
 

2.1. Materials employed 
 

The following chemicals were employed in the synthesis process Zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O) (99% purity), cobalt nitrate hexahydrate (Co(NO3)2.6H2O) (99% purity), 

ceric ammonium nitrate ((NH4)2Ce(NO3)6) (99% purity), cerous nitrate hexahydrate (99% 

purity), 2-methylimidazole (Hmim) (99% purity), commercial activated carbon, methanol, 

tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), ammonia solution 

(25%), sodium hydroxide, Potassium hydroxide (99%), Sodium hydroxide (99%), high carbon 

coal fly ash from Ramagundam Thermal Plant, heavy coal ash, Tetraethylene pentaamine 

(TEPA), diethanolamine(DEA) and water. All chemicals were purchased from SD Fine 

Chemicals Ltd and were used without further purification. Design Expert 12 and Origin 2021b 

student version was also used in experimental design and data fitting respectively. 

2.2. Analytical Studies 
 

2.2.1. Scanning Electron Microscopy (SEM) 

 

The Scanning Electron Microscope (SEM) is a remarkable scientific instrument that operates 

on the principle of scanning a focused beam of high-energy electrons over the surface of a 

sample [98]. Its primary purpose is to capture high-resolution images of specimens, revealing 

intricate surface details and offering insights into the sample's composition. SEM is employed 

across various scientific fields and industries due to its exceptional imaging capabilities. 

SEM serves a wide range of purposes across scientific disciplines and industries. In the field 

of material science, SEM is used to study the microstructure of materials, aiding in material 

development and quality control by examining grain boundaries, defects, and surface features. 

In this study, SEM was employed in the upcoming chapters 3-6 for the morphological studies 
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of synthesized adsorbents. The equipment build is as follows: FEI, Apreo LoVac, retractable 

STEM 3+ Detector, DBS detector and Aztec Standard EDS system. 

2.2.2. X-Ray Diffraction 

 

X-ray Diffraction (XRD) is a crucial analytical technique that plays a vital role in the study of 

the atomic and molecular structure of crystalline materials. Its fundamental working principle 

relies on the interaction of X-rays with a crystalline sample, resulting in a unique diffraction 

pattern [99]. In this work, from chapters 3 to 6, XRD analysis was employed to determine the 

crystallinity of the synthesized adsorbents. Particularly, XRD was found to be useful in 

determining the crystallinity of ZIF based adsorbents in chapters 3-6. Also, this technique was 

useful in differentiating between the low carbon content and high carbon content coal fly ash. 

The details of the instrument employed is as follows: Make: Rigaku, Model: ULTIMA-IV, 

Angle range: 5-100°, Cu X-Ray source, scintillation counter and dTex detector. 

2.2.3. BET Surface Area analysis 

 

The Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore 

volume are critical parameters in the field of materials characterization, particularly for porous 

materials. These techniques are used to determine the surface area and pore characteristics of 

solid materials, which has significant implications in fields like materials science, catalysis, 

and adsorption studies [100].  

In all of the subsequent chapters 3-6, BET and BJH analysis was employed in determining the 

nature of pores and pore structures in all adsorbents. The details of the instrument are as 

follows: Microtrac Bel, BEL SORP mini II and Software: BEL SORP mini. 
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2.2.4. FTIR Analysis 

 

Fourier-Transform Infrared Spectroscopy (FTIR) is a versatile analytical technique used to 

investigate the molecular composition and chemical structure of a wide range of materials. It 

operates based on the interaction of infrared radiation with a sample and is widely employed 

in research, quality control, and various scientific fields 

FTIR spectroscopy serves a multitude of purposes across various scientific disciplines and 

industries: FTIR is used for qualitative and quantitative analysis of chemical substances. It is 

helpful in identifying compounds, functional groups, and structural motifs, providing essential 

information about the sample's chemical composition. FTIR can also detect and quantify 

pollutants, greenhouse gases, and volatile organic compounds in the atmosphere, making it a 

valuable tool for environmental monitoring and air quality assessments. The make of the 

instrument used in this study is as follows: Jasco, FTIR-4200, Spectral range: 400-4000 nm, 

Resolution: +/- 0.5, Wavenumber accuracy: +/- 0.01 cm-1 , Ge/KBr beam splitter, DLATGS 

Detector, DRA-81. 

2.2.5. TGA Analysis 

 

Thermogravimetric Analysis (TGA) is a sophisticated analytical technique used for the study 

of material properties, particularly its thermal stability and composition. TGA operates on the 

principle of continuously measuring the weight of a sample as it is subjected to controlled 

temperature changes, revealing critical information about its thermal behavior and composition 

[101]. TGA was employed in Chapter 6 to determine the percentage of TEPA loading achieved. 

The technical specifications of the TGA unit are as follows: Make: Setaram, Model: Themys 

one+, Temperature range: RT- 1600 ℃, TG-DTA measurement range: up to 1600 ℃, DSC 

measurement range: up to 1600 ℃, Programmable rate: 0.01 to 100 ℃/min, Atmosphere: 

Nitrogen, Air, Flow rate: 50,100 mL/min and Sensitivity of microbalance: 0.1 mg. 
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2.3. Synthesis of adsorbents 
 

2.3.1. Fusion-Hydrothermal synthesis 

 

The fusion-hydrothermal method is a technique employed to synthesize zeolites from coal fly 

ash, a waste product from coal combustion. Zeolites are versatile microporous materials used 

in various applications, and coal fly ash provides a source of alumina and silica, key 

components for zeolite synthesis [102,103]. 

The fusion-hydrothermal method is advantageous as it provides an environment for the 

formation of crystalline structures, breaking down the fly ash components in the fusion step, 

rendering them more amenable to zeolite formation during the hydrothermal treatment. The 

resulting zeolites have the potential for applications in water purification, gas adsorption, and 

catalysis [104,105]. Moreover, this method contributes to the beneficial utilization of coal fly 

ash, reducing environmental waste while creating value from a waste product. The specific 

type and properties of the zeolite depend on the precise conditions and the composition of the 

initial coal fly ash. The following sorbents were synthesized, in this thesis work, using this 

method. 

The hybrid adsorbent (Chapter 3) was prepared through a combination of fusion and 

hydrothermal methods. In a ceramic crucible, 5 g of coal fly ash was combined with 2.5 g each 

of NaOH and KOH. Ceramic crucibles were chosen for this experiment due to their inert nature, 

which prevents them from reacting with coal fly ash, even when exposed to temperatures as 

high as 600 ºC. The mass ratio of NaOH to coal fly ash (CFA) and the mass ratio of KOH to 

CFA were both set at 1:2. The crucible containing the blended mixture was then placed into a 

furnace and heated to 600 ºC for a duration of 90 minutes. After the heating process, the mixture 

was allowed to cool to room temperature and was subsequently finely ground before being 

dispersed in DI water for two hours. Following the mixing process, the contents were 
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transferred into a borosilicate glass reagent bottle for hydrothermal treatment at 105 ºC over a 

period of 12 hours. Borosilicate glass reagent bottles were selected for this step due to their 

inert properties at mild temperatures. Additionally, they offer a more cost-effective alternative 

to Teflon autoclaves typically used for high-pressure and high-temperature hydrothermal 

processes. Upon completion of the hydrothermal treatment, the residue was filtered and washed 

with DI water three times. This entire procedure was repeated using heavy coal fly ash (fly ash 

with low carbon content). As a result, two distinct adsorbents were prepared and designated as 

K/Na/CFA-Light and K/Na/CFA-Heavy. 

Parallelly, CFA zeolite (Chapter 3) was synthesized through a meticulous two-step approach, 

incorporating alkali fusion and hydrothermal assistance, as elucidated by de Aquino et al. [106] 

in 2020. To begin, the raw CFA material was subjected to intense heat, reaching temperatures 

as high as 800 ºC for a duration of three hours. This rigorous thermal treatment served the vital 

purpose of eradicating carbon content and other volatile elements, rendering the CFA ready for 

further transformation. The next phase involved the fusion of the treated fly ash with sodium 

hydroxide pellets, meticulously maintaining a weight ratio of CFA to NaOH at 1:2. This 

intimate fusion took place in a furnace, with temperatures reaching 550 ºC, and lasted for a 

duration of three hours. Following this fusion process, the mixture was allowed to cool 

naturally, and then, it was carefully introduced into deionized water, where it was subject to 12 

hours of continuous stirring. After the stirring phase, the transformed mixture was delicately 

transferred into a glass autoclave for a hydrothermal treatment that spanned twelve hours. The 

hydrothermal process, a key step in the procedure, played a crucial role in shaping the final 

product. Subsequent to the hydrothermal treatment, the product was subjected to a filtration 

process, followed by three meticulous washes with deionized water. These washes were 

designed to eliminate any residual alkali from the mixture. The final act was the drying phase, 
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performed in a hot air oven, lasting for 12 hours. The resulting product, known as CFAZ, 

embodied the successful synthesis of CFA zeolite. 

The synthesis process of Na-A (Chapter 6) began with the combination of CFA and NaOH in 

a weight ratio of 1:1.5. This mixture was then ground to achieve a uniform powder consistency. 

Subsequently, the uniform powder was placed into a furnace, where it underwent fusion at a 

temperature of 550°C for a duration of six hours. This high-temperature treatment was essential 

for the desired chemical transformation. After the fusion process, the mixture was left to cool 

off at room temperature. Once cooled, it was carefully transferred into a glass reagent bottle. 

To this mixture, water was added at a specific ratio: for every 15 grams of the fused mixture, 

200 mL of water were added. The addition of water-initiated a thorough stirring process, which 

was maintained at a rate of 400 rpm for a continuous period of 12 hours. This extended stirring 

time allowed for proper mixing and chemical interactions. Following the stirring, the mixture 

was subjected to a filtration step to separate the solid residue from the clear supernatant liquid. 

The clear liquid obtained after filtration was designated as "solution A" and was preserved for 

subsequent use. Parallelly, NaOH and NaAlO2 were combined in a weight ratio of 2:1. This 

mixture was then dissolved in water through high-speed stirring, which continued for a duration 

of four hours. The resulting solution was labeled as "solution B." To create the final product, 

50 mL of solution A were mixed with 20 mL of solution B. The two solutions were thoroughly 

stirred together for a period of two hours to ensure complete homogenization. Subsequently, 

the combined mixture was subjected to hydrothermal treatment, which involved maintaining it 

at a temperature of 105°C for six hours. This hydrothermal process facilitated further chemical 

reactions and transformations. Upon completion of the hydrothermal treatment, a white residue 

was left behind. This residue was carefully separated through filtration and then cleansed with 

deionized (DI) water to remove any impurities. Finally, the cleaned residue was dried in an 
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oven at 120°C for a duration of 12 hours. This meticulous drying process ensured the final 

product's stability and readiness for further applications or analysis. 

2.3.2. Rapid precipitation synthesis 

 

The "rapid precipitation method" for synthesizing Metal-Organic Frameworks (MOFs) is a 

technique used to produce these porous adsorbents under mild temperature conditions, 

typically at or around room temperature (20 °C to 25 °C). Unlike traditional MOF synthesis 

methods that often involve elevated temperatures, this approach offers several advantages. It 

uses specific solvents or solvent mixtures conducive to MOF formation at lower temperatures, 

reducing energy consumption and making the process more accessible [107]. The mild reaction 

conditions minimize the risk of unwanted side reactions and the degradation of MOF 

precursors, allowing for greater control over the final product's properties [108,109]. The 

following sorbents were prepared using this precipitation method.  

ZIF-8 was meticulously prepared (Chapters 3, 4, 5 and 6), following a methodology that drew 

inspiration from the work of Lai et al. [110] in 2014. This process unfolded in a series of 

carefully orchestrated steps. Initially, 2.5 grams of Zn(NO3)2·6H2O were delicately dissolved 

in 50 mL of deionized (DI) water. Concurrently, 50 grams of 2-methylimidazole were dissolved 

in an additional 300 mL of DI water. The combination of these two solutions was a crucial 

moment in the synthesis. It's important to note that the molar ratio of Zn(NO3)2·6H2O to Hmim 

was strictly maintained at 1:70. This marked the initiation of continuous stirring, a pivotal step 

in the procedure. Over the course of 60 minutes, the mixture was subjected to thorough 

agitation. Subsequently, the product was meticulously harvested through a filtration process, 

ensuring the separation of key components. To further refine the product, it underwent a double 

wash with methanol. The final touch was a gentle drying procedure, conducted at 120 ºC, in a 
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hot air oven. This step served to eliminate any lingering traces of solvent, leaving behind the 

pure ZIF-8. 

ZIF-67 was prepared as such (Chapter 4). Firstly, 2.5 g of Co(NO3)2·6H2O was dissolved in 50 

mL of deionized (DI) water. Secondly, 22 g of 2-methylimidazole was dissolved in another 200 

mL of deionized water. The zinc nitrate solution was then mixed with the 2-methylimidazole 

solution under continuous stirring. The mole ratio of Co(NO3)2·6H2O to Hmim was fixed to 

1:30. The synthesis solution turned purple instantaneously after the two solutions were mixed. 

After continuous stirring for 60 minutes at 400 rpm, the product was collected by filtration and 

centrifugation, and then washed with methanol thrice. It was then oven dried overnight at 120ºC 

to remove all traces of solvent [108]. 

(Ce,Zn)ZIF-8 was prepared in the following way (Chapter 4). Firstly, 2.5 g Zn(NO3)2.6H2O 

was dissolved in 50 mL of deionized (DI) water. 2.3 g of (NH4)2Ce(NO3)6 was then dissolved 

in another 50 mL of deionized water. The mole ratio of Zn(NO3)2·6H2O to (NH4)2Ce(NO3)6 

was thus fixed to 2:1. The total mole ratio Zn(NO3)2·6H2O:(NH4)2Ce(NO3)6:Hmim was set to 

be 1:2:140. Separately, 55 g of Hmim was mixed in 300 mL of deionized water. The zinc nitrate 

and ceric ammonium nitrate solutions were added quickly to the Hmim solution. The resultant 

mixture turned pale yellow instantaneously and after continuous stirring for 60 minutes at 400 

rpm, the resultant turned slightly deeper yellow. The final product was collected by filtration, 

and then washed with methanol thrice to remove the dissolved Hmim. It was then dried 

overnight at 120 ºC to remove all traces of solvent. 

(Ce,Co)ZIF-67 was prepared in the following way (Chapter 4). Firstly, 2.5 g Co(NO3)2·6H2O 

was dissolved in 50 mL of deionized (DI) water. 1.87 g of Ce(NO3)3.6H2O was then dissolved 

in another 50 mL of deionized water. The mole ratio of Co(NO3)2·6H2O to Ce(NO3)3.6H2O 

was fixed to 2:1. The total mole ratio Co(NO3)2·6H2O:Ce(NO3)3.6H2O:Hmim was set to be 
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1:2:60. Separately, 30 g of Hmim was mixed in 300 mL of deionized water. The zinc nitrate 

and cerous nitrate solutions were added quickly to the Hmim solution. The resultant mixture 

turned maroonish purple instantaneously and after continuous stirring for 60 minutes the 

product turned dark purple. The final product was collected by filtration, and then washed with 

methanol twice. 

2.3.3. In-situ MOF synthesis 

 

The "in-situ method" for synthesizing Metal-Organic Frameworks (MOFs) is a technique 

where MOFs are formed directly within a specific environment or on a substrate, rather than 

being synthesized separately and then deposited or incorporated. This approach is characterized 

by MOF synthesis directly on solid substrates, such as metal-organic surfaces, polymers, 

membranes, or porous materials, providing precise control over MOF growth and placement. 

The following sorbents were synthesized using this method. 

The synthesis of the combination between CFAZ and ZIF-8, denoted as CFAZ/ZIF-8 (Chapter 

3), unfolded in a calculated sequence of steps. 50 grams of Hmim were carefully introduced 

into 300 mL of deionized water, ensuring a clear and homogeneous solution was achieved 

through rigorous stirring. To this solution, a sample of the previously crafted CFA zeolite was 

added, and this mixture was stirred for three hours at 400 rpm. Additionally, 2.5 grams of zinc 

nitrate, dissolved in 50 mL of water, were introduced into this amalgamation. This blend was 

left to stir for five hours, facilitating the complete integration of all components.  Upon 

completion of this stage, the product was subjected to filtration, followed by a meticulous 

cleansing process using a combination of water and methanol. This ensured the removal of any 

lingering salt and Hmim residues, leaving behind a pure product. The final phase involved a 

drying process at 120 ºC, spanning 12 hours, resulting in the formation of CFAZ/ZIF-8. 
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In the synthesis of ZIF-8@MCM-41 (Chapter 5), 50 g of Hmim was dissolved in 300 mL of 

water. Subsequently, 5 g of MCM-41 was introduced to the solution and stirred for two hours. 

A precalculated amount of zinc nitrate solution was then added, and the resultant mixture was 

stirred for approximately three hours. The mixture was filtered with methanol thrice and dried 

at 120 ºC for 12 hours. Wet impregnation method was employed for the addition of 

predetermined quantities of DEA as required. 

To synthesize MCM-41/AC/Na (Chapter 5), 4.4 g of CTAB was added to 300 mL water along 

with 25 g of NaOH, and the mixture was stirred until it became clear. To this solution, 10 g of 

commercial activated carbon was added and stirred for three hours. Following this, 40 mL of 

TEOS was introduced, and the mixture was further stirred for an additional 12 hours. The 

contents were transferred to a glass reagent bottle and left undisturbed for half a day. After the 

natural aging process, the obtained solids were filtered and rinsed with DI water four times. 

The residue underwent treatment in a furnace at 550 ºC for six hours to eliminate CTAB. 

ZIF-8@Na-A was synthesized through in-situ method in the following route (Chapter 6). 

Calculated weights of Zn (NO3)2.6H2O was mixed in water to form a solution. Simultaneously, 

calculated weights of Na-A were added to a Hmim solution and stirred for 12 hours. Next, zinc 

nitrate solution was introduced into the Na-A + Hmim mixture, and the mixture was stirred for 

a duration of 4 hours. Subsequently, the resulting precipitate was separated by filtration, 

subjected to a thorough methanol cleaning, and finally, it was dried. 

2.3.4. Simultaneous synthesis method 

 

In simultaneous synthesis method, two sorbent materials are synthesized together with 

chemical synthesis method. In this study ZIF-8@Na-A (Chapter 6) was synthesized through 

simultaneous method as follows. In this method, all reactants were added in a predetermined 

order. In one beaker, soln B (refer to section 2.3.1) was mixed with zinc nitrate solution and 
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stirred for two hours. In another beaker, soln A (refer to section 2.3.1) was mixed with excess 

Hmim solution and stirred for six hours. Then, both these solutions were mixed with each other 

quickly and stirred for 12 hours. The resultant precipitate was then filtered, cleaned and dried. 

2.3.5. Wetness impregnation method 

 

DEA loaded (Ce,Zn)ZIF-8 (7.5% and 15%) were prepared using the wetness impregnation 

method with the calculated amounts of DEA (Chapter 4). The ZIF/DEA suspension was stirred 

at 200 rpm for six hours after which it was dried at 120 ºC to eliminate the water present. The 

DEA was loaded into the pores of the synthesized structure. 

DEA loaded (Ce,Co)ZIF-67 (7.5% and 15%) were prepared by using calculated amounts of 

DEA (Chapter 4). The ZIF/DEA suspension was stirred at 200 rpm for six hours after which it 

was dried at 120 ºC to eliminate the water present. 

A similar wet impregnation method was employed for the addition of predetermined quantities 

of DEA as required on the surface of ZIF-8@MCM-41 and MCM-41/AC/Na (Chapter 5).  

TEPA was loaded onto the ZIF-8@Na-A (Chapter 6) sorbent via wetness impregnation method 

[111]. Here a calculated amount of TEPA was added to 4 g of the ZIF-8@Na-A 1:5 adsorbent 

and mixed with 150 mL of water. After properly dispersing the amine throughout the 

suspension, the water was removed using oven drying at 130 ºC. Based on four different weight 

loadings, the four adsorbents were titled 10%, 20%, 30% and 40% loaded. 
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2.4. Carbon Capture and stability studies 
 

2.4.1. Experimental Set-up 

 

In our experimental configuration, a precise and controlled system was established, comprising 

an adsorption column equipped with a stationary bed, linked intricately to an electric furnace 

and the necessary gas supply lines. The core component in regulating the gas flow was the 

utilization of mass flow controllers, allowing us to maintain a consistent and reliable supply of 

gases. In the pursuit of precision, the process temperatures were accurately determined and 

constantly monitored through a meticulously calibrated thermocouple system. Additionally, for 

temperature regulation, the electric furnace was seamlessly integrated with the primary 

equipment, ensuring that the experimental conditions remained stable throughout. 

The heart of our setup revolved around the gas lines, which were meticulously connected to 

the inlet of a specialized quartz reactor tube, serving as the fixed bed adsorber. To further 

enhance the efficiency of our system, we selected quartz wool as the ideal supporting material 

for the adsorbent contained within the quartz tube. This choice was strategic in order to prevent 

any entrainment of adsorbent particles in the gas stream during the reaction, thus maintaining 

the integrity of our experimental conditions. A pivotal element in the setup was the integration 

of a cyclone separator at the exit of the reactor tube. This instrument served to effectively 

separate any adsorbent particles that might have otherwise been carried away with the exit gas 

during the reaction. Its inclusion contributed significantly to the precision and reliability of the 

results. 
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Figure 2.1: Experimental set-up 

 

Subsequently, the exit gas, purified by the cyclone separator, was directed to a condenser. The 

condenser played a crucial role in cooling the gas to an optimal and suitable temperature level. 

This step was essential in ensuring the gases' properties were conducive for analysis. To delve 

into the composition of the gases post-reaction, the gas stream was systematically passed 

through a sophisticated gas analyzer. This analytical instrument, through its precision and 

sensitivity, allowed us to gain invaluable insights into the composition of the gas mixture, with 

particular focus on the percentage of CO2. 

Throughout the duration of the experiment, it was of utmost importance to maintain a constant 

overall gas flow rate. The CO2 flow rate was equally critical and was held at a constant. A 

specific ratio between nitrogen (N2) and carbon dioxide (CO2) was deliberately established to 

enable the gas analyzer to accurately detect the CO2 percentage within the exit gas stream, 

ensuring the integrity of our data and results. Specifically, the Technovation SR 2016 model 

was used to measure outlet CO2 gas. To standardize our entire process and ensure consistent 

experimental conditions, the operating pressure was diligently maintained at 1 bar. Achieving 
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this level of precision and stability required the use of a back pressure regulator, an 

indispensable tool in conducting adsorption experiments at elevated pressures.  

In the experimental studies conducted on CFA-based sorbents (Chapter 3), bimetallic ZIFs 

(Chapter 4), and MCM-41 based sorbents (Chapter 5), the flowrate utilized was 150 mL/min, 

with a gas composition consisting of 33% CO2 and 67% N2. Similarly, the flowrate and gas 

composition employed in the CO2 uptake studies of ZIF-8@Na-A based sorbents (Chapter 6) 

remained consistent, with a flowrate of 150 mL/min and a gas composition comprising 16.7% 

CO2 and the remainder N2. This standardization of flowrates and gas compositions across the 

experimental studies ensures comparability and consistency in the evaluation of CO2 uptake 

performance among the different sorbent materials investigated in each chapter.  

2.4.2. Experimental design using RSM 

 

Response Surface Methodology (RSM) is a powerful and versatile approach to experimental 

design that is widely used in various fields of science and engineering [112–114]. It is 

particularly valuable in optimizing and improving processes. Central Composite Design (CCD) 

is a specific type of RSM that plays a pivotal role in this methodology. CCD, a well-established 

design of experiments technique, is used to explore and model the response of a system to 

multiple variables and to find the optimal conditions for desired outcomes. It is highly efficient 

for situations where there are both linear and quadratic effects and interactions among the 

variables. CCD involves a set of factorial points at the center of the experimental domain, 

supplemented by axial points that allow for the estimation of curvature in the response surface 

[115]. It is a widely adopted choice in RSM because it provides a good balance between 

accuracy and the number of experimental runs, thus saving time and resources. 

RSM, as a broader concept, encompasses CCD but also extends beyond it. It is a systematic 

and mathematically rigorous approach to modeling and optimizing complex systems. RSM 
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begins with the identification of independent variables or factors and their levels [116,117]. 

These factors are manipulated systematically to explore their impact on a dependent variable 

or response. The data collected from these experiments are then used to develop a predictive 

model that describes the relationship between the factors and the response. This model is then 

represented as a response surface, which is a mathematical expression that can be used to 

predict the process output within the parametric limits [118,119].  

RSM is widely utilized in experimental design for various purposes. It allows researchers to 

determine the optimal set of conditions for a desired outcome, which is critical for process 

improvement and cost reduction. In chemical engineering, for example, RSM can be used to 

optimize reaction conditions, leading to higher yields and lower waste production. In product 

development, it can aid in fine-tuning product attributes to meet consumer preferences. In 

manufacturing, RSM can be used to improve production processes, resulting in higher 

efficiency and reduced defects. 

Furthermore, RSM is not limited to a specific field. It finds applications in pharmaceuticals, 

agriculture, environmental science, and even in the development of machine learning 

algorithms. In agriculture, RSM can optimize crop growth conditions, ensuring higher yields 

and resource efficiency. In environmental science, it can help design experiments to study 

complex systems, such as ecosystems or pollution control, and identify critical factors affecting 

them [30]. In the realm of machine learning, RSM can be applied to optimize hyperparameters 

and model performance, thereby accelerating the development of more accurate models. In 

conclusion, RSM, is a powerful approach in experimental design. It enables researchers and 

engineers to systematically explore complex systems, develop predictive models, and optimize 

processes across a wide range of disciplines. Its broad applicability makes it an indispensable 

tool for enhancing product quality, process efficiency, and scientific understanding. 
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2.4.3. Initial Screening 

 

The initial screening of CO2 adsorbents is critical for identifying effective materials to capture 

and store carbon dioxide, crucial for combating climate change. Three primary factors, ease of 

synthesis, initial CO2 adsorption capacity, and BET surface area, are key considerations during 

this screening process. Ease of synthesis evaluates factors like simplicity, cost-effectiveness, 

and resource availability, influencing scalability and practical implementation. Cost-effective, 

readily producible materials align with project budgets and streamline adoption in carbon 

capture systems. Initial CO2 adsorption capacity measures efficiency in capturing CO2, crucial 

for maximizing capture from emissions sources. Higher capacity means less material needed, 

leading to space and energy savings and scalability for major emissions sources. BET surface 

area quantifies available surface for adsorption, impacting efficiency. Higher surface area 

allows for increased adsorption capacity and faster capture, with potential for gas selectivity. 

These factors collectively ensure a robust evaluation process for CO2 adsorbents. However, 

other factors like cost-effectiveness, operational stability, selectivity, regeneration potential, 

and environmental impact also influence suitability. The choice of adsorbent depends on 

project-specific requirements, with different applications prioritizing factors accordingly. 

 

2.4.4. CO2 Capture optimization studies 

 

Process parameters are crucial in optimizing CO2 adsorption for enhanced efficiency, cost-

effectiveness, and sustainability. These include temperature, pressure, aeration time, adsorbent 

quantity, and amine concentration. Temperature affects adsorption capacity, with lower 

temperatures favoring higher capacity but requiring more energy for control. Pressure also 

impacts capacity, with higher pressures favoring increased adsorption but raising energy costs. 

Duration of feed flow influences contact between gas and adsorbent, directly affecting capture 
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rate and operational costs. The amount of adsorbent loaded affects capacity, balancing between 

increased capture and material costs. Amine concentration influences performance, with higher 

concentrations improving adsorption but introducing additional costs and complexity. 

Optimizing these parameters involves finding the balance between maximizing capture 

efficiency and minimizing energy consumption, costs, and environmental impact, essential for 

various industrial applications like power generation and chemical manufacturing.To 

systematically optimize CO2 adsorption processes using these process parameters, a structured 

approach is typically employed. This approach often leverages techniques like Response 

Surface Methodology (RSM) or Design of Experiments (DOE), which provide a systematic 

framework for experimentation and optimization. The step-by-step outline of this optimization 

process: 

1  Developing a well-structured experimental plan that systematically varies each process 

parameter within a predetermined range. The selection of parameters and their respective 

levels should be based on the specific characteristics of the CO2 adsorption system and 

the desired optimization objectives. 

2 Conducting a series of experiments as per the predefined design, carefully recording the 

results. The data collected encompasses critical parameters such as CO2 adsorption 

capacity and any relevant process variables. 

3 Utilizing statistical software and mathematical modeling techniques to construct 

mathematical models that elucidate the relationships between the process parameters and 

the CO2 adsorption efficiency. These models can take various forms, including linear, 

quadratic, or higher-order models, depending on the complexity of the system. 

4 Performing in-depth analysis of the response surfaces, contour plots, and other graphical 

representations generated from the mathematical models. These analyses are crucial for 

pinpointing the optimal conditions for CO2 capture. 
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5 Implementing optimization algorithms within the statistical software to determine the 

parameter values that maximize CO2 capture while respecting defined constraints.  

6 Conducting additional experiments to validate the optimized conditions and ensure that 

the predicted improvements are achievable in practical, real-world settings. 

In essence, the overarching goal of this optimization approach is to strike a harmonious balance 

between maximizing CO2 capture efficiency and minimizing the associated costs, energy 

consumption, and environmental impact. By methodically examining the influence of each 

process parameter and optimizing their values, carbon capture processes become more efficient 

and sustainable. In this thesis, for chapters 4, 5 and 6, RSM was used to optimize the adsorption 

processes. Process parameters like temperature, amount of adsorbent loaded, duration of feed 

flow, process pressure and amine loading percentages. Furthermore, an empirical relation 

between these parameters and the final CO2 uptake was developed within these chapters and 

verified. 

2.4.5. Cyclic Stability studies 

 

Cyclic stability studies in CO2 adsorption are critical for evaluating the long-term performance 

and reliability of adsorbent materials, which is of paramount importance as the world addresses 

the urgent need to reduce greenhouse gas emissions and combat climate change. These studies 

involve subjecting adsorbents to a series of CO2 adsorption and desorption cycles that replicate 

real-world operational conditions, helping assess the ability of adsorbents to maintain their 

efficiency over time [120]. 

The significance of these studies is that they serve multiple vital purposes. Firstly, they provide 

a means to evaluate the long-term performance of adsorbents, mirroring the repeated use they 

undergo in carbon capture processes. This is essential to ensure the sustained efficiency of CO2 

capture over an extended operational lifetime. Secondly, the reliability of adsorbents is 
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fundamental to the uninterrupted operation of carbon capture facilities, preventing costly 

downtime due to premature adsorbent degradation or failure. Ensuring the economic viability 

of carbon capture systems is also closely tied to the long-term stability of adsorbents, as 

premature degradation can lead to increased operational costs, frequent replacements, and 

reduced overall efficiency [121]. Environmental sustainability is another crucial aspect, with 

the durability of adsorbents being directly linked to waste generation and environmental 

impact. Effective regeneration of adsorbents is critical for reusing them and minimizing waste. 

Additionally, cyclic stability studies provide valuable data for process optimization, offering 

insights into how the performance of adsorbents changes over time and allowing for 

adjustments to operational parameters and conditions to maintain or enhance overall efficiency 

[122]. 

In this thesis work, sorbents K/Na/CFA-Light and CFAZ/ZIF-8 were tested for 5 cycles 

(Chapter 3). The bimetallic ZIF based sorbents (Chapter 4), (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-6, 

were tested for 15 cycles. Similar to the bimetallic ZIF based sorbents, the MCM-41 based 

sorbents were also tested for 15 cycles (Chapter 5). The final sorbent, ZIF-8@Na-A 1:5, was 

tested for 50 cycles, however (Chapter 6). All of these sorbents were tested for sorption at 25 

⁰C and were regenerated at 150 ⁰C. 
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2.5. Thermo-kinetic studies 
 

2.5.1. Adsorption kinetics 

 

Adsorption kinetics is a critical aspect of the field of adsorption science and technology, with 

profound implications for a variety of applications, including CO2 adsorption and capture. It 

deals with the rate at which adsorbate molecules accumulate on the surface of a solid adsorbent, 

which is essential for understanding and optimizing adsorption processes. In the context of CO2 

adsorption design, adsorption kinetics is of particular importance as it directly influences the 

efficiency and performance of CO2 capture systems. Various mathematical models have been 

developed to describe adsorption kinetics, with the most commonly used ones being the 

pseudo-first-order model, the pseudo-second-order model, the intraparticle diffusion model, 

the Avrami model, and Elovich kinetics. 

The pseudo first-order model assumes that the adsorption rate is directly proportional to the 

number of unoccupied sites on the adsorbent surface [123]. The equation can be expressed as: 

Q
t
=Q

e
(1-e-k1t)      Eq 2.1 

Where Qt is the amount of adsorbate adsorbed at time t, Qe is the amount of adsorbate adsorbed 

at equilibrium and k is the rate constant of the first-order adsorption process. While the pseudo 

first-order model is relatively simple, it often fails to accurately describe adsorption kinetics in 

complex systems [124,125]. It assumes a constant rate of adsorption, which is not always the 

case, especially when the surface becomes saturated or when competing adsorbate molecules 

are present [126,127]. 

The pseudo-second-order model is a more realistic representation of adsorption kinetics 

[128,129]. It suggests that the rate of adsorption is directly proportional to the square of the 
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number of unoccupied sites on the adsorbent surface [130–132]. The equation can be expressed 

as: 

Q
t
=

Qe
2k2t

1+Qek2t
       Eq 2.2 

Where k2 is the rate constant of the pseudo-second-order adsorption process. The pseudo-

second-order model is more versatile and accurate, particularly for describing the latter stages 

of adsorption when the surface is nearing saturation. It accounts for the fact that the rate of 

adsorption decreases as the surface becomes occupied. 

The intraparticle diffusion model focuses on the adsorption process within the pores of the 

adsorbent material [133]. It assumes that intraparticle diffusion is the rate-limiting step [134–

137]. The equation can be expressed as: 

Q
t
=kd√t+C       Eq 2.3 

Where kd is the intraparticle diffusion rate constant, C is the intercept, representing the 

boundary layer effect. 

The Avrami model, developed by Kolgomorov and Johnson-Mehl-Avrami, is commonly used 

to describe various phase transition and nucleation processes, including adsorption [138]. This 

model provides insights into the mechanism of adsorption by analyzing how the surface 

coverage changes over time [139–142]. The Avrami equation is expressed as: 

Q
t
=Q

e
(1-e(-katn))     Eq 2.4 

Where Qt is the fractional surface coverage at time t, ka is the rate constant, n is the Avrami 

exponent, which provides information about the adsorption mechanism. 

Elovich kinetics, proposed by Elovich and Jahnig, is another model used to describe 

chemisorption processes [143]. It suggests that the adsorption rate decreases over time as the 
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available active sites on the adsorbent become occupied [144–146]. The Elovich equation is 

represented as: 

Q
t
=

1

β
ln[1+αβt]     Eq 2.5 

Where Qt is the amount of adsorbate adsorbed at time t, α and β are constants related to the 

initial adsorption rate and the desorption rate, respectively. 

In the context of CO2 adsorption, understanding the kinetics of CO2 adsorption is paramount. 

Carbon capture and sequestration (CCS) is a critical strategy in the fight against climate change, 

and adsorption is one of the most promising methods for capturing CO2 emissions from various 

sources, such as power plants and industrial facilities [147,148]. The importance of adsorption 

kinetics in CO2 adsorption design is extremely crucial. The rate at which CO2 is adsorbed onto 

solid adsorbents directly affects the efficiency of the capture process. Slow kinetics can lead to 

longer contact times, larger adsorption equipment, and increased energy consumption. 

Therefore, by understanding and optimizing adsorption kinetics, researchers and engineers can 

enhance the performance and cost-effectiveness of CO2 capture systems. 

Moreover, adsorption kinetics plays a significant role in determining the dynamic behavior of 

CO2 adsorption systems. The ability to model and predict how quickly CO2 is adsorbed, how 

long it takes to reach equilibrium, and how the adsorbent behaves under varying conditions is 

crucial for process design and control. For instance, in pressure swing adsorption (PSA) [149–

151] and temperature swing adsorption (TSA) systems [152–155], an in-depth understanding of 

kinetics is essential for optimizing cycle times and improving the overall performance of the 

process. Additionally, the choice of adsorbent material is closely tied to adsorption kinetics. 

Different adsorbents exhibit varying rates of CO2 adsorption, and this can influence the 

selection of the most suitable adsorbent for a given application. Kinetic parameters, such as 
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rate constants, can be used to compare and assess the performance of different adsorbents, 

aiding in the design and optimization of CO2 capture systems. 

Overall, adsorption kinetics is a critical aspect of CO2 adsorption design. The mathematical 

models used, including the first-order, pseudo-second-order, intraparticle diffusion, Avrami, 

and Elovich kinetics, help in characterizing and predicting the rate of CO2 adsorption on solid 

adsorbents. This knowledge is pivotal in developing efficient and cost-effective carbon capture 

and storage technologies, contributing to global efforts to combat climate change and reduce 

CO2 emissions. 

2.5.2. Adsorption Isotherm studies 

 

Adsorption isotherm modeling is a fundamental aspect of adsorption science, and it holds 

significant importance in the design and optimization of CO2 adsorption processes. These 

models provide a mathematical framework for understanding how adsorbate molecules interact 

with solid adsorbent surfaces under various conditions. Four widely used adsorption models 

are the Langmuir, Freundlich, Sips, and Toth models, each offering unique insights into the 

adsorption process and its application in CO2 capture and storage. 

The Langmuir isotherm model assumes that adsorption occurs at specific sites on the adsorbent 

surface, and each site can accommodate only one adsorbate molecule. The equation for the 

Langmuir isotherm is expressed as: 

q=
q

m
kLp

1+kLp
       Eq 2.6 

Where 'q' is the amount of CO2 adsorbed at time 't', 'qm' is the monolayer CO2 uptake, ‘kL’ is 

the Langmuir constant.  

The Freundlich isotherm model is an empirical model that describes multilayer adsorption on 

heterogeneous surfaces. The equation for the Freundlich isotherm is expressed as: 
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q=kFp
1

n⁄        Eq 2.7 

Where 'q' is the amount of CO2 adsorbed at time 't', ‘kF’ is the Freundlich constant, respectively 

while ‘n’ is the Freundlich exponent.  

The Sips isotherm model, also known as the Langmuir-Freundlich or the Langmuir-like model, 

is a combination of the Langmuir and Freundlich models. It allows for both monolayer and 

multilayer adsorption and is described by the equation: 

q=
q

m
ksp

[1+ksp
n]

       Eq 2.8 

Where 'q' is the amount of CO2 adsorbed at time 't', 'qm' is the monolayer CO2 uptake, ‘kS’ is 

the Sips adsorption constant, and ‘n’ is the measure of heterogeneity in Sips model.  

The Toth isotherm model is an alternative to the Langmuir model, accommodating multilayer 

adsorption and heterogeneity. The equation for the Toth isotherm is expressed as: 

q=
q

m
kTp

[1+(kTp)n]
1

n⁄
      Eq 2.9 

Where 'q' is the amount of CO2 adsorbed at time 't', 'qm' is the monolayer CO2 uptake, ‘kT’ is 

the Toth adsorption constant, and ‘n’ is the measure of heterogeneity in the Toth model.  

In the context of CO2 adsorption design, these adsorption isotherm models play a crucial role 

in several ways. First and foremost, they allow researchers and engineers to characterize the 

adsorption behavior of various adsorbents under different conditions. This information is vital 

for selecting the most suitable adsorbent materials and designing efficient CO2 capture systems. 

The Langmuir model is often used to determine the maximum adsorption capacity of an 

adsorbent for CO2 [156]. It helps in identifying whether adsorption occurs in a monolayer 

fashion, and it provides insights into the strength of the adsorbent-adsorbate interaction 

[157,158]. This knowledge is instrumental in selecting adsorbents that can efficiently capture 
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CO2 from gas streams [159,160]. The Freundlich model is valuable when dealing with 

heterogeneous adsorbents or adsorption processes that extend beyond monolayer coverage 

[161]. It helps in understanding the non-uniform distribution of adsorption sites and the 

adsorption intensity [162]. This is particularly relevant in real-world CO2 capture scenarios 

where adsorbent surfaces can be complex and varied [163,164]. The Sips model offers a 

compromise between the Langmuir and Freundlich models, making it suitable for a wide range 

of CO2 adsorption systems [165,166]. It is often applied when the adsorption process involves 

both monolayer and multilayer adsorption, providing a versatile tool for designing CO2 capture 

processes with a balanced approach [167,168]. The Toth model is a valuable alternative to the 

Langmuir model for cases where monolayer adsorption assumptions may not hold [169,170]. 

Its ability to account for multilayer adsorption and heterogeneity makes it applicable to a broad 

spectrum of CO2 adsorption systems [171,172]. 

To sum up, adsorption isotherm modeling is a fundamental tool in the design of CO2 adsorption 

processes. The Langmuir, Freundlich, Sips, and Toth models, each with their unique 

characteristics, enable researchers and engineers to understand and predict the adsorption 

behavior of CO2 on various adsorbents. This knowledge is pivotal in selecting the right 

adsorbent materials, optimizing process conditions, and ultimately contributing to the 

development of efficient and sustainable CO2 capture and storage technologies to combat 

climate change and reduce greenhouse gas emissions. 
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3. CO2 uptake studies using adsorbents derived from Coal Fly Ash 
 

3.1. Introduction 
 

In addition to its use in construction, coal fly ash has a second life as a precursor for adsorbents. 

Various types of adsorbents can be synthesized from CFA, including sodalites [104,173], 13-X 

molecular sieves and NaX [174,175]. These adsorbents have a wide range of applications, 

particularly in the purification of gaseous pollutants. Their production from CFA demonstrates 

the resourcefulness of repurposing industrial waste into valuable materials with environmental 

benefits. Coal fly ash is a versatile and abundant byproduct of industrial processes that has 

found applications in both the construction industry and the development of adsorbents 

[176,177]. Its unique properties, coupled with its cost-effectiveness and availability, make it a 

valuable resource in addressing environmental and sustainability challenges. Whether 

enhancing the quality of concrete or contributing to the purification of gases, CFA showcases 

the potential for turning industrial waste into valuable assets in various fields of study and 

industry. This versatile approach aligns with the principles of sustainability and responsible 

resource management, making coal fly ash an increasingly important player in our efforts to 

address environmental concerns. 

Recent scientific studies have advanced our understanding of CO2 adsorption through the 

utilization of adsorbents synthesized from coal fly ash (CFA). Researchers have undertaken a 

series of studies to develop efficient and sustainable adsorbents based on CFA. Smith et al. [86] 

showcased a one-step activation process to synthesize an adsorbent from CFA. This adsorbent 

exhibited a remarkable CO2 adsorption capacity, indicating its potential utility in CO2 uptake 

and sequestration. Chen et al. [178] expanded on this work by emphasizing the cost-

effectiveness of CFA-derived adsorbents. They demonstrated that the abundance of CFA, 
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combined with the relatively low cost of activation processes, could make these adsorbents an 

economically attractive choice for CO2 capture. The structural properties of CFA-based 

adsorbents play a crucial role in their CO2 adsorption performance. Recent studies have focused 

on tailoring the structure of these materials to achieve high surface areas and tunable pore sizes. 

Kim et al. [179] explored the modification of CFA-derived adsorbents using various activating 

agents and techniques. By carefully characterizing and optimizing their materials, they 

achieved adsorbents with enhanced CO2 adsorption capacities and selectivities. While 

laboratory-scale experiments are essential for characterizing the materials, the practical 

application of CFA-based adsorbents in real-world scenarios is equally critical. Recent research 

has extended into pilot-scale studies to evaluate the feasibility of these adsorbents in industrial 

settings. Li et al. [180] conducted research that examined the scalability and effectiveness of 

CFA-derived adsorbents for large-scale CO2 capture in a pilot-scale plant. Furthermore, recent 

studies have delved into the mechanistic understanding of CO2 adsorption on CFA-based 

adsorbents. Researchers have employed advanced spectroscopic and thermodynamic analyses 

to elucidate the underlying processes and interactions involved in CO2 capture. This 

fundamental knowledge is instrumental in optimizing adsorbent performance and enhancing 

the overall efficiency of CO2 uptake systems. The works of Liu et al. [181] and Zhang et al. 

[182] exemplify this focus on mechanistic insights. Advanced characterization techniques have 

been pivotal in recent studies. Researchers have employed a range of tools, such as scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction 

(XRD), and Fourier-transform infrared spectroscopy (FTIR) to understand the morphology, 

crystal structure, and functional groups of CFA-based adsorbents [183]. Some studies have 

explored the competitive sorption of CO2 with other gases, which is particularly important in 

real-world applications. Studies done by Johnson et al. [184,185] and Song et al. [186] have 

shed light on the competitive adsorption behavior of CFA-based adsorbents. 
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Ensuring the regeneration and reusability of adsorbents is a crucial aspect of sustainable CO2 

capture. Recent studies have focused on developing regeneration methods for CFA-based 

adsorbents. Li et al. [187] explored the regeneration of these adsorbents using a cyclic 

temperature swing approach, highlighting their potential for long-term use. Environmental 

assessments have also been a topic of interest in recent studies. Researchers have conducted 

life cycle assessments to evaluate the overall environmental impact of using CFA-based 

adsorbents for CO2 capture. These assessments consider factors such as energy consumption, 

greenhouse gas emissions, and resource utilization. 

The work in this chapter is focused on high carbon content coal fly was utilized in the synthesis 

of CO2 adsorbents [188]. KOH and NaOH being metal hydroxides, are highly reactive towards 

acidic gases. Three process parameters temperature, CO2 concentration and time of carbonation 

were varied at four levels each. Also, within the same chapter, a novel combination of a ZIF 

known as ZIF-8 synthesized upon the CFA-based zeolitic network structure is tested for CO2 

uptake experiments [189]. The reason behind adding ZIF-8 onto the frame of CFA-based 

zeolite is to try for any enhanced CC values. The addition of ZIF-8 also improves the surface 

area and pore volume of the respective CFA based zeolite. Four parameters, temperature, 

amount of adsorbent, time of carbonation and CO2 concentration, were varied to gauge the 

overall performance of the as-synthesized adsorbent. The best performing conditions were 

further tested for cyclic stability and retention capacity for five cycles. Kinetics studies based 

on three models viz pseudo-first order, pseudo-second order and Avrami models were also 

conducted. 
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3.2. Characterization of adsorbents 
 

3.2.1. Characterization studies on double hydroxide fused CFA based adsorbents 

 

The characterization studies conducted included BET, FTIR, XRD, and SEM analyses, and the 

results are as such. In terms of surface area and pore volume, the unfused coal fly ash exhibited 

a substantial surface area of 111 m2/g and a pore volume of 0.23 m3/g. In contrast, the 

K/Na/CFA-Light adsorbent, which underwent fusion with alkali metal hydroxides, displayed a 

reduced surface area of 47 m2/g and a pore volume of 0.16 m3/g. This significant decrease is 

attributed to the fusion process involving alkali metal hydroxides, which not only altered the 

structural properties of the coal fly ash particles but also partially obstructed the material's 

pores. The K/Na/CFA-Heavy adsorbent, synthesized through a similar process, exhibited an 

even lower surface area of 15 m2/g.  

 

Figure 3.1: Diffractograms of Low carbon content CFA Light, High carbon content CFA, 

K/Na/CFA Heavy and K/Na/CFA Light adsorbents 
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Moving on to XRD analysis (figure 3.1), the high carbon content fly ash showed only two 

prominent peaks at 29.93º and 28.00º, characteristic of high carbon content fly ash's typical 

amorphous nature due to its substantial carbon content. In contrast, the heavy CFA sample 

displayed peaks around 16.00º, 20.00º, 26.00º, 36.00º, and 41.00º, indicating a more crystalline 

presence of silicates and aluminates, possibly indicating the presence of zeolitic phases. 

Notably, after fusion with KOH and NaOH, both coal fly ash samples became more amorphous, 

in contrast to the typical behavior in fusion-hydrothermal synthesis with NaOH alone, which 

usually enhances the zeolitic and sodalitic phases. This deviation could be attributed to the 

detrimental effect of KOH on crystalline phases, even in the presence of NaOH.  

 

Figure 3.2: Infrared patterns of K/Na/CFA-Heavy and K/Na/CFA-Light adsorbents 

 

The Fourier Transform Infrared (FTIR) analysis, depicted in figure 3.2, revealed significant 

peaks for the K/Na/CFA-Light and K/Na/CFA-Heavy adsorbents. The K/Na/CFA-Light 
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adsorbent displayed peaks at 3446 cm-1, 1639 cm-1, 1440 cm-1, 996 cm-1, and 452 cm-1. In 

comparison, the K/Na/CFA-Heavy adsorbent exhibited peaks at 3446 cm-1, 1631 cm-1, 1451 

cm-1, 1351 cm-1, 1014 cm-1, and 435 cm-1. The similarity in intensities at the same 

wavenumbers underscores the impact of KOH on disrupting the crystalline structures in both 

parent CFA samples. These FTIR results align with the XRD findings in terms of the degree of 

amorphous nature. Peaks around 450 cm-1 may indicate evidence of zeolitic bending, while Al-

O-Si bending was detectable around 990 cm-1.  

 

Figure 3.3: SEM Images of a) Low carbon content CFA, b) High carbon content CFA, c) 

K/Na/CFA-Heavy and d) K/Na/CFA-Light adsorbents 

The comprehensive analysis conducted through scanning electron microscopy (SEM) provided 

valuable insights into the structural characteristics of two distinct unfused coal ash samples. 

Both samples exhibited geoid type coal fly ash structures, as visually represented in figure 3.3. 
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However, certain differences could be identified between the two samples: the high carbon 

content CFA displayed not only the expected geoid structures but also featured random 

carbonaceous formations, a contrast to the heavy CFA, which lacked such carbonaceous 

structures. A pivotal aspect of the study involved subjecting both CFA samples to a two-step 

synthesis process with alkalis. Remarkably, this synthesis process disrupted the typical geoid 

structure inherent in CFA, as evidenced by SEM analysis. Intriguingly, the high carbon content 

CFA displayed an amalgamation of geoids and random carbonaceous structures, while the 

heavy CFA showed a distinct absence of such structures. Further investigation into the 

K/Na/CFA-Heavy sample revealed intriguing findings. SEM images hinted at the presence of 

a sodalite flower type structure, a distinctive feature not observed in the K/Na/CFA-Light 

sample. Complementing this observation, Fourier-transform infrared (FTIR) analysis of the 

K/Na/CFA-Heavy sample indicated zeolitic bending. This intriguing result suggested that the 

destructive fusion process involving KOH might not have been as thorough in the K/Na/CFA-

Heavy sample when compared to its lighter counterpart. Contrastingly, the K/Na/CFA-Light 

sample exhibited a near-complete destruction of the geoid structure, as observed through SEM 

analysis. These findings were further corroborated by X-ray diffraction (XRD) analysis, 

providing additional support to the SEM results. 
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3.2.2. Characterization studies on CFA based composite adsorbents 

 

The following are the characterization studies employed: BET, SEM, XRD and FTIR. The N2 

adsorption isotherms are provided in figure 3.4. ZIF-8 as synthesized recorded a surface area 

of 1500 m2/g whilst CFAZ/ZIF-8 recorded a surface area of only 426 m2/g in comparison. 

However, this is much higher that the of raw CFA surface area of 5 m2/g and the 28 m2/g of 

CFA derived zeolite type adsorbents. Mean pore diameters of 1.896 nm and 2.398 nm for ZIF-

8 and CFAZ/ZIF-8 respectively also indicated that both showed considerably high degree of 

microporosity. Microporous volumes of ZIF-8 and CFAZ/ZIF-8 were determined to be 0.51 

cc/g and 0.18 cc/g respectively.  

 

Figure 3.4: N2 adsorption and desorption isotherms of ZIF-8 and CFAZ/ZIF-8 at -196 ⁰C 
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Figure 3.5: Scanning electron micrographs of a) ZIF-8, b) CFA Zeolite, c) CFAZ/ZIF-8 and 

d) CFA treated at 800 ºC 

CFA zeolite showed a characteristic sodalite flower type structure as seen in figure 3.5. In 

addition to this predominantly flower type, flakes could also be seen indicating the presence of 

a different kind of zeolite. The well-formed shapes around the rose and sheet-like structures 

could allude to the formation of zeolites NaX and NaA. CFAZ/ZIF-8 showed an interesting 

image of its structure. The CFA sodalite flower structure was present. Additionally, small cubic-

rhomboidal structures were also present around this larger flower type structure indicating the 

formation ZIF-8 crystals around the larger zeolitic structure.  
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Figure 3.6: Diffractograms of ZIF-8, CFAZ and CFAZ/ZIF-8 

 

The XRD patterns of CFAZ and CFAZ/ZIF-8 are depicted in figure 3.6. CFAZ/ZIF-8 showed 

firm peaks with high intensities at 2θ values around 7.3º, 10.3º, 12.7º, 14.7º, 18.0º, 18.2º, 21.9º, 

24.9º, 28.0º, 29.2º and 38.5º, confirming the presence of ZIF-8. However, the peaks shifted 

slightly at 7.3º, 10.4º, 12.8º, 14.8º, 17.9º, 22.1º, 24.5º, 28.0º and 38.6º. This could be due to the 

interference of the oxides and salts present in coal fly ash itself. The zeolites from the final 

product obtained could also be competing to a minute degree with the native Zn2+ ion during 

the synthesis of ZIF-8. The high intensities around 23º and 43º indicate the strong presence of 

sodalite phase within CFAZ/ZIF-8 while the high intensities around 6º, 26º and 38º indicate the 

presence of NaX phase.  
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Figure 3.7: IR Spectra of ZIF-8, CFAZ and CFAZ/ZIF-8 adsorbent 

 

The FTIR patterns for the CFA Zeolite/ZIF-8 based adsorbent show peaks at 3442 cm-1, 2959 

cm-1, 2922 cm-1, 2292.5 cm-1, 1426 cm-1 and 1384 cm-1. The peaks in between 2920 cm-1 to 

3150 cm-1 indicated the presence of both aliphatic and aromatic carbon hydrogen bond 

stretching, indicative of the presence of Hmim linker. The peaks in between 1350 cm-1 to 1450 

cm-1 indicated an aromatic ring stretch whereas peaks around 1596 cm-1 suggests the bending 

of N-H. The peak at 461 cm-1 could be due to bending vibrations in the zeolitic structure. The 

peaks around 980 cm-1 indicate the presence of Al-O-Si as do the peaks at 700 cm-1. 
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3.3. CO2 Uptake studies on K/Na/CFA-Light and CFAZ/ZIF-8 
 

Adsorption processes are strongly affected by the operating temperature. In our investigation, 

we observed that different adsorbents exhibited varying levels of carbon dioxide (CC) uptake 

under different temperature conditions. Experiments were conducted at four specific 

temperatures (25 ºC, 50 ºC, 75 ºC, and 100 ºC) using a consistent amount of two grams of 

adsorbent, and a standard feed flow duration of sixty minutes. The CO2 content in the feed gas 

remained constant at 20%. The relationship between temperature and CO2 uptake is visually 

represented in the accompanying figure 3.8. 

 

Figure 3.8: Effect of process temperatures on CO2 uptake at 20% CO2 

 

As anticipated, the CO2 uptake of the K/Na/CFA-Light adsorbent displayed a decreasing trend 

as the process temperature increased. Starting at 1.47 mmol/g at 25 ºC, it declined significantly 

to 0.67 mmol/g at 100 ºC. This trend aligns with the findings in existing literature, which 

attribute this behavior to the elevated kinetic energy of CO2 molecules at higher temperatures, 
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making them more likely to escape entrapment on porous surfaces. However, it's worth noting 

that the K/Na/CFA-Light adsorbent outperformed unfused coal fly ash, which recorded a value 

of 0.6 mmol/g at 25 ºC, indicating the superior CO2 trapping ability of the fused coal fly ash 

adsorbent. 

Another crucial factor influencing adsorption processes is the concentration of the adsorbate in 

the feed gas, in conjunction with the process temperature. In our study, we systematically varied 

the CO2 concentration in the feed gas from 10% to 80%. Throughout the experiments, we 

maintained a consistent two-gram quantity of adsorbent and a 60-minute carbonation duration, 

with 25 ºC serving as the reference temperature due to its proven effectiveness in CO2 uptake 

for the K/Na/CFA-Light adsorbent. The results, as depicted in the accompanying figure 3.9, 

clearly show that an increase in CO2 concentrations leads to higher CO2 uptake values.  



Chapter 3 

67 
 

 

Figure 3.9: Effect of CO2 concentration on CO2 uptake at 25 ºC 

 

The values nearly tripled, rising from a modest 0.7 mmol/g at 10% CO2 to 2.4 mmol/g at 80%. 

Notably, the most significant increase occurred when the feed concentration went from 10% to 

40%, resulting in a tripling of values. Beyond a 40% concentration, the increase was less 

dramatic, only amounting to 25%. This suggests that there is a saturation point, beyond which 

further increases in CO2 concentrations do not significantly impact CO2 uptake. This is due to 

the fact that as the CO2 partial pressure in the feed, increases, the gas quickly saturates the 

adsorbent's pores. Consequently, fewer pores are available for additional adsorption, leading to 

a limited increase in CO2 uptake values. 
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Figure 3.10: Breakthrough curve of K/Na/CFA-Light at 25 ºC and 20% CO2 concentration 

 

The duration of feed flow also plays a crucial role in shaping the adsorption process. 

Experiments were conducted with four different gas flow duration times: 15 minutes, 30 

minutes, 45 minutes, and 60 minutes, all using a consistent two-gram quantity of adsorbent, 

maintaining a 20% CO2 feed concentration, and keeping the temperature at 25 ºC. Figure 3.11 

illustrates that nearly the entire CO2 uptake process occurred within the initial 15 minutes, with 

no significant increase observed beyond that point, even up to 60 minutes. This aligns with the 

theory that, for a given mass of adsorbent, the time of adsorption significantly contributes to 

an increase up to a certain point. Afterward, further increases are minimal or negligible. In our 

study, we observed substantial increases from the start of the process up to 11 minutes, but 

beyond 11 minutes, only slight increments in CO2 uptake were observed.  
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Figure 3.11: Impact of feed flow duration on CO2 uptake capacity of CFAZ/ZIF-8 at 25 ºC 

 

 

The temperature at which adsorption occurs is a critical factor influencing the adsorption 

capacity of a material. In our study, the impact of temperature on CO2 uptake values was 

examined at four different temperatures: 25 ºC, 50 ºC, 75 ºC, and 100 ºC. Throughout these 

experiments, the mass of the adsorbent, duration of feed flow, and feed ratio remained constant. 

The data was collected in triplicate, and the reported values represent the mean with the 

associated standard deviation. Figure 3.12 visually depicts the results, showing a significant 

decrease in uptake at higher temperatures. Specifically, for the CFAZ/ZIF-8 adsorbent 

synthesized in this study, the adsorption capacities were as follows: 2.83 mmol/g at 25 ºC, 2.36 

mmol/g at 50 ºC, 1.80 mmol/g at 75 ºC, and 1.62 mmol/g at 100 ºC. These findings align with 

the well-established theory that CO2 adsorption is exothermic, meaning it is more favorable at 

lower temperatures. Lower temperatures provide an environment where more CO2 molecules 
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can be adsorbed on the surface of the adsorbent. As the temperature rises, the kinetic energies 

of the CO2 molecules increase drastically, resulting in a general decrease in adsorption 

capacities. Remarkably, CFAZ/ZIF-8 outperformed its parent materials in this study. ZIF-8 

exhibited a CO2 uptake value of 1.45 mmol/g, while CFA zeolite achieved a slightly better 

performance at 1.83 mmol/g at 25 ºC. 

 

Figure 3.12: Effect of process temperature on CO2 uptake of CFAZ/ZIF-8 

 

Another vital parameter in determining adsorbent performance is the concentration of CO2 in 

the feed gas. In our investigation, we explored eight different CO2 partial pressures ranging 

from 0 to 0.8 bar in the gas feed. At a constant temperature of 25 ºC, a consistent adsorbent 

mass of 2.5 grams, and a carbonation time of 60 minutes, CFAZ/ZIF-8 displayed varying 

adsorption capacities. Notably, the results revealed that as the CO2 partial pressure doubled 

from 0.1 to 0.2 bar, the adsorption values also doubled. However, beyond this point, the 
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increase in concentration only led to marginal changes. For instance, increasing from 0.2 bar 

to 0.5 bar resulted in a mere 15% increase in CC values. This phenomenon can be attributed to 

the adsorption reaching a saturation point. As the CO2 concentration rises, the pores within the 

adsorbent become filled more rapidly, leaving little room for further adsorption. This leads to 

a limited increase in uptake capacities. In terms of the effect of CO2 partial pressure, the 

adsorbent exhibited a strong attraction for adsorption, resulting in a significant increase in 

adsorption capacities as the pressure increased from 0.1 bar to 0.3 bar (figure 3.13). However, 

beyond 0.3 bar, further increases in pressure had little impact on uptake values. This may be 

due to the adsorption reaching a saturation or equilibrium point. As more CO2 is introduced 

into the feed, the pores become filled more rapidly, limiting further adsorption. 

 

Figure 3.13: Effect of CO2 concentration on uptake capacity at 25 ºC 

The amount of adsorbent employed was also a significant variable in our study. As shown in 

the figure 3.14, an increase in the amount of adsorbent led to a slight decrease in CO2 uptake 
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values under the same conditions of feed CO2 concentration, time, and temperature. The drop 

in values, from 2.86 mmol/g at 1 gram of loading to 2.79 mmol/g at 7.5 grams of loading, was 

relatively small in comparison to the CO2 flow. This trend is consistent with previous findings 

for other adsorbents, where an increase in adsorbent mass led to reduced surface contact and, 

consequently, a decrease in adsorption capacity. 

 

Figure 3.14: Effect of adsorbent loading on CO2 uptake capacity 

 

Notably, our results indicated a negligible change in CO2 uptake values with variations in the 

amount of adsorbent, which is in contrast to some prior studies that reported more significant 

drops in capacity with increasing adsorbent mass. The interaction between adsorbent loading 

and pressure across the reactor can influence CO2 uptake, although this effect was minimal in 

our study.  While longer exposure time theoretically increases the chances of adsorption at 

some sites, in our study, the observed increase was minimal. 



Chapter 3 

73 
 

3.4. Adsorption kinetics study 
 

3.4.1. Adsorption kinetics of K/Na/CFA-Light 

 

Kinetic studies are very important in understanding the type of adsorption process at hand. In 

this study, three kinetic models were considered. They are the pseudo first order model (PFO), 

the pseudo second order model (PSO) and the Avrami model (refer to Chapter 2, Section 2.5.1).  

 

Figure 3.15: Adsorption kinetics modelling of K/Na/CFA-Light at 25 ºC 
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Table 3.1: Adsorption kinetics of K/Na/CFA-Light 

Adsorbent Model Q (exp) Q (fit) k 
 

n R2 

K/Na/CFA-Light PFO 1.48 1.49 0.2545   0.981 

 PSO 1.48 1.61 0.2588   0.922 

 Avrami 1.48 1.48 0.1262  1.46 0.994 

 

A detailed representation of the theoretical models and their explanation of the experimental 

data is given in figure 3.15 and table 3.1. From figure 3.15, it can be observed that the Avrami 

model fits the data almost perfectly. That is also supported by the R2 value of the Avrami model 

fit, which is 0.99. PSO model was least suited to explain the experimental data which is 

indicated by an R2 value of 0.92. The near perfect fit of the Avrami model indicates that the 

adsorption process is a combination of both physisorption and chemisorption. This is also in 

line with the prepared adsorbent. High carbon content fly ash is usually a poor adsorbent of 

CO2 which acts like a physisorbent. However, the addition of KOH and NaOH in the fusion 

process, transformed the adsorbent into a hybrid. Metal hydroxides and oxides are usually 

treated as chemisorbents which bind CO2 as carbonates onto the surface. Also noteworthy is 

the R2 value of 0.98 for the pseudo first order model. Both the R2 values for the Avrami and the 

pseudo first models respectively could indicate a domination of physisorption. 

 

3.4.2. Adsorption kinetics of CFAZ/ZIF-8 

 

Similar to the previous kinetics study, the same three models were considered (refer to Chapter 

2, Section 2.5.1). From the table given below, it could be inferred that both pseudo-second 

order and Avrami models fit the experimental data better than pseudo-first order. The obtained 

R2 values and the Qe got through the fit agree better with the Avrami model.  
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Figure 3.16: Kinetics fit of CFAZ/ZIF-8 at 25 ºC 

Table 3.2: Adsorption kinetic data for CFAZ/ZIF-8 

Adsorbent Model Q (exp) Q (fit) k n R2 

CFAZ/ZIF-8 PFO 2.83 2.86 0.25145  0.97 

 PSO 2.83 3.08 0.13189  0.89 

 Avrami 2.83 2.84 0.09967 1.602 0.99 

 

The pseudo first-order model mainly explains physisorption while pseudo second-order deals 

with adsorption mainly of chemical nature. Avrami model is the intermediate, i.e.; it predicts 

that adsorption is a combination of both physisorption and chemisorption. From the fit and 

table 2, an R2 value of 0.997, it was clear that Avrami kinetics suited the experimental data of 

CFAZ/ZIF-8 adsorbent. However, it is interesting to note that Qe values obtained from the 

model fit and, through the experiment, agreed with each other well for the Avrami model. This 

would also suggest that the nature of adsorption is a mixture of physisorption and 

chemisorption. This is in line with the hybrid nature of the adsorbent itself. While zeolites from 
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alkali fused coal fly ash are chemisorbents due to the presence of high amounts of alkali, ZIF-

8 is mainly employed in the physisorption of CO2. The kinetic fit graph of CFAZ/ZIF-8 is given 

in figure 3.16. 

3.5. Cyclic stability of K/Na/CFA-Light and CFAZ/ZIF-8 
 

At 25°C, the performance of cyclic stability was investigated for five cycles. Regeneration was 

carried out in the presence of N2 gas and at a temperature of 150 °C. The carbonation and 

decarbonation cycles each lasted 60 minutes and utilized 2.5 g of carbon dioxide. The 

experiment was repeated three times, and the shown values represent the mean and standard 

deviation. After the investigation, the CO2 uptake values of the K/Na/CFA-Light adsorbent 

decreased. The drop in uptake performance was around 20%. The adsorbent preserved 80% of 

its initial uptake capacity after five cycles, indicating that the synthesized hybrid adsorbent is 

stable and has a good retention capacity. The initial CO2 uptake was at 1.48 mmol/g and the 

final CO2 uptake after 5 cycles was around 1.19 mmol/g. The cyclic stability of the adsorbent 

as produced is shown in figure 3.17. 

 

Figure 3.17: Cyclic stability performance of K/Na/CFA-Light at 25 ºC 
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The performance was compared for five cycles at ambient temperature (25 ºC). Each 

regeneration was done in the presence of N2 gas, and a temperature of 150°C was set for the 

same. An amount of 2.5 g was used for the carbonation and decarbonation cycle with 60 

minutes duration for each cycle. As predicted, the CFAZ/ZIF-8 adsorbent showed a decrease 

in CO2 uptake values after the study concluded. However, the decline was only a minute 5%. 

After, five cycles the adsorbent retained 95% of its initial uptake capacity which makes the 

synthesized hybrid adsorbent stable and with a high retention capacity. Figure 3.18 gives the 

cyclic stability of the synthesized adsorbent. 

 

Figure 3.18: Cyclic stability performance of CFAZ/ZIF-8 at 25 ºC 
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3.6. Conclusions 
 

The synthesis of adsorbents from both carbon-rich and carbon-deficient coal fly ash samples 

was achieved through a two-step fusion hydrothermal method, with three key parameters 

considered for CO2 uptake adsorption experiments. Initial studies revealed that the K/Na/CFA-

Light adsorbent outperformed the K/Na/CFA-Heavy counterpart. Conclusions drawn from the 

study included the detrimental effect of KOH fusion on the crystalline phases of the parent coal 

fly ash structure, the absence of additional crystalline phases through fusion hydrothermal 

method in the presence of NaOH, and a noteworthy increase in CO2 uptake value despite a 

decrease in surface area for the K/Na/CFA-Light adsorbent. Temperature exhibited an inverse 

relationship with CO2 uptake, and concentration of CO2 within the feed demonstrated an 

increasing effect up to 40%. Kinetic studies favored the Avrami model, indicating a 

combination of physisorption and chemisorption. Cyclic stability assessments showed that the 

K/Na/CFA-Light adsorbent retained up to 80% of its capacity after five cycles, demonstrating 

decent performance in CC. 

Utilizing coal fly ash, a zeolite-type adsorbent was synthesized and further combined with ZIF-

8 through an in-situ synthesis technique, resulting in the creation of a novel hybrid adsorbent. 

The adsorption capacity exhibited a temperature dependence, with the highest capacity 

recorded at 25 ºC (2.83 mmol/g), while CO2 concentration significantly influenced the CO2 

uptake, reaching around 3.6 mmol/g at higher concentrations. An increase in adsorbent loading 

for a given carbonation time had a slightly detrimental effect on overall CO2 uptake, whereas 

an increase in carbonation time had a slightly positive impact. Cyclic stability assessments 

indicated excellent performance (95%) of CFAZ/ZIF-8 even after five cycles of carbonation 

and decarbonation. The hybrid adsorbent surpassed its parent materials, suggesting a 

synergistic effect between ZIF-8 and CFAZ. Comparative performance with commercially 

available zeolites like 13X and NaX further highlighted the efficacy of CFAZ/ZIF-8. Kinetic 
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studies revealed a combination of physisorption and chemisorption in the adsorption process, 

and future investigations could explore the impact of the Zn metal ion-to-CFA weight ratio on 

the morphological properties and CO2 uptake of this hybrid adsorbent. 
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4. Carbon Capture Studies using bimetallic ZIFs based Ce/Zn and Ce/Co 

combinations 
 

4.1. Introduction 
 

Metal-organic frameworks (MOFs) have emerged as a promising class of materials for gas 

storage and separation applications, with zeolitic imidazolate frameworks (ZIFs) garnering 

significant attention in recent studies on carbon dioxide (CO2) adsorption [190]. The latest 

research in this field has focused on tailoring the properties of ZIFs to enhance their CO2 

capture capabilities. One notable study, conducted by a team of researchers at a leading 

institution, delves into the synthesis of ZIFs with specific pore sizes and surface functionalities 

to optimize CO2 adsorption performance. The team utilized advanced characterization 

techniques, such as X-ray diffraction and nitrogen adsorption-desorption isotherms, to 

precisely analyze the structural and textural properties of the synthesized ZIFs [191]. The 

results revealed a correlation between the pore size of ZIFs and their CO2 adsorption capacities, 

shedding light on the intricate interplay between the framework's architecture and its ability to 

selectively capture CO2 molecules. In addition to structural modifications, another avenue of 

exploration in recent studies involves the incorporation of various metal ions into the ZIF 

framework. Researchers have systematically investigated the impact of different metal ions on 

the CO2 adsorption properties of ZIFs, aiming to identify the most effective combinations. The 

study employed a range of analytical tools, including infrared spectroscopy and 

thermogravimetric analysis, to probe the interactions between the metal ions and CO2 within 

the ZIF structure. The findings suggest that the choice of metal ions significantly influences 

the adsorption capacity and selectivity of ZIFs for CO2, opening up new possibilities for 

tailoring these materials for specific gas separation applications [192]. 
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Furthermore, researchers have explored the dynamic behavior of ZIFs under varying 

temperature and pressure conditions. Understanding the thermodynamic and kinetic aspects of 

CO2 adsorption in ZIFs is crucial for practical applications in real-world environments. A recent 

study investigated the adsorption-desorption cycling stability of ZIFs over multiple cycles, 

simulating conditions relevant to industrial processes. The results indicated the robustness of 

certain ZIF formulations, demonstrating their potential for long-term and repeated use in CO2 

capture applications. The study also highlighted the importance of optimizing the synthesis 

conditions to enhance the stability and performance of ZIFs under dynamic gas adsorption 

scenarios. In the quest for sustainable and efficient CO2 capture technologies, the integration 

of ZIFs into composite materials has emerged as a novel approach. Researchers have explored 

the synergistic effects of combining ZIFs with other functional materials to create hybrid 

adsorbents with enhanced CO2 capture performance. The latest findings suggest that 

incorporating ZIFs into porous matrices or modifying their surfaces with specific functional 

groups can lead to improved adsorption capacities and increased selectivity for CO2 over other 

gases. This innovative approach opens up new avenues for designing tailored materials that 

address the challenges associated with CO2 capture in diverse industrial applications. 

Bimetallic zeolitic imidazolate frameworks (ZIFs) have gained attention for their potential in 

CO2 adsorption.  The synthesis of bimetallic Zn/Co/Co-Zn-based ZIFs at room temperature has 

been reported, and their CO2 capture capacity was evaluated [109].  Additionally, the 

modification of ZIF-8 crystals using methylamine, ethylenediamine, and N, N'-

dimethylethylenediamine has been shown to improve their CO2 adsorption performance.  The 

adsorption capacities of CO2 on amine-modified ZIF-8 samples were significantly increased 

compared to the original ZIF-8 [193].  Furthermore, the incorporation of cations on ZrO2, such 

as Li+, Mg2+, or Co3+, has been found to enhance the adsorption of carbon dioxide.  These 

studies demonstrate the potential of bimetallic ZIFs and modified ZIF-8 for CO2 adsorption, 
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highlighting their importance in addressing carbon emissions and achieving a low-carbon 

economy [194]. 

Moreover, computational modeling has played a pivotal role in advancing the understanding 

of the adsorption mechanisms in ZIFs. Recent studies have employed state-of-the-art molecular 

dynamics simulations and density functional theory calculations to unravel the intricate details 

of CO2 adsorption at the atomic and molecular levels within the ZIF framework. Computational 

models have provided valuable insights into the thermodynamics and kinetics of CO2 

adsorption, aiding in the interpretation of experimental results and guiding the rational design 

of ZIFs with enhanced CO2 capture performance [195]. The synergy between experimental and 

computational approaches has accelerated progress in the field, enabling researchers to make 

informed decisions in the development of next-generation ZIF-based adsorbents. In summary, 

the latest studies on ZIFs in CO2 adsorption have witnessed significant advancements in 

tailoring the structural, compositional, and dynamic properties of these materials. The 

exploration of novel synthesis strategies, the incorporation of diverse metal ions, the 

investigation of dynamic adsorption-desorption behaviors, the development of hybrid 

composites, and the application of advanced computational modeling techniques collectively 

contribute to the evolving landscape of ZIF-based adsorbents for CO2 capture [196]. As the 

demand for sustainable solutions to mitigate CO2 emissions continues to grow, the ongoing 

research in this field holds promise for the development of efficient and practical technologies 

for carbon capture and storage. 

This study introduces two novel bimetallic Zeolitic Imidazolate Frameworks (ZIFs) derived 

from ZIF-8 and ZIF-67, both modified with amine loading, exhibiting exceptional performance 

in terms of carbon capture capacity and cyclic stability [197]. The synthesis of these modified 

adsorbents, named (Ce,Zn) ZIF-8 and (Ce,Co) ZIF-67 in reference to their parent ZIFs, 

employed straightforward hydrothermal and aqueous synthesis methods with cerium (Ce) 
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metal modifications. The adsorption behavior of these materials in relation to carbon dioxide 

(CO2) was systematically investigated using a fixed-bed reactor system, adopting a rigorous 

and structured approach through Response Surface Methodology (RSM). 

The experimental design utilized the face-centered central composite design, considering four 

numeric factors: temperature, adsorbent quantity, carbonation time, and diethanolamine (DEA) 

loading. The responses were obtained using Design Expert Software 12, and statistical fits were 

determined through Analysis of Variance (ANOVA). Subsequently, cyclic retention capacities 

of all adsorbents were assessed after 15 cycles of adsorption-desorption. Based on both 

experimental and theoretical findings, optimal process conditions were determined for each 

adsorbent. Kinetics-based studies were conducted under these optimum conditions, employing 

three kinetic models—pseudo-first-order, pseudo-second-order, and Avrami models—to 

ascertain the best fit and understand the nature of adsorption. The influence of carbon dioxide 

concentration on the optimal adsorbents was also explored. In addition to kinetics, the study 

considered two isotherm models, Langmuir and Freundlich isotherms, for comparison with the 

experimental data. The comprehensive approach adopted in this work contributes valuable 

insights into the development and performance assessment of bimetallic ZIF-based adsorbents 

for carbon capture applications. 
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4.2. Characterization of adsorbents 
 

In the pursuit of a thorough understanding of the synthesized materials, a comprehensive set of 

characterization techniques was meticulously applied. The arsenal of analytical methods 

employed in this study encompassed diverse methodologies, each shedding light on specific 

facets of the synthesized zeolitic imidazolate frameworks (ZIFs). BET analysis, a staple 

technique for gas adsorption studies, was judiciously utilized to quantify the total surface area 

and pore volume of the synthesized materials. This provided crucial insights into the porosity 

and adsorption capabilities of the ZIFs, contributing to a nuanced understanding of their 

structural attributes. To unravel the crystalline structure and composition of the materials, X-

ray diffraction (XRD) was employed, enabling the identification of traces and signatures of 

known materials. The resulting XRD patterns served as fingerprints, elucidating the 

crystallographic nature of the synthesized ZIFs. Scanning electron microscopy (SEM) was 

enlisted to delve into the morphological intricacies and particle structures of the ZIFs, 

providing visual insights into their surface features. Meanwhile, Fourier-transform infrared 

(FTIR) spectroscopy, facilitated by a Jasco-designed P-200 FTIR instrument with a KBr beam 

splitter, was employed to scrutinize the nature and types of bonds present in the ZIFs. This 

technique allowed for a detailed examination of the molecular vibrations, revealing critical 

information about the chemical composition and bonding within the materials. 
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Figure 4.1: N2 adsorption isotherms of ZIF-8, ZIF-67, (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 at      

-196 ºC 

The specific surface area of the synthesized ZIF-8 was determined to be 1500 m²/g, showcasing 

its notable porosity. In comparison, the (Ce,Zn)ZIF-8 exhibited a slightly reduced surface area 

of 1220 m²/g, indicative of the impact of Ce metal modification on the porous structure. 

Conversely, the (Ce,Co)ZIF-67 displayed a heightened surface area of 1440 m²/g, surpassing 

(Ce,Zn)ZIF-8, yet still falling short of the benchmark set by ZIF-67 [192]. The micro porosity 

of (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 was further highlighted by mean pore sizes of 2.14 nm 

and 1.76 nm, respectively. The microporous volumes of 0.51 cc/g for (Ce,Zn)ZIF-8 and 0.55 

cc/g for (Ce,Co)ZIF-67 underscored the materials' capacity for selective adsorption. 
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Figure 4.2: FTIR spectra of (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 

 

FTIR spectra are shown in figure 4.2. Peaks at 3442 cm-1, 2959 cm-1, 2922 cm-1, 2292.5 cm-1, 

1426 cm-1 and 1384 cm-1 can be seen in the FTIR spectra of (Ce,Zn)ZIF-8. Similarly, for ZIF-

67 based adsorbent, important peaks were observed at 3857 cm-1, 3840 cm-1, 3824 cm-1, 3731 

cm-1, 3696 cm-1, 3423 cm-1, 3101 cm-1, 2955 cm-1, 2920 cm-1, 2363 cm-1, 1422 cm-1, 1383 cm-

1. Peaks in the range of 2920 cm-1 to 3150 cm-1 demonstrated both aliphatic and aromatic carbon 

hydrogen bond stretching, indicating the existence of Hmim linker [198]. Peaks in the range of 

1350 cm-1 to 1450 cm-1 suggested an aromatic ring stretch, whereas peaks in the range of 1596 

cm-1 and 1650 cm-1 indicated N-H bending. The 7.5% and 15% DEA loaded adsorbents 

however, showed all the characteristic peaks indicative of a secondary amine. Strong peaks 

between 3200-3300 cm-1 for an N-H stretch belonging to secondary amines were observed for 

all doped adsorbents [199]. Other amine peaks were 1020-1250 cm-1 for a C-N vibration, 3000-

2840 cm-1 for an alkane C-H stretch, 3200-3550 cm-1 a broad and strong peak indicating the 

presence of alcoholic O-H, while medium peak intensities between 1050-1080 cm-1 for a 

primary alcohol stretch [107,200]. 
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Figure 4.3: Scanning electron micrographs of a) ZIF-8, b) ZIF-67, c) (Ce,Zn)ZIF-8 and d) 

(Ce.Co)ZIF-67 

Intriguingly, the structural nuances of (Ce,Zn)ZIF-8 deviated from the typical cubic-rhomboid 

tendencies exhibited by pure ZIF-8, hinting at the transformative influence of Ce metal 

modification on the original framework. Likewise, (Ce,Co)ZIF-67 presented a departure from 

the standard ZIF-67 structure, showcasing a distinctive dodecahedral arrangement. The 

interplanar spacing values of 12.01 Å for (Ce,Zn)ZIF-8 and 11.91 Å for (Ce,Co)ZIF-67 

deviated slightly from the interplanar spacing observed in the synthesized pure ZIF-8 (12.114 

Å) and ZIF-67 (12.008 Å). This departure underscores the structural alterations induced by the 

incorporation of Ce and Co metals, providing valuable insights into the modification effects on 

the intermolecular arrangement within the ZIFs. Figure 4.4 shows the diffractograms of the 

adsorbents in question. The presence of ZIF-8 was confirmed by prominent peaks with high 

intensities at 2θ values about 7.3⁰, 10.3⁰, 12.7⁰, 14.7⁰, 18.0⁰, 18.2⁰, 21.9⁰, and 24.9⁰ [201]. 
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(Ce,Co)ZIF-67 showed intensities at 2θ values around 7.4⁰, 10.5⁰, 15.2⁰, 16.8⁰, 17.2⁰, 18.1⁰, 

27.9⁰ and 29.1⁰ typical of ZIF-67.  

 

Figure 4.4: Diffractograms of synthesized adsorbents 

 

However, as the values had a slight shift in (Ce,Zn)ZIF-8 characteristic peaks shifted slightly 

compared to ZIF-8. The characteristic 7.291º peak of ZIF-8 shifted to 7.355º in (Ce,Zn)ZIF-8. 

(Ce,Co)ZIF-67 also showed a shift in peaks compared to ZIF-67. Both 7.4º and 10.4º of ZIF-

67 shifted to 7.4º and 10.5º in the case of (Ce,Co)ZIF-67. A decrease in intensity of peaks was 

also observed for both (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 vs ZIF-8 and ZIF-67. The interplanar 

spacing of (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 were found to be 12.01 Å and 11.91 Å 

respectively. This also deviates slightly from the usual interplanar spacing of the synthesized 

pure ZIF-8(12.114 Å) and ZIF-67(12.008 Å).  

In summary, the extensive characterization studies, incorporating BET analysis, XRD, SEM, 

and FTIR spectroscopy, have collectively provided a comprehensive understanding of the 
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structural, morphological, and chemical attributes of the synthesized ZIFs. These insights lay 

a robust foundation for elucidating the potential applications of these materials in diverse fields, 

ranging from gas adsorption to catalysis, and pave the way for further exploration of their 

unique properties. 

4.3. Initial Screening studies and RSM experimental design 
 

In the foundational phase of our study, the meticulous screening of potential adsorbents was 

driven by a triad of pivotal factors: initial CO2 uptake, BET surface areas, and the efficiency of 

the synthesis process. This nuanced evaluation aimed to discern the most promising candidates 

from a repertoire of parent Zeolitic Imidazolate Frameworks (ZIFs) and their tailored 

counterparts. A comprehensive comparative analysis ensued, with table 4.1 providing an 

extensive breakdown of the BET surface areas for all considered adsorbents during the primary 

screening. Remarkably, the synthesized (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 showcased superior 

performance compared to their parent ZIFs, ZIF-8 and ZIF-67, respectively. The experimental 

conditions for the initial uptake investigations were meticulously controlled, entailing a total 

feed flow of 150 mL/min, composed of nitrogen and carbon dioxide in a specific 2:1 ratio, 

respectively. 

Table 4.1: Comparison of screened adsorbents 

Adsorbent 
BET Surface 

Area(m2/g) 

Pore 

volume(cc/g) 

Initial CO2 

Uptake(mmol/g) 

ZIF-8 1550 0.72 1.41 

ZIF-67 1720 0.69 1.55 

(Ce,Zn)ZIF-8 1266 0.68 3.71 

(Ce,Co)ZIF-

67 
1440 0.64 3.55 
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Transitioning to a more intricate phase of CO2 adsorption, the Response Surface Methodology 

(RSM) was deployed utilizing a central composite design (CCD) face-centered design. This 

sophisticated design framework incorporated three levels (+1, 0, −1) for four pivotal factors: 

temperature, adsorbent loading, carbonation time, and DEA (diethanolamine) loading 

percentage. Recognizing the variability in adsorbent characteristics, a categorical factor with 

four levels corresponding to the four different adsorbents was thoughtfully integrated into the 

experimental design. The adsorbent codes 'A' and 'B' specifically represented (Ce,Zn)ZIF-8 

and (Ce,Co)ZIF-67. A meticulously planned set of 60 experiments, evenly distributed across 

the different adsorbents, were systematically conducted to scrutinize the influence of each vital 

process parameter. The Design Expert 12 trial version software played an instrumental role in 

conducting exhaustive analyses, determining the significance of each parameter, and 

optimizing the experimental conditions. These detailed parameters, encompassing a spectrum 

of variables, are comprehensively cataloged in table 4.2, providing a systematic guide for a 

nuanced understanding of the intricate adsorption process. 

Table 4.2: Experimental design with process parameters 

Variable Min Central Max 

Temperature (°C) 25 75 125 

Amount of 

adsorbent (g) 
5 10 15 

Time of aeration 

(min) 
60 150 240 

DEA loading 

percentage 
0 7.5 15 

 

Temperature of adsorption, acknowledged as a linchpin parameter in adsorption studies, 

assumed particular significance in both CO2 adsorption and catalysis, a fact well-documented 
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in literature. The loading percentage of DEA emerged as a key determinant, exerting influence 

on both the enhancement of uptake properties and the optimization of uptakes, a theme 

underscored in prior research [202]. The temporal aspect of carbonation, a pivotal factor, was 

methodically examined to unravel its impact on the nature of adsorption and the kinetics of gas 

uptake, aligning with contemporary studies [203]. Importantly, each stage of the study was 

conducted with fresh samples, ensuring not only methodological consistency but also 

eliminating potential biases. For instance, a singular batch of samples was judiciously 

employed for runs 1 to 8, underscoring the meticulous attention to experimental precision. 

Subsequently, a new batch of 15 g each of adsorbent was synthesized for DEA loading of 7.5% 

and beyond, ensuring a controlled and reproducible experimental setup. To complete the 

experimental cycle, the regeneration process involved a thorough flushing with pure nitrogen 

gas at 100°C, safeguarding the integrity of the adsorbents for subsequent experiments. This 

exhaustive and systematic approach, from the initial screening stage to the sophisticated RSM-

based investigations, underscores the methodological rigor underpinning our study. It not only 

enhanced the reliability of our findings but also positioned our research at the forefront of 

advancements in the realm of adsorption studies, offering valuable insights into the intricacies 

of the adsorption process and the potential applications of modified ZIFs in this domain. 

4.4. Process optimization using RSM   
 

4.4.1. CO2 uptake results 

 

The temperature of adsorption stands out as a pivotal parameter significantly influencing a 

material's adsorption capacity. In the context of our study, the Central Composite Design (CCD) 

model strategically incorporated temperatures of 25 °C, 75 °C, and 125 °C to dissect the impact 

of temperature on carbon capture values. Figure visually represents the dramatic reduction in 

uptake at higher temperatures (figure 4.5). Specifically, for (Ce,Zn)ZIF-8 at loading 

percentages of 7.5% and 15%, adsorption capacities exhibited a decline from 3.62 mmol/g and 
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4.54 mmol/g at 25°C to 2.2 mmol/g and 2.8 mmol/g at 125°C, respectively (table 4.3). 

Similarly, (Ce,Co)ZIF-67 displayed a diminishing trend from 4.6 mmol/g and 5.24 mmol/g at 

25°C to 2.4 mmol/g and 3.21 mmol/g at 125°C for loading percentages of 7.5% and 15%, 

respectively (table 4.4). 

Table 4.3: CO2 Uptake values of (Ce,Zn)ZIF-8 

Std Temperature 

(ºC) 

Amount of 

adsorbent 

(g) 

Time (min) DEA 

Loading 

CO2 Uptake 

(mmol/g) 

1 25 5 60 0 3.71 

2 125 5 60 0 1.95 

3 25 15 60 0 3.9 

4 125 15 60 0 2.1 

5 25 5 240 0 3.88 

6 125 5 240 0 1.9 

7 25 15 240 0 3.8 

8 125 15 240 0 2.48 

9 25 5 60 15 4.45 

10 125 5 60 15 2.6 

11 25 15 60 15 4.7 

12 125 15 60 15 2.74 

13 25 5 240 15 4.55 

14 125 5 240 15 2.5 

15 25 15 240 15 4.61 

16 125 15 240 15 2.8 

17 25 10 150 7.5 3.62 

18 125 10 150 7.5 2.2 

19 75 5 150 7.5 3.5 

20 75 15 150 7.5 3.52 

21 75 10 60 7.5 3.6 

22 75 10 240 7.5 3.67 

23 75 10 150 0 2.57 

24 75 10 150 15 4.44 

25 75 10 150 7.5 3.69 

26 75 10 150 7.5 3.77 

27 75 10 150 7.5 3.33 

28 75 10 150 7.5 3.45 

29 75 10 150 7.5 3.38 

30 75 10 150 7.5 3.59 
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Comparative studies by Agueda et al. [204] and Zhang et al. [32] align with our findings. 

Agueda et al. explored UTSA-MOF under varying temperatures, reporting decreasing CC 

values from 5.2 mmol/g at 25 °C to 4.3 mmol/g at 65 °C. Similarly, Chen et al. [205] observed 

a decreasing trend in Ni-MOF-74 adsorption capacity, from 7.5 mmol/g at 25 °C to 5.3 mmol/g 

at 75 °C. This consistent trend resonates with existing theories, attributing the decrease in 

uptake values to the deterioration of organic structural linkers in MOFs and ZIFs at elevated 

temperatures [206]. This is in line with thermodynamic principles that favor CO2 adsorption at 

lower temperatures due to increased accessibility to adsorption sites. At higher temperatures, 

heightened competition for these sites leads to a general decline in adsorption capabilities. 

 

Figure 4.5: CO2 adsorption capacity with respect to temperature and DEA loading of a) (Ce, 

Zn)ZIF-8, b) (Ce,Co)ZIF-67 

Moving to the effect of DEA (diethanolamine) loading, our observations reveal an overall 

positive impact. A notable enhancement is evident between 0% and 7.5% loading, and again 

between 7.5% and 15%. A substantial increase of approximately 30% is noted in the uptake 

values from 0% to 15% loading. This resonates with literature findings, where an increase in 

DEA loading is typically associated with improved adsorption capacity. Kenyotha et al. [207] 

reported a decrease in CC values for modified ZIF-8 adsorbents, emphasizing the impact of 

pore blockage and available adsorption sites relative to doping ratio.  
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The interaction between amine moieties and CO2 molecules emerges as a critical factor 

influencing adsorption capacities. Figure 4.5 illustrates that an increase in DEA loading 

percentage correlates with a substantial rise in CO2 adsorption capacity, reaching a maximum 

at 15% loading. Despite the anticipated reduction in surface area and pore volume resulting 

from DEA loading [208], the obtained values remain commendable. 

Table 4.4: CO2 Uptake values of (Ce,Co)ZIF-67 

Std Temperature 
Amount of 

adsorbent 
Time 

DEA 

Loading 
CO2 Uptake 

 (○C) (g) (min) (%) (mmol/g) 

1 25 5 60 0 3.55 

2 125 5 60 0 2.21 

3 25 15 60 0 3.73 

4 125 15 60 0 2.41 

5 25 5 240 0 3.53 

6 125 5 240 0 2.15 

7 25 15 240 0 3.8 

8 125 15 240 0 2.23 

9 25 5 60 15 5.1 

10 125 5 60 15 2.89 

11 25 15 60 15 5.2 

12 125 15 60 15 3.1 

13 25 5 240 15 5.24 

14 125 5 240 15 3.2 

15 25 15 240 15 5.15 

16 125 15 240 15 3.21 

17 25 10 150 7.5 4.6 

18 125 10 150 7.5 2.4 

19 75 5 150 7.5 3.14 

20 75 15 150 7.5 3.33 

21 75 10 60 7.5 3.21 

22 75 10 240 7.5 3.45 

23 75 10 150 0 2.75 

24 75 10 150 15 3.8 

25 75 10 150 7.5 3.1 

26 75 10 150 7.5 3.14 

27 75 10 150 7.5 3.3 

28 75 10 150 7.5 3.15 

29 75 10 150 7.5 3.37 

30 75 10 150 7.5 3.35 
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Comparisons with literature findings further corroborate our results. Anh Phan et al. [209] 

reported a CO2 uptake value of 37 cc/g for pure ZIF-67, half the value obtained for (Ce,Co)ZIF-

67. The addition of DEA further enhanced uptake, witnessing a nearly 35% increase from 0% 

to 15% DEA loading. The decrease in uptake values at higher temperatures for DEA-loaded 

(Ce,Co)ZIF-67 aligns with observations by Konni et al. [210], who studied ZIF-67-based 

adsorbents. The influence of DEA loading on uptake values underscores the intricate 

relationship between DEA loading and adsorption performance. 

 

Figure 4.6: CO2 adsorption capacity with respect to time and amount of adsorbent of a) 

(Ce,Zn)ZIF-8, b) (Ce,Co)ZIF-67 

 

Analyzing the influence of adsorbent amount on uptake as a function of carbonation time, our 

findings deviate from the inverse relationship noted by Ghaemi et al. [211] for Ca(OH)2 and 

Mg(OH)2-based adsorbents. Contrary to the expected decrease in uptake with increasing 

adsorbent weight, our study reveals that the amount of adsorbent loaded had an almost 

insignificant effect on CO2 uptake values. This departure from the inverse relationship 

observed in literature underscores the unique characteristics of the synthesized adsorbents in 

our study. 
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This study explores the impact of temperature and DEA loading on uptake values, aligning 

observations with existing literature and providing valuable insights into the intricate dynamics 

of CO2 adsorption. The positive influence of DEA loading, coupled with the nuanced interplay 

of temperature, adds depth to our understanding of the adsorption process. These insights hold 

promise for the development of tailored adsorbents with enhanced CO2 capture capabilities, 

contributing to advancements in environmental sustainability and gas separation technologies. 

 

4.4.2. RSM model development and verification 

 

The Response Surface Methodology (RSM) equations for all four adsorbents are presented 

below, with the optimal experimental conditions summarized in table 4.5. These equations 

establish a relationship between the experimental output, specifically the CO2 capture (CO2 

uptake), and the various process parameters involved. The considered process parameters 

include temperature (coded as A), DEA loading percentage (coded as D), amount of adsorbent 

(coded as B), and time of carbonation (coded as C). The coded equations below express the 

final relation between the CO2 uptake values and the specified parameters in this experimental 

context. 

For (Ce,Zn)ZIF-8, the coded CO2 uptake equation is as follows, 

CO2 Uptake = [3.488 – (0.886A) + (0.0895B) + (0.0245C) + (0.3945D) + (0.0469AB) + 

(0.0131AC) – (0.0506AD) + (0.0081BC) – (0.0056BD) – (0.0269CD) – (0.5304A2) + 

(0.0696B2) + (0.1946C2) + (0.0646D2)]    Eq 4.1 

For (Ce,Co)ZIF-67, the coded CO2 uptake equation is, 

CO2 Uptake = [3.248 – (0.895A) + (0.064B) + (0.031C) + (0.585D) + (0.0025AB) + 

(0.0025AC) – (0.1675AD) – (0.02625BC) – (0.0313BD) + (0.0438CD) + (0.239A2) – 

(0.026B2) + (0.0694C2) + (0.0144D2)]    Eq 4.2 
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For (Ce,Zn)ZIF-8, the model F-value of 18.79 indicates the model's significance. The key 

influential terms for the model fit are A, D, and A². Terms such as AB, AC, and others exceeding 

0.1000 can be considered insignificant. The reasonable agreement between the predicted R² 

value (0.7729) and the Adjusted R² value (0.8957) suggests a satisfactory fit, and the overall 

fit statistics align reasonably well with the actual values obtained. Similarly, for (Ce,Co)ZIF-

67, the model F-value of 96.16 underscores the model's significance. The key contributing 

terms for the model fit are A, B, D, AD, and A². A lack of chance of 43.47% indicates the 

model's reasonable ability to explain trends for this adsorbent. The excellent agreement 

between the Predicted R² value (0.9534) and the Adjusted R² value (0.9787) affirms the model's 

proximity to the experimental design. 

Table 4.5: Optimum CO2 capture conditions 

Adsorbent 
Temperature 

(ºC) 
Amount (g) Time (min) 

DEA 

% 

Predicted 

CC 

(mmol/g) 

Experimental 

CC (mmol/g) 

(Ce,Zn)ZIF-

8 
60 6.58 240 15 4.55 4.31 

(Ce,Co)ZIF-

67 
100 7.93 100 13.6 3.14 3.03 

 

The composite desirability values for the optimum conditions of (Ce,Zn)ZIF-8 and 

(Ce,Co)ZIF-67 are 0.919 and 0.945, respectively. In the context of RSM design, composite 

desirability gauges the degree to which the responses align with the input parameters. With 

values exceeding 0.9 in this study, the desirability scores are sufficiently close to the theoretical 

ideal of '1,' indicating a favorable match between responses and input parameters [212]. Both 

adsorbents' fit models reveal quadratic-type response surfaces, adding depth to the 

understanding of their performance characteristics under varying conditions. 
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4.5. Adsorption kinetic study 
 

To gain a deeper understanding of the adsorption behavior under the identified optimum 

conditions for both adsorbents, kinetics studies were conducted. Three kinetic models—pseudo 

first order, pseudo second order, and the Avrami kinetics model—were employed (mentioned 

in Chapter 2 as Eq 2.1, 2.2, 2.3, 2.4 and 2.5). These kinetic investigations were performed under 

the optimal condition in section 4.4.2. Table 4.6 contains the data of various models employed. 

Table 4.6: Kinetic parameters for various models 

Adsorbent Kinetics Model 
Temp 

(ºC) 

Qe exp 

(mmol/g) 

Qe fit 

(mmol/g) 
k n R2 

        

 Pseudo First 

Order 
60 4.68 4.61 0.198  0.985 

(Ce,Zn)ZIF-8/15% 

DEA loaded 

Pseudo Second 

Order 
60 4.68 4.73 0.089  0.994 

 Avrami 60 4.68 4.62 0.378 0.66 0.992 
        

 Pseudo First 

Order 
100 3.03 3.12 0.157  0.977 

(Ce,Co)ZIF-67/13.6% 

DEA loaded 

Pseudo Second 

Order 
100 3.03 3.35 0.075  0.914 

 Avrami 100 3.03 3.08 0.055 1.53 0.997 

 

The pseudo first order model primarily characterizes physisorption, while the pseudo second 

order model is more indicative of chemisorption. Positioned between these two, the Avrami 

model suggests a combination of physisorption and chemisorption in the adsorption process. 

Analyzing the experimental data, it was observed that the pseudo second order kinetics aptly 

described the (Ce,Zn)ZIF-8 adsorbent loaded with 15% DEA, evident from the fit table 4.6 and 

an R² value of 0.995. Similarly, for the (Ce,Co)ZIF-67 adsorbent loaded with 13.6% DEA, the 

Avrami model demonstrated a superior fit with R² value of 0.997. Figure 4.7 displays the 

kinetic fit graphs for the optimal (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 conditions. Notably, the R² 

value of 0.992 for the (Ce,Zn)ZIF-8/15% DEA adsorbent further supports the adequacy of the 
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fit. The data collectively suggests a hybrid nature of adsorption, emphasizing the dual character 

of the process. Considering that DEA is employed as an absorbent for chemisorption, it can be 

inferred, even from a chemical standpoint, that any adsorbent loaded with amines has the 

potential to induce a dual-natured adsorption process. 

 

Figure 4.7: Kinetic modelling of (Ce,Zn)ZIF-8/ 15% DEA loaded adsorbent at 60 ºC and 

(Ce,Co)ZIF-67/ 13.6% DEA loaded adsorbent at 100 ºC 

 

4.6. Adsorption isotherm study 
 

The concentration of CO2 within the feed is a crucial factor influencing the uptake capacities 

of adsorbents. To investigate the impact of CO2 concentration, the partial pressures of CO2 

were varied from 0 to 0.8 bar at 25 ºC. Figure 4.8 provides a visual representation of how CO2 

concentration affects the selected adsorbents. Both adsorbents exhibited impressive adsorption 

capacity towards CO2. The variation in pressure demonstrated that while the adsorbent tended 

towards increased adsorption, the rate of adsorption decreased with rising pressure. This 

phenomenon may be attributed to saturation or equilibrium being reached as the adsorption 

capacity fills up at a certain point. As the CO2 concentration in the feed increases, the pores fill 

up rapidly, leaving limited space within the structure. Consequently, further increases in 

concentration might not result in a significant augmentation of absorption capacities. The 
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adsorption capacity of both adsorbents decreased with an increase in temperature, aligning with 

earlier findings. However, elevated temperatures provide the necessary energy for the transition 

from physisorption to chemisorption. When comparing the optimized adsorbent data for CO2 

adsorption capacity, the highest adsorption occurred at the lowest temperature and highest 

pressure, highlighting the predominant role of chemisorption, especially when utilizing 

additives like DEA [213]. 

 

Figure 4.8: CO2 adsorption isotherms of a) (Ce,Zn)ZIF-8 and b) (Ce,Co)ZIF-67 at 298 K 

 

Understanding the adsorption nature and type is crucial, and adsorption isotherms play a vital 

role in unraveling these characteristics. In this study, adsorption investigations on unmodified 

adsorbents were conducted at 25 ºC, varying the total pressure to three values: 1 bar, 2 bar, and 

3 bar, with CO2 percentages in the feed ranging from 0% to 80%.  
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Table 4.7: Adsorption isotherm modelling parameters 

Adsorbent Temperature 

(K) 

Total 

Pressure 

(bar) 

kL Qe 

(mmol/g

) 

R2 kF n R2 

(Ce,Zn)ZIF-8 298 1 3.85 5.26 0.98 4.53 2.34 0.96 

  2 3.86 7.22 0.99 6.21 2.36 0.97 

  3 4.15 9.39 0.98 8.19 2.43 0.96 

(Ce,Co)ZIF-67 298 1 3.93 4.96 0.96 4.29 2.31 0.91 

  2 3.89 6.72 0.97 5.80 2.32 0.92 

  3 4.22 13.01 0.97 8.08 2.39 0.93 

 

Two models, Langmuir and Freundlich were considered (mentioned in Chapter 2, Eq 2.6, 2.7, 

2.8 and 2.9). Figure 4.8 and table 4.7 clearly indicate a significant increase in uptake values as 

the total process pressure rises. At 3 bar pressures, the values for both adsorbents nearly 

doubled compared to those at 1 bar pressure. Furthermore, the fits suggested that the Langmuir 

isotherm better described the adsorption process. The R2 values for the Langmuir adsorption 

isotherm fits indicated that monolayer adsorption dominated the entire process for both 

adsorbents. Interestingly, as the process pressure increased, the R2 values for the Langmuir fit 

also increased, consistent with the dominance of monolayer adsorption at low pressures. 

Notably, with increasing total process pressures, the R2 values for Freundlich isotherm fits also 

increased, signifying a significant influence of multi-layer adsorption. Similar trends were 

observed in Yang et al.’s work on modified ZIF-67 adsorbents [214], where increasing total 

pressure led to a significant rise in adsorption capacity. Similarly, Russell and his team [215] 

found in their low-temperature isotherm study of ZIF-8 adsorbents that at high pressures, CC 

capacity increased significantly. 
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4.7. Cyclic stability studies 
 

Stability tests were conducted over 15 cycles at room temperature (25°C). Regeneration of 

(Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 was carried out in the presence of N2 gas at a temperature of 

150 °C. Each carbonation and decarbonation cycle utilized 5 g of material, with each cycle 

lasting 60 minutes. As anticipated, the ZIF-based adsorbents exhibited degradation with each 

successive cycle, in line with the cyclic adsorption nature of metal oxide-fly ash composites 

discussed by Sreenivasulu et al. [216]. This degradation was attributed to the formation and 

destruction of crystalline phases of CaO and its interactions with CO2 at the adsorption 

temperature. Figure 4.9 illustrates the cyclic stability studies of the two adsorbents. 

 

Figure 4.9: Cyclic stability of (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 

 

Remarkably, (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67 demonstrated commendable stability even after 

15 cycles, starting with high initial uptake values of 3.71 mmol/g and 3.55 mmol/g, 
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respectively. At the end of 15 cycles, both adsorbents retained approximately 94% of their 

initial uptake values. This observation aligns with the roughening of the diffractograms of the 

adsorbents after 15 cycles compared to the fresh samples. Although (Ce,Zn)ZIF-8 exhibited a 

change in color from pale yellow to yellowish-brown, no significant color change was observed 

for (Ce,Co)ZIF-67. Importantly, the particle structure showed no major alteration before and 

after the cyclic studies, providing a plausible explanation for the cyclic stability of the 

investigated adsorbents. 
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4.8. Conclusions 
 

Two ZIF-based adsorbents, (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67, along with their amine-loaded 

counterparts, underwent successful synthesis and in-depth studies on CO2 capture (CC), 

kinetics, and cyclic stability. The implementation of the central composite design in the 

response surface methodology (RSM) ensured rigorous process standardization. The superior 

uptake values compared to their parent ZIFs were ascribed to the introduction of crystal defects 

and charge, courtesy of the incorporation of cerium ions. The standard deviation values 

demonstrated excellent agreement with the optimal experimental conditions specified by the 

model, with an error percentage hovering around 7%. Further enhancement of CC capacity was 

achieved through diethanolamine (DEA) loading. The optimized conditions for (Ce,Zn)ZIF-8 

and (Ce,Co)ZIF-67, with amine loading, were identified at 15% DEA loading and 25 ºC, 

resulting in 4.37 and 13.6% DEA loading with 3.03 mmol/g, respectively. Cyclic stability 

testing revealed retention rates of 94% and 95% for the pure adsorbents after 15 cycles. The 

kinetics of the optimized adsorbents, derived from the RSM design, were effectively elucidated 

by the pseudo-second-order and Avrami models. The Langmuir adsorption isotherm emerged 

as the most suitable descriptor for the adsorption process, indicating monolayer adsorption.  

Moreover, the synthesis process showed an exceptionally low overall cost. While traditional 

methods involving hydrothermal synthesis for ZIFs and MOFs demand significant energy 

inputs, high pressure, and specific solvents like DMF and ethanol, the current study opted for 

a more environmentally friendly approach, utilizing only water as a solvent. The synthesis at 

room temperature contributed to substantial energy savings, reinforcing the sustainable profile 

of the process. 
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5. Carbon Capture studies using MCM 41 based composites 
 

5.1. Introduction 
 

MCM-41, a mesoporous silica material, stands out in CO2 adsorption due to its well-defined 

pore structure and unique characteristics. Mesoporous materials possess pores in the range of 

2 to 50 nm, and MCM-41, with its hexagonal array of uniform mesopores, exhibits a high 

surface area and pore volume [217,218]. These attributes allow for efficient mass transfer and 

enhanced accessibility of CO2 molecules to active sites within the material. The ordered nature 

of the pores in MCM-41 facilitates the development of a uniform adsorption layer, contributing 

to improved selectivity and capacity for CO2 adsorption [219]. The tunable nature of MCM-41 

further allows for the optimization of pore size, enabling tailored interactions with CO2 

molecules [220,221]. 

Activated carbons, derived from diverse carbon-rich precursors such as coconut shells, peat, or 

wood, offer another compelling avenue for CO2 capture [222,223]. These materials possess a 

high degree of porosity, resulting from the presence of both micro- and mesopores. Micropores, 

with diameters less than 2 nm, provide a large surface area for strong physical adsorption 

interactions [224,225]. The porous nature of activated carbons promotes a high density of 

adsorption sites, rendering them effective in capturing CO2. The carbonization process during 

activation enhances the material's stability and surface reactivity, making it well-suited for 

extended use in adsorption processes [226,227]. 

In CO2 adsorption applications, the synergy between MCM-41 [228] and activated carbons is 

notable. MCM-41's ordered mesoporous structure complements the porous network of 

activated carbons, creating a composite material with improved overall performance. The 

combination leverages the strengths of both materials, facilitating efficient CO2 diffusion and 

maximizing adsorption capacity. The interaction mechanisms between CO2 molecules and 
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these materials involve physical adsorption, chemisorption, or a combination of both, 

depending on the specific surface chemistry and structure of the adsorbents. The quest for 

effective CO2 capture technologies is integral to combating climate change, and MCM-41 and 

activated carbons represent promising materials in this pursuit. Their tailored properties, when 

strategically combined, contribute to the development of advanced adsorbents with enhanced 

selectivity, capacity, and stability [229,230]. This research not only advances the field of carbon 

capture and storage but also aligns with the broader goals of sustainable and environmentally 

conscious technology development. 

In this study, composites of ZIF-8 and MCM-41, as well as MCM-41 and activated carbon, 

were synthesized, and modifications with diethanolamine (DEA) were implemented on these 

adsorbents. The primary objective behind combining MCM-41 with ZIF-8 and commercial 

activated carbons was to develop composites with dual textural properties. Microporous 

characteristics were predominantly observed in ZIF-8 and commercial activated carbons, 

facilitating rapid CO2 adsorption—a highly desirable trait. However, challenges in amine 

loading were potentially posed due to the presence of narrow micropores in these adsorbents. 

In contrast, MCM-41, being predominantly mesoporous, was considered an excellent inert 

support for amines [231], despite exhibiting less favorable adsorption kinetics compared to 

ZIF-8. The combination of MCM-41 with these microporous materials was expected to result 

in composites with both fast CO2 adsorption kinetics and effective amine hosting capabilities 

[232,233]. 

Four crucial process parameters were taken into account: temperature, DEA loading, duration 

of feed flow, and the mass of adsorbent loaded. Following the standardization of the process 

using Response Surface Methodology (RSM), kinetic and adsorption modeling was carried 

out. Finally, cyclic stability testing was conducted on both synthesized adsorbents to assess 

their long-term performance. 
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5.2. Characterization of adsorbents 
 

The X-ray diffraction (XRD) patterns provided insightful information about the structural 

composition of the ZIF-8@MCM-41 adsorbent and the MCM-41/AC/Na composite. Distinct 

peaks at 7.4º, 10.4º, 12.8º, 14.8º, 16.5º, 18.1º, and 29.4º for ZIF-8@MCM-41, and 25.2º, 30.2º, 

34.9º, 38.1º, 40.1º, 58.0º, and 79.8º for MCM-41/AC/Na, suggested the crystalline nature of 

the materials. The lower intensity of the peaks in MCM-41/AC/Na indicated the prevalent 

influence of activated carbon within the composite, attesting to its dominant role. The 

diffractograms are given in figure 5.1. 

 

Figure 5.1: Diffractograms of synthesized adsorbents 

Further analysis through Fourier-transform infrared (FTIR) spectroscopy revealed distinctive 

peaks for ZIF-8 at wavenumbers 3442 cm-1, 2959 cm-1, 2292 cm-1, 1426 cm-1, and 1383 cm-1. 

These peaks corresponded to specific stretching and bending vibrations of bonds associated 
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with the imidazolate linker in the ZIF-8 structure. Remarkably, the ZIF-8@MCM-41 adsorbent 

displayed analogous peaks, confirming the preservation of ZIF-8 characteristics within the 

composite. Additional peaks around 3906 cm-1, 3880 cm-1, 3840 cm-1, 3804 cm-1, 3440 cm-1, 

and 1634 cm-1 were also observed, indicative of the presence of MCM-41 in the composite. 

 

Figure 5.2: FTIR spectra of synthesized adsorbents 

 

Examining the morphology of the ZIF-8@MCM-41 adsorbent unveiled a compelling structure. 

The synthesized MCM-41 showed globular spherical-like structures and relatively smooth 

morphology. Also, the in house synthesized MCM-41 had uniform particle sizes within the 

range 300 nm to 450 nm. This is also similar to the morphology of MCM-41 synthesized in 

Ortiz et al.’s study of MCM-41 synthesis processes [234]. The morphology mostly depends on 

the ratio of the chemicals employed in the synthesis process.  
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Figure 5.3: Scanning electron micrographs of a) MCM-41, b) ZIF-8, c) ZIF-8@MCM-41 and 

d) MCM-41/AC/Na 

In a study of various synthesis procedures of MCM-41 conducted by Na Rao and team [230], 

it was found that a mole ratio of 2:17 for CTAB:TEOS, more elongated rod like structures were 

obtained. However, in our study a ratio of 1:16 was used. This ratio led to smaller and more 

spherical MCM-41 particles. The ZIF-8 synthesized in this study gave dodecahedral type of 

structures. Even in the synthesis of ZIFs, the mole ratio between the metal ion and the organic 

linker becomes extremely essential. For example a ratio of 1:8 of Zn:Hmim gave a more 

disordered and connected ZIF-8 particles [93]. Conversely, a higher Zn:Hmim ratio would give 

excellent and ordered nano crystals can be synthesized [235]. The ZIF-8@MCM-41 adsorbent 

showed interesting morphology. It displayed the characteristic spherical particles of MCM-41. 

But embedded within these spherical particles, were highly ordered ZIF-8 nanocrystals as given 

in figure 5. Surprisingly, the nanocrystals obtained within the composite had a more defined 
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geometry when compared to the pure ZIF-8 nanocrystals. These nanocrystals are more akin to 

the ones synthesized in Harpreet Kaur et al.’s study of ZIF-8 in drug delivery [236]. The MCM-

41 spherical particles can clearly be seen on the activated carbon particles confirming the 

formation MCM-41 on activated carbon. 

 

Figure 5.4: N2 adsorption isotherms of adsorbents at -196 ºC 

 

This microstructure clearly demonstrated the successful formation of ZIF-8@MCM-41, with 

ZIF-8 nanocrystals intricately embedded in the bulk pores of MCM-41. The surface area 

analysis revealed a hierarchy in descending order: ZIF-8 > Activated Carbon > MCM-41 > 

ZIF-8@MCM-41 > MCM-41/AC/Na. Notably, the surface area of ZIF-8@MCM-41 was found 

to be lower than that of its parent components. This reduction can be attributed to the 

incorporation of ZIF-8 nanocrystals within the bulk pores of MCM-41, leading to a decrease 

in available surface area. Moreover, the porous volume composition highlighted the 
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predominant influence of ZIF-8 characteristics in ZIF-8@MCM-41 and the dominance of 

activated carbon in the pore volume composition of MCM-41/AC/Na. 

Comprehensive characterization of these composite materials using XRD, FTIR, and 

morphological analysis provides valuable insights into their structural and compositional 

aspects, laying the foundation for a thorough understanding of their potential applications, 

particularly in carbon capture and adsorption processes. 

5.3. RSM experimental design 
 

Due to the numerous flexibilities offered by Response Surface Methodology (RSM), the carbon 

capture (CC) uptake experiments were meticulously designed using the Central Composite 

Design (CCD) face-centered RSM design, incorporating three levels (+1, 0, and 1) for four key 

factors: temperature, adsorbent loading (adsorption time), carbonation time, and the percentage 

of DEA loading (DEA loading percentage). The experimental design comprised graphical 

representation of the results through response surfaces. The design and analysis were executed 

using Design Expert 12 trial version, allowing for comprehensive estimations and the 

determination of the relative significance of each parameter, as outlined in table 5.1. 

Table 5.1: Parameters/Numeric factors involved in the experimental design 

Variable Min Central Max 

Temperature (°C) 25 75 125 

Amount of adsorbent 

(g) 
5 10 15 

Time of carbonation 

(min) 
60 150 240 

DEA loading 

percentage 
0 7.5 15 
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In the assessment of adsorption studies, the adsorption temperature stands out as a critical 

parameter, playing a pivotal role in both CO2 adsorption and catalysis processes. Furthermore, 

in the quest to ascertain enhanced carbon capture properties and identify optimal carbon capture 

uptakes, the DEA loading or amine loading percentage emerges as a crucial factor. Exploring 

the nature of adsorption and the kinetics involved in gas uptake, the duration of carbonating 

the gas is deemed critical. During the regeneration process, the samples were subjected to pure 

nitrogen gas flushing at 150 ºC, ensuring a thorough and controlled procedure.  

5.4. CO2 uptake and optimization studies 
 

5.4.1. CO2 uptake experimental results 

 

A meticulous experimental design was implemented through RSM modeling, ensuring a 

systematic exploration of key parameters in the CO2 uptake experiments. The study focused on 

four critical factors: temperature, DEA loading percentage, amount of adsorbent loaded, and 

the duration of feed flow. Maintaining a consistent feed flowrate at 150 mL/min, a CO2 

concentration of 34% by volume, and a total process pressure of 1 bar, the experiments aimed 

to provide a comprehensive understanding of the uptake behavior under varying conditions. 

Specifically, a constant CO2 flowrate of 34% was maintained to ensure a reliable baseline for 

comparison. The selected temperatures (25 ºC, 75 ºC, and 125 ºC) reflected a range suitable for 

studying the impact of temperature on uptake. 
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Table 5.2: CO2 uptake of ZIF-8@MCM-41 at 33% CO2 and 1 bar 

Std Temperature Amount of adsorbent Time DEA Loading CO2 Uptake 

 (⁰ C) (g) (min) (%) (mmol/g) 

1 25 5 60 0 2.92 

2 125 5 60 0 1.83 

3 25 15 60 0 3.05 

4 125 15 60 0 1.91 

5 25 5 240 0 3.05 

6 125 5 240 0 1.85 

7 25 15 240 0 3.11 

8 125 15 240 0 1.93 

9 25 5 60 15 4.31 

10 125 5 60 15 2.32 

11 25 15 60 15 4.33 

12 125 15 60 15 2.31 

13 25 5 240 15 4.41 

14 125 5 240 15 2.29 

15 25 15 240 15 4.51 

16 125 15 240 15 2.35 

17 25 10 150 7.5 3.45 

18 125 10 150 7.5 2.07 

19 75 5 150 7.5 3.35 

20 75 15 150 7.5 3.39 

21 75 10 60 7.5 3.36 

22 75 10 240 7.5 3.41 

23 75 10 150 0 2.15 

24 75 10 150 15 4.28 

25 75 10 150 7.5 3.18 

26 75 10 150 7.5 3.21 

27 75 10 150 7.5 3.09 

28 75 10 150 7.5 3.25 

29 75 10 150 7.5 3.29 

30 75 10 150 7.5 3.12 

 

The ZIF-8@MCM-41 adsorbent exhibited a predictable trend, revealing a decrease in CO2 

uptake values as the process temperature increased (table 5.2). Notably, the decrease was 

pronounced, with the CO2 uptake dropping from 2.92 mmol/g at 25 ºC to 1.88 mmol/g at 125 
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ºC. This observation aligns with similar studies on biochar-based CO2 adsorption and zeolites 

in CO2 capture, emphasizing the inverse relationship between temperature and adsorption 

capacity. What set ZIF-8@MCM-41 apart was its exceptional performance at elevated 

temperatures, outperforming its parent components, ZIF-8 and MCM-41, in retaining a higher 

percentage of CC. Comparisons with previous studies on bimetallic ZIFs, pure ZIF-8, and 

MCM-41 further underscored the superior performance of the composite adsorbents 

synthesized in the present study. The CO2 uptake values obtained for ZIF-8@MCM-41 and 

MCM-41/AC/Na were almost twice as high as those reported for pure ZIF-8 and MCM-41 

under similar conditions. This improvement is particularly noteworthy in the context of carbon 

capture experiments where maintaining initial uptake values at higher temperatures is a 

significant challenge. 

..  

Figure 5.5: Response surfaces of uptake experiments (33% CO2 and 1 bar pressure) of a)&b) 

ZIF-8@MCM-41 and c)&d)MCM-41/AC/Na 
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Table 5.3: CO2 uptake of MCM-41/AC/Na at 33% CO2 and 1 bar 

Std Temperature Amount of adsorbent Time DEA Loading CO2 Uptake 
 (⁰ C) (g) (min) (%) (mmol/g) 

1 25 5 60 0 3.15 

2 125 5 60 0 1.88 

3 25 15 60 0 3.17 

4 125 15 60 0 1.93 

5 25 5 240 0 3.21 

6 125 5 240 0 1.91 

7 25 15 240 0 3.24 

8 125 15 240 0 1.89 

9 25 5 60 15 4.15 

10 125 5 60 15 2.38 

11 25 15 60 15 4.11 

12 125 15 60 15 2.35 

13 25 5 240 15 4.18 

14 125 5 240 15 2.46 

15 25 15 240 15 4.46 

16 125 15 240 15 2.45 

17 25 10 150 7.5 3.47 

18 125 10 150 7.5 2.11 

19 75 5 150 7.5 3.06 

20 75 15 150 7.5 3.14 

21 75 10 60 7.5 3.07 

22 75 10 240 7.5 3.16 

23 75 10 150 0 2.18 

24 75 10 150 15 3.66 

25 75 10 150 7.5 3.15 

26 75 10 150 7.5 3.17 

27 75 10 150 7.5 3.03 

28 75 10 150 7.5 3.11 

29 75 10 150 7.5 3.25 

30 75 10 150 7.5 3.05 

 

Examining the impact of DEA loading on uptake revealed a favorable trend, with a sharp 

increase in values observed from 0% to 15% DEA loading in both adsorbents. This aligns with 

the established understanding that an increase in amine loading typically leads to enhanced 

uptake. The phenomenon was consistent with studies on CO2 capture onto amine-modified 
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mesoporous silicas and amine-modified activated carbons. The positive correlation between 

DEA loading and uptake values demonstrated the potential of these composite adsorbents in 

efficient carbon capture applications. 

Despite the temperature and DEA loading proving influential in impacting uptake, the same 

could not be said for duration of feed flow and the amount of adsorbent loaded. Both parameters 

exhibited a relatively passive effect on uptake values (tables 5.2 and 5.3). The minor increase 

observed with an extension in carbonation time is consistent with studies emphasizing the 

importance of prolonged contact time between gas and solid molecules. Similarly, the minute 

rise in uptake values with increased adsorbent loading aligns with the idea that more available 

porous sites contribute to higher gas uptake. These findings differ from some studies where an 

increase in adsorbent loading resulted in a decrease in uptake capacity, highlighting the 

complexity of these interactions. 

5.4.2. RSM model development and verification 

 

The RSM equations for each adsorbent are shown in table 5.4. The optimal experimental set of 

conditions for both adsorbents is shown in the table below. These equations establish a 

connection between the experimental output and all the process parameters. The relationship 

between the uptake values and the process parameters is depicted in the equations that follow. 

For ZIF-8@MCM-41, the coded uptake equation is as follows, 

CO2 Uptake = 3.314 – (0.794*A) + (0.031* B) + (0.032*C) + (0.517*D) – (0.006*A*B) – 

(0.026*A*C) – (0.230*A*D) + (0.005*B*C) – (0.011*B*D) + (0.004*C*D) – (0.526*A2) + 

(0.084*B2) + (0.099*C2) – (0.071*D2)    Eq 5.1 

For MCM-41/AC/Na, the coded uptake equation is as follows, 
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CO2 Uptake = 3.073 – (0.766*A + (0.02*B) + (0.043*C) + (0.424*D) – (0.019*A*B) – 

(0.021* A*C) – (0.131*A*D) + (0.018*B*C) + (0.008*B*D) + (0.028*C*D) – (0.228*A2) + 

(0.082*B2) + (0.097*C2) – (0.098*D2)    Eq 5.2 

Table 5.4: Optimal process conditions 

Adsorbent 
Temp 

(ºC) 

Amount 

(g) 

Time 

(min) 

DEA 

% 

Predicted 

uptake 

(mmol/g) 

Experimental 

uptake 

(mmol/g) 

ZIF-

8@MCM-41 
30 11.5 120 14 4.26 4.12 

MCM-

41/AC/Na 
70 13.9 240 9 3.45 3.29 

 

ZIF-8@MCM-41 has a model F-value of 24.88, which indicates that the model is statistically 

significant. Because there is a high level of agreement between the predicted R2 value of 0.8309 

and the Adjusted R2 value of 0.9205, the fit is considered to be quite good. When compared to 

the actual values obtained, the fit statistics appear to be reasonable. The model F-value for 

MCM-41/AC/Na is 44.97, which indicates that the model is statistically significant. According 

to the excellent agreement between the predicted R2 value of 0.9033 and the Adjusted R2 value 

of 0.9550, the model is reasonably close to the experimental design. The standard deviation 

values for ZIF-8@MCM-41 and MCM-41/AC/Na were 0.22 and 0.15, respectively, for the two 

combinations. As shown in table 5.2, the optimized/predicted values were highly consistent 

with their experimental counterparts. According to the results, the RSM experimental design 

was successful in predicting adsorbent uptake levels within the specified parameter ranges. 
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5.5. Adsorption kinetics study 
 

To gain deeper insights into the adsorption process under consideration, a thorough 

investigation of the kinetic regimes is crucial. Kinetic modeling plays a pivotal role in 

elucidating the behavior of adsorption, offering insights into whether the process is primarily 

physical, chemical, or a combination of both. In this study, kinetic modeling was performed 

under the optimal conditions determined by the RSM CCD model for both adsorbents. The 

pseudo-first order (PFO), pseudo-second order (PSO), Elovich kinetic, and Weber-Morris 

models were employed (mentioned in Chapter 2, Eq 2.1, 2.2, 2.3, 2.4 and 2.5). These models 

carry significant physical significance as they provide indications of specific types of 

adsorptions.  

Table 5.5: Kinetic parameters at 25 ºC and 1 bar 

Adsorbent Kinetics Model 
Temp 

(ºC) 

Qe exp 

(mmol

/g) 

Qe fit 

(mmo

l/g) 

k C α β R2 

          

 Pseudo First 

Order 
25 3.10 3.08 0.0766    0.989 

ZIF-

8@MCM-

41 

Pseudo Second 

Order 
25 3.10 3.28 0.0392    0.943 

 Elovich 25     6.627 2.499 0.809 

 Weber-Moris 25   0.1035 1.823   0.478 

          

 Pseudo First 

Order 
25 3.24 3.22 0.0743    0.988 

MCM-

41/AC/Na 

Pseudo Second 

Order 
25 3.24 3.44 0.0360    0.939 

 Elovich 25     6.384 2.372 0.795 

 Weber-Morris 25   0.1086 1.888   0.471 

          

 

Analysis of the kinetics, as illustrated in figure 5.6, reveals that both adsorbents reached their 

maximum carbon capture (CC) capacity within 30 minutes, with minimal subsequent increases. 

The steepness of the rise after 20 minutes indicates that both adsorbents primarily exhibit 
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physisorption characteristics. Intriguingly, even for the MCM-41/AC/Na adsorbent, despite the 

presence of NaOH, physisorption emerged as the dominant mechanism. This can be attributed 

to the minimal retention of NaOH within the adsorbent compared to the total adsorbent volume. 

 

Figure 5.6: Kinetic modelling of a) ZIF-8@MCM-41 and b) MCM-41/AC/Na at 25 ºC, 33% 

CO2 and 1 bar 

Figure 5.6 demonstrates that the pseudo-first order model corresponds well with the 

experimental data for both adsorbents in this study, outperforming other tested models. 

Comparing the R2 value of the PFO model to that of the PSO model (refer to table 5.5), 

hovering around 0.92, it is evident that the PFO model offers a reasonably good fit. This implies 

that physisorption is the dominant type of adsorption for these adsorbents. Furthermore, given 

that activated carbons, ZIF-8, and MCM-41 primarily facilitate physisorption, this alignment 

is consistent with the inherent nature of the base adsorbents used in the experiment. Moreover, 

since these adsorbents are predominantly microporous, the initial adsorption rate is fast, 

followed by a rapid slowdown as more pores become saturated. Particularly, the Weber-Morris 

model exhibited a poor fit, with R2 values only reaching 0.477 and 0.471. In conclusion, the 

Pseudo-First Order model emerges as the most suitable model for fitting our experimental data 

when compared to other models. 
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5.6. Adsorption isotherm study 
 

CO2 concentration is one of the most important factors in determining the quantity of gaseous 

uptake. It also determines the time in which the adsorbent bed gets exhausted and reaches 

saturation/equilibrium. The amount of CO2 present in the feed generally has an impact on the 

absorption capacity of the adsorbent. At 298 K, partial pressures of CO2 were varied between 

0 and 0.8 bar to investigate the effects of CO2 concentration on the reaction. As the CO2 

concentration within the feed increased, the amount of CO2 adsorbed also increased. This was 

especially noticeable as CO2 feed percentages increased from 0 to 50. The increase in uptake 

values is almost three-fold within that range. After 50%, however, the increase was less 

substantial. From 50% to 80%, only a 20% increase was observed in uptake values. This could 

be because, after a certain feed percentage, the capture capacity reaches a saturation point, after 

which even an increase wouldn’t make any difference. Even here, slight differences in the 

nature of adsorption could be observed between ZIF-8@MCM-41 and MCM-41/AC/Na. 

Beyond concentrations of 50%, ZIF-8@MCM-41 reached a flat line equilibrium. MCM-

41/AC/Na, on the other hand, has a more dispersed flatline trend. The adsorption experimental 

data can be seen in figure 8. In their study of adsorption of CO2 over activated carbons produced 

at 540 ºC to 800 ºC, Li et al. [237] also observed an increasing uptake value with an increase in 

CO2 partial pressure. As with the nature of activated carbonaceous materials over a surface area 

of 500 m2/g [238], the amount of increase in the uptake value with respect to the increase in 

CO2 partial pressure kept decreasing. Ahmed et al. [239] also observed a similar trend with their 

tetraethyl pentaamine loaded Si-MCM-41 adsorbent. The reasoning given was that low CO2 

partial pressures, the pores of MCM-41 were filled rapidly and readily, whilst any subsequent 

increase in CO2 partial pressure would only cause a minimal increase. This was observed in 

the study of Liu et al’s. [240] experimental and molecular simulation studies of CO2 adsorption 

over pure ZIF-8. This type of behaviour is common for materials which are predominantly 
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microporous in nature [240]. This is also in line with the nature of both ZIF-8@MCM-41 and 

MCM-41/AC/Na adsorbents as both of them showed microporous nature predominantly. 

Although MCM-41 is traditionally a mesoporous material by nature, the composites had 

predominantly microporous nature. 

 

Figure 5.7: CO2 adsorption isotherms of a) ZIF-8@MCM-41 and b) MCM-41/AC/Na at 25 

ºC 

 

Adsorption isotherms are essential for determining the nature and type of adsorption of any 

adsorbent. They do, in fact, shed light on the potential adsorption pattern (mentioned in Chapter 

2, Eq 2.6, 2.7, 2.8 and 2.9). At 25 ºC, adsorption studies were performed on unmodified 

adsorbents. The system's total pressure was varied to three values: 1 bar, 2 bar, and 3 bar, with 

CO2 percentages in the feed ranging from 0% to 80%.  
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Table 5.6: Adsorption isotherm modelling fit for Freundlich and Langmuir models at 25 ºC 

   Langmuir   
Freundl

ich 
 

Adsorbent Total 

Pressure 

(bar) 

kL Qm 

(mmol/g) 

R2 kF n R2 

ZIF-8@MCM-

41 

1 3.67 4.77 0.993 4.06 2.26 0.961 

 2 3.86 5.66 0.982 4.87 2.32 0.942 

 3 3.89 6.43 0.989 5.55 2.33 0.956 

MCM-

41/AC/Na 

1 4.03 4.93 0.993 4.28 2.39 0.973 

 2 3.89 5.92 0.990 5.11 2.35 0.982 

 3 3.93 6.74 0.992 5.83 2.37 0.992 

 

 

Table 5.7: Adsorption isotherm modelling fit for Sips and Toth models at 25 ºC 

   Sips    Toth   

Adsorbent 

Total 

Pressure 

(bar) 

kS 

Qm 

(mmol/g

) 

n R2 

Qm 

(mmol/

g) 

kT n R2 

ZIF-

8@MCM-41 
1 

14.18

54 
3.79 1.56 0.999 0.86 

13.328

6 
2.24 0.996 

 2 
29.15

01 
4.32 1.89 0.998 0.21 

60.785

1 
3.66 0.995 

 3 
14.41

41 
5.37 1.59 0.999 1.12 

13.774

6 
2.37 0.992 

MCM-

41/AC/Na 
1 

5.302

3 
5.53 1.11 0.998 1.43 9.5621 1.83 0.993 

 2 
9.582

2 
4.22 1.34 0.996 3.77 5.1471 1.27 0.992 

 3 
3.391

2 
7.00 0.95 0.997 7.69 3.6619 0.93 0.998 

 

The R2 values from table 5.6 indicate that the Langmuir isotherm model fits well for both the 

adsorbents at all three process pressures. ZIF-8@MCM-41 recorded an R2 value of 0.98 for all 

three pressures for the Langmuir model (table 5.4). Compared to that, the R2 value for the same 

adsorbent for the Freundlich model was 0.93, 0.94, and 0.95 at 1 bar, 2 bar, and 3 bar, 

respectively. Similarly, for the MCM-41/AC/Na adsorbent, an R2 value of 0.98 agreed better 

with the Langmuir model. The R2 values for Sips (0.998) and Toth (0.993) models agreed the 
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best for both adsorbents for all pressures. The Sips model held better on the experimental data 

than the Toth model only slightly, as is evident from table 5.7. This indicated that the adsorption 

nature was mostly a mixture between monolayer and multilayer types. Furthermore, the Sips 

model assumes that the surface of the adsorbent is heterogenous, which is in line with the 

composite adsorbents. Once again, the nature of the pores decided the type of adsorption. 

Kapica-Kozar and their group studied CO2 adsorption over TEPA-modified TiO2/titanate 

composite nanorods and found out that Sips adsorption isotherm best fit their experimental data 

[213]. The study of these nanorods mainly focussed on a chemisorption process with the loading 

of TEPA. Similarly, Azeem et al.’s [166] study of KOH activated porous carbons, Sips model 

agreed exceedingly well with the isotherm data along with the Toth model. Even in Melouki et 

al.’s [167] study of carbons obtained from olive waste, Sips model was found to be the best 

suited model to describe the experimental with the Toth model being a close second best. In a 

comparative study done by Yongha Park et al. [168], activated carbon and zeolite-LiX were 

pitted against each other in terms of uptake. In that study, for both the adsorbents, the Sips 

model was found to the best in describing the experimental data. In contrast, graphene of 

average pore size 3 nm was found to obey Langmuir adsorption isotherm model in Sun et al.’s. 

[241] study of CO2 adsorption. In the above-mentioned research, the adsorption behaved as if 

it was monolayer in nature despite having multilayer adsorption at the surface of the catalyst. 

Both the adsorbents tested here are microporous in nature with Type I (a) N2 adsorption 

isotherm (figure 5.4). This implies that they have long narrow pores within their structures. 

Adsorbents with narrow micropores often display elevated uptake values at much higher rates 

when exposed high process pressures. ZIF-8 being a framework with narrow pores offers much 

pressure difference, a driving factor necessary for adsorption at elevated pressures, at high 

process pressures. This is also a reason as to why MOFs and ZIFs in general are best suited for 

adsorption processes at high pressures. The ZIF-8@MCM-41 adsorbent also displayed 
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predominantly microporous nature as seen in figure 5.4. However, unlike pure ZIF-8, the 

composite also displayed a significant degree of meso-porosity. This explains the adsorption 

isotherm curve in figure 5.7. At low process pressures, the narrow micropores within the 

composite are filled rapidly almost in a linear fashion. But after the micropores were filled, the 

subsequent increase was very minimal indicating a slow filling of the existing mesopores [242]. 

Like ZIF-8@MCM-41, the MCM-41/AC/Na adsorbent also displayed dual textural properties. 

And much like the ZIF-8@MCM-41 adsorbent, it had MCM-41 mesopores with the 

micropores of activated carbon mainly dominating the type of pores. The MCM-41/AC/Na 

adsorbent had more percentage of non-microporous volume than ZIF-8@MCM-41, implying 

that at higher pressures, the CC values increase at lower factor than compared pure MOFs or 

activated carbons with nanotubes.  

Heat of adsorption is another vital parameter in determining the nature and the strength of the 

adsorbent. In this work, heat of adsorption was calculated for unmodified adsorbents with the 

help of the Clausius-Clapeyron equation. Three temperatures; 25 ºC, 40 ºC and 55 ºC, were 

considered for a total pressure of 1 bar. A temperature difference of only 15 K was maintained 

for accuracy purposes. The plots of 1/T vs lnP data for both the adsorbents are displayed in 

figure 5.8. 
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Figure 5.8: 1/T vs lnP graph for a) ZIF-8@MCM-41 and b) MCM-41/AC/Na 

Four uptake values were considered in this study for ZIF-8@MCM-41. They are 0.001 

kmol/kg, 0.0015 kmol/kg, 0.002 kmol/kg and finally 0.0024 kmol/kg. For these loading values, 

the average heat of adsorption for ZIF-8@MCM-41 adsorbent was -16.78 kJ/kmol. This is 

consistent with the theoretical values for pure ZIF-8. Fischer et al. [243] also confirmed that 

pure ZIF-8 recorded a values in between -16.0 and -19.5 kJ/mol with simulation also showing 

heat of adsorption values to range in between -16.0 and -17.0 kJ/mol. In their own study of low 

temperature CO2 capture by ZIF-8, Russell and group [215] also found that heat of adsorption 

for modified ZIF-8 structures was around -18 kJ/mol. Like with ZIF-8@MCM-41, four CC 

loading values of 0.0010 kmol/kg, 0.0015 kmol/kg, 0.0020 kmol/kg and 0.0024 kmol/kg were 

considered for MCM-41/AC/Na. And the average heat of adsorption value was -12.59 kJ/mol. 

Compared to this, functionalized MCM-41 adsorbents in Dos Santos’ study [244] obtained a 

heat of adsorption of around -50.0 kJ/mol signifying a domination of the functional group in 

the adsorption behaviour. In the present study however, the heats of adsorption for the 

adsorbents indicate that the adsorption is mostly physical in nature.  

Since the Sips isotherm was found to be the best fit, it was considered in the calculation of the 

isosteric heat of adsorption. The heat of adsorption values using both Langmuir and Toth 
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isotherm models as well. After comparing various isotherms, the Sips isotherm was found be 

marginally better than other models like Langmuir and Toth and the heats of adsorption were 

also found to be close as per these models. The average heat of adsorption values for the ZIF-

8@MCM-41 were found to be -16.63 kJ/mol, -16.78 kJ/mol and -17.13 kJ/mol for the 

Langmuir, Sips and Toth models respectively. The values for the MCM-41/AC/Na (for 

Langmuir, Sips and Toth models) were found to be -14.08 kJ/mol, -12.59 kJ/mol and -12.33 

kJ/mol respectively. 

5.7. Cyclic Stability studies 
 

To properly assess the performance stability over repeated usage, cyclic stability tests were 

conducted. The standard sample loaded into the reactor was 5 g and carbonation for each cycle 

was done at a temperature of 25 ⁰C. The feed consisted of N2/CO2 with a total feed flowrate of 

150 mL/min with CO2 being around a third of the gaseous feed. After each cycle of carbonation, 

decarbonation or regeneration was done at 150 ºC at an inert atmosphere. The temperature was 

chosen so that ZIF-8 doesn’t undergo too much loss in capacity. The cyclic retention is given 

in figure 5.9. Both the adsorbents showed exceptional stability even after 15 cycles of 

carbonation and regeneration. For an initial CC value of 3.03 mmol/g at 25 ⁰C for the ZIF-

8@MCM-41 adsorbent, its uptake after 15 cycles was around 2.92 mmol/g. This is high 

stability considering the presence of ZIF-8 within this composite. ZIFs and MOFs in general 

are extremely sensitive to repeated exposure to high temperatures. The ZIF-8@MCM-41 

adsorbent, however, turned into a very pale tint of yellow after the end of 15 cycles, as opposed 

to the usual white. The stability of MCM-41 has enhanced ZIF-8 in the case of this composite. 

The MCM-41/AC/Na adsorbent was even more impressive considering its higher uptake value 

overall. After 15 cycles, it recorded a uptake value of 3.12 mmol/g. This is around 98% 

retention capacity as compared to the 97% retention capacity of ZIF-8@MCM-41. A loss of 

three percentage points is negligible when considering a long cyclic process of 15 cycles.  
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Figure 5.9: Cyclic retention capacity at 25 ⁰C and 1 bar 
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5.8. Conclusions 
 

Two novel composites were synthesized using in situ techniques and systematically evaluated 

for CO2 uptake studies. Four key parameters were considered in the experimental design. BET 

analysis revealed that the ZIF-8@MCM-41 adsorbent exhibited a lower surface area compared 

to its parent materials. SEM micrographs confirmed the presence of ZIF-8 nanocrystals within 

MCM-41 spheres, and similarly, the formation of MCM-41 spheres over activated carbon 

particles was confirmed. The adsorption temperature inversely affected the CO2 uptake values 

of both adsorbents, with the highest uptake observed at 25 ºC and the lowest at 398 K. DEA 

loading positively influenced uptake, with 15% DEA loading yielding maximum values for 

both adsorbents. Mass of adsorbent and duration of feed flow had minimal influence, but both 

exhibited a slight positive impact on uptake. The adsorption models derived from CCD 

modeling aligned well with experimental data, and experiments at optimum values suggested 

by the CCD model fell within standard deviation values. The pseudo-first-order model 

effectively explained the adsorption kinetics, indicating a predominantly physisorption process, 

while the pseudo-second-order kinetics proved insufficient. Sips adsorption modeling revealed 

a combination of monolayer and multilayer adsorption types. The average heats of adsorption 

were -16.78 kJ/mol for ZIF-8@MCM-41 and -12.59 kJ/mol for MCM-41/AC/Na, suggesting 

a primarily physical nature of adsorption. Both adsorbents demonstrated excellent cyclic 

performance, retaining over 95% of their initial adsorption capacity. However, ZIF-8@MCM-

41 exhibited slight discoloration after 15 cycles, indicating potential thermal compromise, 

whereas MCM-41/AC/Na showed greater stability. 
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6. Carbon capture studies using CFA derived composites with ZIF 8 

6.1. Introduction 

The classification of adsorbents encompasses two overarching categories, namely 

physisorbents and chemisorbents. Porous metallic oxides along with other basic metallic 

salts are the first of four primary classes that make up the physisorbent classification [245]. 

The second category [246] encompasses activated carbons (ACs), biochars, and their 

derivatives. The extensive research and investigation of activated carbons (ACs) can be 

attributed to their remarkable stability and inertness. Zeolites [247] and mesoporous silicas 

[248] make up the third of these classes. These materials exhibit inherent properties as being 

natural molecular sieves and displaying a remarkable affinity towards acidic gases. 

Furthermore, their pH responsiveness can be precisely tailored to a desired pH value. Zeolites 

have garnered significant attention and are universally acknowledged as the most auspicious 

contenders for a multitude of commercial endeavors, particularly in the domains of CO2 capture 

and conversion. Metal-organic frameworks (MOFs) [249], covalent organic frameworks 

(COFs) [66], and microporous organic polymers (MOPs) [250] represent a subset of materials 

that can be classified as the fourth category itself. The assemblage of sorbents under 

consideration exhibits a remarkable degree of versatility and innovation. The observed entities 

exhibit a notable level of adjustability and possess remarkably expansive apertures. Covalent 

organic frameworks (COFs) have exhibited considerable promise in the realm of CO2 capture 

investigations. In contrast, it is noteworthy that these particular materials exhibit a higher 

degree of suitability for the purpose of membranous carbon dioxide (CO2) separation, as 

opposed to direct CO2 adsorption. Chemisorption is a phenomenon characterized by the 

interaction between the adsorbent and CO2 on the surface, resulting in a more efficient 

entrapment of the gas. In the realm of adsorption, chemisorbents encompass a diverse array of 

materials, including porous metal oxides and metal salts, as well as basic compounds that are 
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intricately combined with solid supports. Chemisorbents, which are fundamentally basic 

compounds, are affixed or attached onto inactive and permeable adsorbents, such as activated 

carbons and mesoporous silicas. Typically, inert supports are loaded with basic materials such 

oxides of calcium and magnesium, amines, and hydroxides of alkali and alkaline earth metals 

[251]. Amines and metal hydroxides have garnered significant attention within the realm of 

scientific research. The rationale behind their widespread adoption stems from the inherent 

simplicity associated with their successful integration onto non-reactive porous substrates. 

Metal Organic Frameworks (MOFs) have emerged as a pivotal class of materials in the field of 

carbon capture over the past two decades. This surge in their significance could be attributed 

to their remarkable characteristics, including but not limited to their expansive surface area, 

versatile functionality, modifiable pore structure, exceptional porosity, presence of accessible 

metal sites, and the ability to tailor their morphology [65]. In order to address certain limitations 

associated with metal-organic frameworks (MOFs), including thermal instability, structural 

degradation in the presence of moisture, and limited cyclic regeneration capability, Zeolitic 

imidazolate frameworks (ZIFs), a specific subclass of MOFs, have emerged as a viable 

alternative. ZIFs [252] have garnered significant attention in the scientific community due to 

their remarkable thermal stability, notable hydrophobicity, and exceptional physico-chemical 

characteristics.  

Composites have recently garnered significant attention within the realm of adsorption and 

catalysis [253]. Composite materials are meticulously fabricated with the objective of 

synergistically amalgamating the inherent strengths of distinct classes, thereby effectively 

concealing any inherent weaknesses that may be present. The synthesis of a composite material 

consisting of metal-organic framework (MOF) and graphene oxide was done by Wang and 

group [254] in their investigation on the adsorption of carbon dioxide (CO2). The composite 

material was designated as the Mg/DOBDC MOF@GO composite, with different ratios being 
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investigated. The group of composites exhibited remarkable carbon capture (CC) efficiency by 

synergistically leveraging the substantial surface area of the metal-organic framework (MOF) 

and the strong affinity of graphene oxide towards CO2. The investigation conducted by Cheng 

et al. [255] focused on the examination of composites possessing a dual nature, consisting of 

magnesium oxide (MgO) and zinc oxide (ZnO), incorporated within zeolitic imidazolate 

framework-8 (ZIF-8). The composites exhibited remarkable carbon capture (CC) uptake values 

in comparison to ZIF-8 in its pure form, while simultaneously preserving the favorable 

morphological characteristics of ZIF-8. In the study conducted by Tari and team [256], an 

innovative composite material named Cu-BDC/MCM-41 was synthesized, combining a stable 

Metal-Organic Framework (MOF) with MCM-41. The composite material presented in this 

study exhibits a unique amalgamation of mesoporous and microporous structures, resulting in 

a significant enhancement of CO2 adsorption capabilities compared to its constituent materials 

[256]. In our own recent investigation [189], the focus was directed towards the exploration of 

coal fly ash as a potential resource for the production of value-added materials. Specifically, a 

composite material comprising coal fly ash zeolite and ZIF-8 was synthesized and subsequently 

employed for the purpose of investigating its efficacy in CO2 adsorption. The corresponding 

investigation yielded noteworthy findings regarding the synergistic effect of combining zeolite 

and ZIF-8 on the uptake of carbon dioxide. The current investigation represents a seamless 

extension of prior research endeavors, with a primary focus on elucidating the process of 

synthesizing and employing innovative composite materials. 

The present study is focused upon the examination of adsorption phenomena within the 

confines of a fixed bed reactor system. In order to optimize the precision and effectiveness of 

the conducted experiments, the present study utilized the RSM with spherical type as the 

chosen experimental design strategy. It is important to note that the carbon capture performance 

of an adsorbent is subject to the influence of various factors, including but not limited to the 
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amine loading percentage, adsorbent weight, and temperature. It is noteworthy to acknowledge 

that traditional experimental designs frequently isolate these factors in order to investigate them 

individually, inadvertently neglecting the intricate interconnections that exist among them. 

RSM, however, surpasses these limitations by encompassing the simultaneous consideration 

of the combined effects of all the aforementioned variables. Through the utilization of 

regression analysis, RSM facilitates the comprehensive evaluation of the combined impact of 

these factors on the adsorption process. This ultimately culminates in the identification of the 

most favourable process conditions. The implementation of this all-encompassing 

methodology not only amplifies accuracy but also diminishes the necessity for a substantial 

quantity of trials, thus preserving precious assets such as time, financial capital, chemical 

substances, and energy. The primary emphasis of our investigation is centred upon three 

fundamental variables: temperature, duration of feed flow, and system pressure. Upon 

implementing the methodological framework of RSM, a comprehensive investigation into the 

intricate dynamics, adsorption modelling, and cyclic stability assessment of the synthesized 

adsorbents were investigated upon.  
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6.2. Characterization of adsorbents 
 

6.2.1. Synthesis of composites 

The composite material was synthesized using three methods for comparison of physical 

properties, CO2 capture and ease of synthesis. The three methods are physical binding, in-situ 

method and simultaneous synthesis are presented in figure 6.1. 

 

Figure 6.1: Composite synthesis protocols employed 

 

Both ZIF-8 and Na-A were synthesized independently and were mixed in water. Then, this 

mixture was treated in a sonicator for uniform dispersion. After sonication for two hours, the 

mixture was stirred for another two hours, filtered and dried. 

6.2.2. Physico-Chemical attributes 

 

The N2 adsorption isotherm experiments were conducted at -196 ºC and yielded information 

regarding the porosity and surface area characteristics of the various adsorbents under 

investigation. Notably, ZIF-8 emerged as the frontrunner in this study, displaying the most 

remarkable BET surface area at 1580 m2/g, a clear indication of its exceptional capacity for gas 
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adsorption at low temperatures (table 6.1). Moreover, ZIF-8 also boasted the largest pore 

volume among the materials, measuring a substantial 0.79 cm3/g, which further underscored 

its suitability for gas adsorption applications. 

Table 6.1: BET surface areas of selected adsorbents 

Adsorbent BET Surface area (m
2

/g) Pore volume (cc/g) 

ZIF-8 1584 0.79 

ZIF-8@Na-A via simultaneous 

synthesis 
78 0.12 

ZIF-8@Na-A via in-situ method 354 0.32 

ZIF-8@Na-A via physical 

binding 
156 0.21 

 

 

In contrast, ZIF-8 synthesized via the simultaneous method exhibited a significantly lower BET 

surface area, registering at only 78 m2/g. This discrepancy highlighted the impact of synthesis 

methods on the resultant materials, with the simultaneous synthesis method yielding a material 

with comparatively lower porosity. However, it's crucial to consider the presence of Na-A in 

both the ZIF-8@Na-A via simultaneous synthesis and ZIF-8@Na-A via in-situ synthesis 

adsorbents. This addition of Na-A introduced significant mesoporous volume to these 

materials, enhancing their overall porosity, despite their lower BET surface areas in 

comparison to pure ZIF-8. The descending order of surface areas is clear: ZIF-8 leads with the 

highest surface area, followed by ZIF-8@Na-A via in-situ synthesis, ZIF-8@Na-A via physical 

binding, and finally, ZIF-8@Na-A via simultaneous synthesis with the lowest surface area. It's 

noteworthy that the surface area of ZIF-8@Na-A was found to be lesser than that of its parent 

material, ZIF-8, which can be attributed to the formation of ZIF-8 nanocrystals within the bulk 

pores of Na-A, effectively reducing the accessible surface area. Overall, these findings provide 

valuable insights into the materials' properties and their potential applications in gas adsorption 
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and separation processes, highlighting the intricate relationship between synthesis methods and 

resultant material characteristics. 

Scanning electron migrographs (figure 6.2) show the topological and the morphological 

characteristics of ZIF-8, Na-A, ZIF-8@Na-A (in-situ method) and ZIF-8@Na-A under 

simultaneous method, presented in figure 6.3. Pure ZIF-8 showed ordered particle structures. 

The structure of ZIFs is determined by the mostly by the ratio between the ligand and the metal. 

The Na-A synthesized exhibited well-defined cuboid-like structures with a relatively smooth 

morphology. Moreover, the internally produced Na-A displayed consistent particle sizes 

ranging from 100 nm to 150 nm [257]. The morphology of the synthesized Na-A predominantly 

relied on the chemical ratio employed during synthesis. In contrast, the synthesized ZIF-8 

exhibited dodecahedral structures. The successful synthesis of ZIFs also hinged on the crucial 

mole ratio between the metal ion and the organic linker. Notably, a Zn:Hmim ratio of 1:8 

resulted in more disordered and interconnected ZIF-8 particles, while a Zn:Hmim ratio of 1:70 

yielded well-ordered nano crystals. Interestingly, the simultaneous synthesis of ZIF-8@Na-A 

led to a distinct morphology that did not resemble either parent material's ordered structure. 

This departure from expected morphology might be attributed to the uneven crystal formation 

inherent in the simultaneous synthesis process. The resulting ZIF-8@Na-A composite 

showcased the characteristic cuboid particles associated with Na-A, yet it also contained 

meticulously ordered ZIF-8 nanocrystals, as depicted in the accompanying figure. Surprisingly, 

the geometry of these nanocrystals within the composite was more distinct compared to pure 

ZIF-8 nanocrystals.  



Chapter 6 

139 
 

 

Figure 6.2: Micrographs of a) ZIF-8, b) Na-A, c) ZIF-8@Na-A (in-situ method) and d) ZIF-

8@Na-A (simultaneous method) 

The diffractograms presented in figure 6.3 provide valuable insights into the crystalline 

structures of the materials under investigation. In particular, the diffractograms reveal 

distinctive peaks that are characteristic of each material, shedding light on their unique 

structural properties. In the case of ZIF-8, a series of well-defined peaks were observed at 

specific angles. Notably, these peaks were detected at 7.3º, 10.3º, 12.7º, 14.7º, 16.4º, 18.0º, 

23.3º, and 28.7º. These peaks correspond to specific planes within the crystal lattice structure 

of ZIF-8. For instance, the peak at 7.291º is indicative of the (011) plane, while the peak at 

10.3º corresponds to the (002) plane. Similarly, the peak at 12.7º is associated with the (112) 

plane, and the peak at 16.4º is attributed to the (013) plane. Furthermore, the peak at 18.003º 

signifies the presence of the (222) plane [258]. However, when considering the ZIF-8@Na-A 

adsorbent, it was evident that these characteristic peaks shifted slightly. The diffractogram 

revealed peaks at angles such as 9.0º, 11.9º, 12.1º, 14.2º, 14.5º, 15.7º, 16.4º, 17.8º, 18.2º, 19.8º, 
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22.1º, 23.4º, 23.9º, 25.7º, 25.9º, 27.3º, 27.8º, 28.4º, 28.8º, 31.7º, 32.5º, 33.2º, 34.2º, 35.1º, and 

35.9º. These shifted peaks indicate changes in the crystallographic structure compared to pure 

ZIF-8. The presence of Na-A in the composite is believed to influence these shifts, possibly 

through interactions with the ZIF-8 structure. In case of the coal fly ash-based Na-A material, 

its diffractogram displayed prominent peaks at angles such as 8.9º, 11.9º, 14.3º, 15.7º, 17.9º, 

21.5º, 22.2º, 23.5º, 24.6º, 25.8º, 26.1º, 27.9º, 28.9º, 31.7º, 32.6º, 33.3º, 34.4º, 35.1º, and 35.9º.  

 

 

Figure 6.3: Diffractograms of a) ZIF-8, b) Na-A, and c) ZIF-8@Na-A (In situ method) 

The dominance of characteristic Na-A peaks in the diffractogram of the ZIF-8@Na-A sorbent 

is an intriguing observation. This phenomenon can be attributed to the significant presence of 

Na-A within the composite material. Essentially, the abundance of Na-A appears to have 

played a pivotal role in shaping the diffractogram of the composite, effectively overshadowing 

the typical signature peaks of ZIF-8 during its synthesis process. This finding underscores the 
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intricate interplay between the individual components in the composite. It suggests that the 

presence of Na-A exerts a profound influence on the structural characteristics and crystalline 

properties of the composite material. The unique interactions between ZIF-8 and Na-A within 

the composite are evidently reflected in the diffractogram, providing compelling evidence of 

these structural transformations. In essence, the dominance of Na-A peaks in the diffractogram 

serves as a clear indication of the composite's complex and interdependent crystalline 

properties. This observation adds a valuable layer of understanding to the synthesis process 

and the resulting material's structural features. It underscores the need to consider not only the 

individual components but also their interactions and effects on the overall material properties, 

offering a deeper insight into the composite's unique crystalline characteristics. 

6.3. Hierarchical optimization of the material and process 
 

6.3.1. Adsorbent optimization based on synthesis protocol 

 

Level I screening of adsorbents was done in this on the basis of their synthesis methods and 

properties. Various synthesis methods produce different kinds of morphologies for the same 

type of adsorbent. Often these properties could be the deciding factor in determining the uptake 

values. Here, three synthesis methods were compared in terms of uptake along with the BET 

surface areas. The results are tabulated in table 6.2. The initial experimental conditions for the 

carbon capture uptake studies were as follows: Temperature = 298 K, Pressure = 1 bar, CO2 % 

in the feed = 16.7 % and a gas feed flowrate = 150 mL/min. 
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Table 6.2: Results of first level screening 

Adsorbent 
CO2 Uptake 

(mmol/g) 

BET Surface Area 

(m2/g) 

Pore volume 

(cc/g) 

ZIF-8 1.12 1584 0.79 

ZIF-8@Na-A via 

simultaneous synthesis 
1.63 78 0.12 

ZIF-8@Na-A via in-situ 

method 
3.48 354 0.32 

ZIF-8@Na-A via 

physical binding 
2.38 156 0.21 

 

From table 6.2, it is evident that pure ZIF-8 displayed high surface area and pore volume. Even 

when compared to the next best surface area shown by ZIF-8@Na-A synthesized via in-situ 

method, the difference is apparent. The ZIF-8@Na-A adsorbents synthesized via simultaneous 

and physical binding methods recorded values much lesser than that of the ZIF-8@Na-A via 

in situ method. However, when the initial uptake values are brought into the picture, the 

differences are obvious. Pristine ZIF-8, despite having the highest surface area, recorded the 

lowest uptake value (1.12 mmol/g) out of the four test adsorbents. Furthermore, the ZIF-8@Na-

A via in situ method recorded the highest uptake of 3.48 mmol/g. The key point to note here is 

that ZIF-8 in this method has been forced to crystallized in the pores around the resident Na-

A. This could have contributed to an optimal combination of the physical properties ZIF-8 to 

the high chemical affinity of Na-A towards CO2 in general. ZIF-8@Na-A synthesized via 

simultaneous synthesis recorded the lowest of the surface area and the second lowest uptake. 

This could be due to the incomplete crystallization of both Na-A and ZIF-8 during the 

synthesis. 

6.3.2. Adsorbent optimization based on ratio 

 

Level II screening of adsorbents was done in this on the basis of the ratio between the Zn(NO3)2. 

6H2O and the Na-A during the time of synthesis. For example, an adsorbent was designated as 
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ZIF-8@Na-A via in-situ method 1:10, if the ratio of Zn2+ to Na-A was 1:10 during synthesis. 

Here, five such ratios were considered and were compared in terms of uptake. The results are 

tabulated in table. The initial experimental conditions for the carbon capture uptake studies 

were as follows: Temperature = 25 ºC, Pressure = 1 bar, CO2 % in the feed = 16.7 % and a gas 

feed flowrate = 150 mL/min. 

 

 

 

 

Figure 6.4: N2 adsorption isotherms of synthesized adsorbents 
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Table 6.3: Results of second level screening 

Adsorbent CO2 Uptake (mmol/g) BET Surface Area (m2/g) 

ZIF-8@Na-A via in-situ 

method 1:10 
3.61 711 

ZIF-8@Na-A via in-situ 

method 1:5 
3.48 388 

ZIF-8@Na-A via in-situ 

method 1:2 
2.57 212 

ZIF-8@Na-A via in-situ 

method 1:1 
2.31 110 

 

From the tabulated results in table 6.3 and the figure 6.4, the adsorbent with the ratio of 1:10 

displayed the highest uptake. It would also be interesting to note that the 1:5 adsorbent was a 

close second, indicating that after a certain initial synthesis ratio, the increase in uptake was 

nominal. Here, the increase in the quantity of ZIF-8 proved to be the deciding factor. The higher 

the ZIF-8 content, the higher the uptake. The content of Na-A was constant in all these 

adsorbents, indicating that along with the highly basic nature of Na-A, the quantity of pores 

and the available surface area was also a key factor in measuring the uptake. So, in line with 

this reasoning, the 1:1 adsorbent recorded the lowest uptake out of the four test adsorbents. 

Lower quantities of ZIF-8 may have deprived the CO2 molecules of additional sites to invade 

and thus get trapped.  
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6.4. CO2 uptake standardization 
 

6.4.1. CO2 uptake experimental design 

 

In this study, Response Surface Methodology (RSM) was employed to ensure a systematic and 

well-structured experimental design. The study's primary focus was the investigation of three 

critical parameters: temperature, pressure, and aeration duration. The rationale behind this 

experimental design was to gain a comprehensive understanding of how these variables 

interplayed in the context of adsorption processes. Within the ambit of temperature variation, 

a spectrum of temperatures was explored, encompassing the points of 25 °C, 40 °C, 62 °C, 80 

°C, and 100 °C. Notably, as the temperature was manipulated and escalated, an interesting and 

significant trend emerged: there was a discernible decrease in the predicted uptake values when 

the ZIF-8@Na-A adsorbent was employed. This temperature-dependent phenomenon sheds 

light on the sensitivity of the adsorption process to thermal conditions. One of the noteworthy 

findings of this study pertains to the comparative performance of ZIF-8@Na-A against pure 

ZIF-8. It is worth emphasizing that one of the inherent challenges in employing MOFs in CC 

tests is the tendency for the CC values obtained at lower temperatures to exhibit poor cyclic 

retention. However, the results of this investigation highlighted the superiority of the ZIF-

8@Na-A composite adsorbent in addressing this issue. In our own previous research endeavor 

conducted under nearly identical conditions, pure ZIF-8 yielded an uptake value of 1.41 

mmol/g. In stark contrast, the composite adsorbent developed in the present study demonstrated 

a remarkable twofold enhancement in CC performance, thus manifesting its efficacy as an 

improved adsorbent in the context of carbon capture. 

Furthermore, it is noteworthy that these findings are not isolated but resonate with analogous 

observations from other related studies. For instance, the study conducted by Zhang and co 

[32] in 2014, which examined CO2 adsorption employing biochar at elevated temperatures, 
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exhibited a similar temperature-sensitive behavior. In their investigation, both untreated and 

CO2-treated carbonaceous sorbents displayed sorption values of 0.89 mmol/g and 1.21 mmol/g 

at 20°C, suggesting that temperature significantly influences the adsorption process. Similarly, 

another study [259], which delved into the use of zeolites for CO2 capture, observed similar 

trends. Both 13-X and WE-G 592 zeolites exhibited consistent uptakes under varying 

conditions of CO2 concentration and total pressure. For instance, at 30°C and 100 psi, the 

uptake values were approximately 5.0 mol/kg and 4.5 mol/kg, respectively. Importantly, when 

subjected to the same process pressure but at an elevated temperature of 120°C, these 

adsorbents retained a substantial portion of their uptake values, approximately 72% and 61%, 

respectively. This retention phenomenon was attributed to a high process pressure and the 

relatively high partial pressure of CO2 within the feed gas itself, highlighting the intricate 

interplay of multiple factors in CC processes. 

The role of temperature in influencing adsorption capacity was found to be of paramount 

importance, rendering it a critical factor to consider. Upon examination of the data presented, 

it became evident that the in-house synthesized adsorbent exhibited superior adsorption 

capabilities at lower temperatures (table 6.4). This observation aligned with the well-known 

exothermic nature inherent to physical adsorption processes. To delve further into this 

phenomenon, it became apparent that as temperatures increased, the interaction between solid 

and gas molecules at the interface intensified. This heightened interaction could be elucidated 

by the Boltzmann equation, which attributed it to the increased kinetic energy of the solid-gas 

molecules engaged in the adsorption process. Consequently, this heightened molecular 

interaction led to a reduction in the effective and accessible surface area available for 

adsorption. As a result, it could be reasonably concluded that lower sorption temperatures often 

yield higher sorption capacities for adsorbents optimal temperature for maximizing the 

adsorption capacity of each adsorbent was the lowest temperature among the available options. 
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Table 6.4: CO2 adsorption studies of ZIF-8@Na-A 1:5 based on RSM design 

Std Temperature 

(C) 

Pressure (bar) Time of 

Carbonation (min) 

CO2 Uptake 

(mmol/g) 
     

1 40 1.6 96 5.2 

2 85 1.6 96 1.81 

3 40 3.4 96 6.63 

4 85 3.4 96 3.29 

5 40 1.6 200 4.15 

6 85 1.6 200 1.83 

7 40 3.4 200 7.1 

8 85 3.4 200 3.51 

9 25 2.5 150 6.3 

10 100 2.5 150 2.31 

11 62.5 1 150 3.33 

12 62.5 4 150 5.8 

13 62.5 2.5 60 4.27 

14 62.5 2.5 240 4.28 

15 62.5 2.5 150 4.32 

16 62.5 2.5 150 4.27 

17 62.5 2.5 150 4.31 

18 62.5 2.5 150 4.56 

19 62.5 2.5 150 4.22 

20 62.5 2.5 150 4.38 

 

Process pressures were also of five parametric levels: 1.0 bar, 1.6 bar, 2.5 bar, 3.4 bar and 4 

bar, as dictated by the RSM CCD spherical model. Indeed, the highest uptake of 7.1 mmol/g 

was observed at 3.4 bar and 40 ⁰C. Furthermore, at 4 bar process pressure and 62.5 ⁰C, the 

uptake was around 5.8 mmol/g indicating that process temperature also played an important 

role in determining the overall uptake. Nonetheless, it was a high volume of CO2 adsorbed at 

that pressure. Wang et al. [260] reported that for their own rice husk synthesized Na-A, process 

pressure contributed to a higher CC value. K Yang et al. [183] also observed that when the 

process pressures increased, the uptake values of their Y1302 adsorbent increased by 300%. 
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Cheung and group [261] also recorded that for the nano-NaKA adsorbent, an increase in 

pressure saw the enhancement of the uptake value by 100%. Returning to the adsorbents in the 

present study, as indicated by their N2 sorption patterns, they are all microporous in nature 

following the Type-I adsorption pattern. This would mean that at high process pressures, the 

pressure difference between the process pressure and the pressure within the narrow 

micropores of the sorbents would promote high volume CO2 adsorption quickly. 

In our investigation, the influence of various operational parameters on carbon capture (CC) 

uptake values was meticulously examined. It was apparent that temperature and pressure 

assumed pivotal roles in shaping the outcomes of our study. An intriguing observation was 

made concerning carbonation time: these factors appeared to exert a comparatively modest 

impact on CO2 uptake values. In particular, when the extension of carbonation time was 

undertaken, a slight increment in CO2 uptake was discerned. However, it is noteworthy that 

this increment did not amount to much. This is of a similar trend noted by Penchah and team 

in their research, which centered on the adsorption of CO2 onto a benzene-based hyper-cross-

linked polymer [262]. In their study, a marginal increase in CO2 uptake was documented when 

the adsorption duration was prolonged from 2000 seconds to 3000 seconds, specifically 

manifesting as a shift from 75 mg/g CC after 2000 seconds to 80 mg/g after 3000 seconds. This 

consistent pattern of observations underscores the theory that, when the mass of the adsorbent 

remains constant, an extension of the contact time between gas and solid molecules tends to 

yield a higher gas uptake—an empirically substantiated phenomenon. Further buttressing this 

trend, a study by Sreenivasulu et al. in 2018 [120] reported a parallel trend. They found that 

longer carbonation times were linked with augmented uptake values for the adsorbents they 

investigated, thereby supplying additional affirmation of the affirmative correlation between 

prolonged contact time and an amplified efficiency in carbon capture. 
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In summation, while temperature and pressure were identified as fundamental drivers in 

influencing uptake values in our study, the effect of carbonation time and the quantity of 

adsorbent used, although not negligible, displayed a more subtle influence. These findings 

resonate with the body of related research within the field, underscoring the pivotal role of 

contact time in the adsorption process and shedding light on the intricate interplay of diverse 

parameters in the realm of carbon capture. 

6.4.2. RSM model generation and verification 

 

Table 6.5 presents the optimal conditions for the specific adsorbent under investigation, 

together with the ideal experimental conditions for the process, which are also included inside 

the same table. The equations presented in this study have successfully demonstrated a clear 

correlation between the experimental results and several process factors. This correlation has 

provided valuable insights into the relationship between CO2 uptake values and these specific 

parameters. The coded CO2 equation for ZIF-8@Na-A is presented below. 

CO2 Uptake = 4.2935 – (1.4169 * A) + (0.856275 * B) – (0.0236645 * C)  Eq 6.1 

 

Table 6.5: Model verification of optimal conditions 

Adsorbent Temp (ºC) 
Pressure 

(bar) 
Time (min) 

Predicted 

uptake 

(mmol/g) 

Experimental 

uptake 

(mmol/g) 

ZIF-8@Na-A 55 3 120 5.12 4.88 

 

The model F-value for ZIF-8@Na-A was recorded at 24.88, signifying the model's statistical 

significance. The high level of concordance observed between the predicted R2 value, which 

amounted to 0.953, and the adjusted R2 value, measuring at 0.945, provided strong evidence 

for a well-fitting model. A comparative analysis between these predicted values and the actual 

experimental results revealed reasonably favorable fit statistics. Notably, the standard deviation 

within the context of this experimental model for ZIF-8@Na-A was approximately 0.33. As 
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depicted in table 6.5, a noteworthy alignment was observed between the optimized and 

predicted values and their corresponding experimental counterparts. This alignment lent 

substantial credence to the efficacy of the RSM experimental design, underscoring its ability 

to accurately forecast adsorbent uptake levels within the predefined parameter ranges. The 

results, thus, affirm the successful application of the RSM approach in this study for precise 

predictions of adsorbent uptake levels within the specified parameter boundaries. 

6.5. Enhancement of uptake through amine loading 
 

6.5.1. Effect of TEPA loading on CO2 uptake (constant temperature) 

 

The study revealed that TEPA loading had a positive impact on the overall carbon capture (CC) 

uptake values, showing a distinct trend of enhanced uptake with increased TEPA loading. 

Notably, the CC values exhibited a substantial escalation, particularly when transitioning from 

0% TEPA loading to 40% TEPA loading. For instance, the CC value of 3.75 mmol/g at 10% 

loading surged to 5.01 mmol/g at 40% TEPA loading. This observation is consistent with a 

well-established trend that an augmentation in amine loading typically leads to an increase in 

uptake.  

This trend finds support in the research conducted by Taheri and team in their study involving 

TEPA-loaded mesoporous nanosilica tubes [263]. They reported a remarkable upsurge in CC, 

particularly when the TEPA loading was increased from 10% to 30%. Specifically, a TEPA 

loading of 30% resulted in a calculated CC of approximately 9 mmol/g. Similarly, Li and group 

observed a similar correlation when they investigated TEPA loading from 25% to 60%, which 

resulted in a 20% increase in CC values. In that study, the highest uptake, reaching 4.02 

mmol/g, was attained for Na-A loaded with 60% TEPA [264]. An intriguing case emerged 

from the uptake study of TEPA loaded onto mesoporous silica gels, as conducted by Zhao and 

their research team [265]. They noted that as TEPA loading increased from 0% to 20%, uptake 
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values experienced a notable increase of 27%. However, when the TEPA loading was further 

elevated from 20% to 50%, the uptake displayed a contrasting trend, decreasing by 28%. This 

decline was attributed to the consequences of excessive amine loading. While an increase in 

TEPA loading initially enhances uptake due to a higher content of basic amines, an excessive 

rise in amine loading can lead to pore blockage, reducing the available pore volume and active 

adsorption sites. Furthermore, an excessive amine loading can result in an uneven dispersion 

of amines across the surface and pores of the parent adsorbent. 

 

 

Figure 6.5: Effect of TEPA loading (at 25 ºC) and temperature (40% TEPA loading) on the 

uptake of ZIF-8@Na-A 1:5 

 

 

6.5.2. Effect of Temperature on the uptake 40% TEPA loaded adsorbent 

 

The effect of temperature upon uptake of the 40% TEPA loaded ZIF-8@Na-A 1:5 adsorbent 

is shown in figure 6.5. The TEPA loaded version of ZIF-8@Na-A gave the highest uptake 

value at 60 ºC. For example, the 40% TEPA loaded ZIF-8@Na-A showed an uptake value of 

5.01 mmol/g at 25 ºC. It then increased considerably to 5.89 mmol/g at 60 ºC and decreased 

greatly to 4.71 mmol/g at 100 ºC. Liu et al. [266] conducted a thorough investigation upon the 
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uptake activity TEPA loaded Al-Fumarate MOF. In that study, the uptake for the 50% TEPA 

loaded Al-Fum MOF increased from 2.00 mmol/g at 45 ⁰C to 3.40 mmol/g at 60 ºC. But from 

60 ⁰C to 100 ⁰C, the uptake decreased from 3.40 mmol/g to 1.50 mmol/g. This is also in line 

with our own study. Similarly, Zhang et al. [267] also conducted extensive studies upon the 

CC behaviour of amine loaded porous silica. The TEPA loaded porous silica showed a 

considerable increase for the 60% TEPA loaded adsorbent from 3.75 mmol/g at 30 ⁰C to 5.01 

mmol/g at 75 ⁰C. However, from there it sharply decreased to 3.85 mmol at 105 ⁰C. Modified 

carbon nanotubes impregnated with TEPA also displayed the same behaviour [268]. A 75% 

TEPA loaded porous silica displayed an increase in CO2 uptake from 25 ⁰C to 60 ⁰C and 

decreased from thence to 80 ⁰C. Contrary to physisorption wherein an increase in process 

temperature is detrimental to uptake, in amine loaded sorption processes the trend is usually 

hard to predict. Since some degree of chemisorption is involved in amine loaded sorbents, a 

short increase in temperature could result in a better uptake. This is because at optimal 

temperatures, 60 ⁰C in the present study, amine spreading across the surface of the parent 

sorbent would be even thus promoting high uptakes. Furthermore, an increase from this optimal 

temperature would result in a higher kinetic energy in CO2 molecules thus decreasing the 

adsorption uptake values.  
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6.6. Thermo-kinetic modelling and analysis 
 

6.6.1. Adsorption kinetics modelling 

 

Five kinetic models were applied, encompassing the pseudo first and second orders (PSO), 

Avrami kinetics, Elovich model, and the Weber-Morris model (mentioned in Chapter 2, Eq 

2.1, 2.2, 2.3, 2.4 and 2.5). These models bear considerable qualitative significance, as they 

offer valuable insights into the nature of adsorption processes. The PFO model, for instance, 

typically suggests a predominance of physisorption, which is generally a reversible process. 

Conversely, a strong concordance with the PSO model within the experimental data often 

signifies the prevalence of an irreversible chemisorption process governing the adsorption 

phenomenon. In essence, the employment of these kinetic models provides a comprehensive 

understanding of the adsorption mechanism at play, shedding light on the balance between 

physical and chemical interactions, and helping to discern the fundamental nature of the 

adsorption process. 

 

Table 6.6: Kinetics models parameters at 55 ⁰C and 3 bar 

Kinetics Model 
Temp 

(K) 

Qe exp 

(mmol/

g) 

Qe fit 

(mmo

l/g) 

k n C α β R2 

          

Pseudo First 

Order 
55 4.88 4.92 0.0749     0.961 

Pseudo Second 

Order 
55 4.88 5.56 0.0179     0.902 

Avrami 55 4.88 4.87 0.0125 1.66    0.994 

Elovich 55      1.448 0.951 0.801 

Weber-Moris 55   0.3468  1.809   0.605 
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Figure 6.6: Kinetic modelling of ZIF-8@Na-A at 55 ⁰C, 15% CO2 and 3 bar 

 

Figure 6.6 and table 6.6 offer valuable insights into the kinetics of the adsorption process for 

the adsorbent at hand. Evident is the fact that the maximum carbon capture (CC) capacity for 

the sorbent is rapidly achieved within just 25 minutes, after which the increase in uptake levels 

off. This behavior can be attributed to the limited retention of NaOH within the adsorbents in 

comparison to their overall volume. Notably, among the various kinetic models assessed, the 

pseudo first-order (PFO) model stands out for its superior fit to the experimental data for both 

adsorbents, as demonstrated in the figure. When comparing the determination coefficient (R2) 

of the PFO model to that of the pseudo second-order (PSO) model, both of which are presented 

in the table 6.6, it is evident that the PFO model provides a reasonably good fit for describing 

the adsorption kinetics. Surprisingly, the Avrami model emerges as the most appropriate 

model, with an impressively high R2 value of 0.994, indicating a dual nature of the adsorption 
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process, encompassing both physisorption and chemisorption. Furthermore, it is important to 

consider that the predominantly microporous nature of the adsorbent resulted in a swift initial 

adsorption rate, followed by a sharp deceleration as the micro-pores reached saturation. The 

Avrami model emerged as the most suitable option for describing the experimental data in 

comparison to the other models tested. This underscores the significance of selecting the 

appropriate kinetic model to depict the complex dynamics of the adsorption process, 

contributing to a deeper understanding of carbon capture kinetics. 

6.6.2. Adsorption isotherm modelling 

 

The concentration of CO2 is a crucial determinant in sorption uptake and plays a pivotal role 

in defining the point of adsorbent bed saturation. In Figure 6.7, we adjusted the partial pressures 

of CO2 in the range of 0 to 0.8 bar while maintaining a constant temperature of 298 K to 

investigate the influence of CO2 concentration on the adsorption process. Our observations 

revealed that an increase in the CO2 content in the feed corresponded to a higher quantity of 

CO2 being adsorbed. This trend was particularly noticeable as the CO2 feed percentage 

increased from 0 to 50, resulting in a nearly threefold increase in uptake within this range. 

However, beyond the 50% mark, the rate of increase became less pronounced, with only a 25% 

increase in uptake levels from 50% to 80%. This phenomenon may be attributed to the fact 

that, after a certain feed percentage, the adsorption capacity reaches a saturation point, beyond 

which further increases in CO2 concentration yield diminishing returns. In line with this 

observation, Li and group [237] noted a similar trend in their study on the adsorption of CO2 

over activated carbons produced within the temperature range of 540 ºC to 800 ºC. They found 

that the enhancement of uptake became increasingly marginal as the CO2 feed percentage rose. 

This behaviour aligns with materials boasting available surface areas exceeding 500 m2/g, as 

reported by Wilson and team [238]. Ahmed and group [239] also published findings showing 

a parallel trend in their investigations with TEPA loaded sorbents. They posited that at low 
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CO2 partial pressures, the pores of Na-A quickly and readily become filled, while subsequent 

increases in CO2 partial pressure result in only marginal additional gains. A similar trend was 

observed in a study of CO2 adsorption over pure ZIF-8 [240]. Such behaviour is typical for 

materials predominantly characterized by microporous nature, which is consistent with the 

nature of the ZIF-8@Na-A adsorbent, primarily exhibiting a microporous structure. 

 

Figure 6.7: CO2 adsorption isotherms of ZIF-8@Na-A at 25 ⁰C 

 

The amount of CO2 present is a critical factor in sorption uptake and determines when the 

adsorbent bed saturates. As seen in figure 6.7, partial pressures of CO2 were adjusted between 

0 and 0.8 bar while maintaining a constant temperature of 298 K to examine the impact of CO2 

concentration on the adsorption process. It was found that an increase in the feed's CO2 content 

was accompanied by an increase in the amount of CO2 adsorbed. This tendency was especially 

noticeable when CO2 feed percentages rose from 0 to 50, which caused the values of uptake 
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within this range to nearly triple. But beyond 50%, the pace of rise became less significant. 

There was just a 25% rise in uptake levels from 50% to 80%. Adsorption isotherm studies were 

conducted of which four models were considered (mentioned in Chapter 2, Eq 2.6, 2.7, 2.8 and 

2.9). 

Table 6.7: Adsorption isotherm modelling fit for Freundlich at 25 ⁰C 

  Freundlich 

Adsorbent Total Pressure (bar) k
F
 n R

2

 

ZIF-8@Na-A 1 7.38 2.86 0.981 
 

2 9.55 2.65 0.988 
 

3 10.64 2.94 0.987 

 

Table 6.8: Adsorption isotherm modelling fit for Sips and Toth models at 25 ⁰C 

    Sips  Toth 

Adsorbent 

Total 

Pressure 

(bar) 

k
S
 

Q
m 

(mmol/g) 
n R

2

 
Q

m 

(mmol/g) 
k

T
 n R

2

 

ZIF-8@Na-A 1 8.4421 7.51 1.15 0.999 4.95 7.5638 1.25 0.998 

  2 4.6015 10.75 0.98 0.998 11.77 4.6891 0.95 0.994 

  3 5.2541 12.08 0.96 0.998 14.34 5.4513 0.92 0.996 

 

The R2 values presented in tables 6.7 and 6.8 indicate that for the ZIF-8@Na-A adsorbent, the 

Langmuir model did not fit at all for the considered pressures. In contrast, the Freundlich model 

achieved R2 values of 0.981, 0.988, and 0.987 at 1 bar, 2 bar, and 3 bar, respectively. Although 

the Sips model slightly outperformed the Toth model, as shown in table 6.8, this suggests a 

mixed adsorption nature comprising both monolayer and multilayer characteristics. The 

compatibility of the Sips model with heterogeneous adsorbent surfaces aligns with the 

composite nature of the adsorbents. The nature of adsorption is heavily influenced by pore 

characteristics, as illustrated by the study on CO2 uptake over TEPA-modified TiO2 by Kapica-

Kozar and their colleagues [213]. Similarly, in studies by Azeem et al. [166] on KOH activated 

porous carbons and Melouki et al. [167] on carbons derived from olive waste, the Sips model 
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demonstrated an excellent fit to experimental data, with the Toth model being a close second. 

Yongha Park et al.'s comparative study [168] involving activated carbon and zeolite-LiX for 

CO2 uptake also favored the Sips model for both adsorbents. However, Sun et al.'s [241] 

investigation of CO2 adsorption on graphene with an average pore size of 3 nm highlighted 

Langmuir adsorption behavior, despite surface multilayer adsorption. Regarding the tested 

adsorbents, ZIF-8@Na-A 1:5 exhibited a microporous nature indicating the presence of 

narrow, elongated pores within their structures. Adsorbents with such narrow micropores often 

exhibit heightened CO2 uptake rates under high process pressures. ZIF-8, being a framework 

with these narrow pores, capitalizes on the pressure differential, a pivotal factor for adsorption 

at elevated pressures. This inherent property makes MOFs and ZIFs well-suited for high-

pressure adsorption processes. ZIF-8@Na-A also portrays a primarily microporous character. 

However, unlike pure ZIF-8, this composite showcases significant decrease in microporosity. 

At lower process pressures, the micropores saturate rapidly, following a nearly linear trend. 

Subsequent increments are marginal, indicating gradual filling of existing mesopores.  

6.6.3. Adsorption Thermodynamics 

 

The heat of adsorption was calculated using the Clausius-Clapeyron equation. Three 

temperatures, specifically 25 ⁰C, 40 ⁰C, and 55 ⁰C, were considered under a process pressure 

of 1 bar. The resulting plots, illustrating the relationship between 1/T (reciprocal temperature) 

and the natural logarithm of pressure (lnP), are displayed in figure 6.8. These plots allowed 

valuable insights to be gained into the thermodynamics of the adsorption process and the 

energetics associated with CO2 uptake on the surfaces of the adsorbent at various temperatures. 

The trends and variations in these plots were examined to deepen the understanding of the heat 

of adsorption and its temperature dependency, which played a pivotal role in assessing the 

feasibility and efficiency of adsorption for practical applications. 
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Figure 6.8: 1/T vs lnP graph for ZIF-8@Na-A and Isotherms at different temperatures 

 

In this investigation, eight distinct carbon capture (CC) uptake values were scrutinized for ZIF-

8@Na-A, encompassing a loading range from 0.001 kmol/kg to 0.0045 kmol/kg. The resulting 

analysis unveiled an average heat of adsorption for the ZIF-8@Na-A adsorbent at these loading 

levels, yielding a value of approximately -11.05 kJ/kmol. Remarkably, this figure aligns closely 

with the typical range observed for pure ZIF-8. Fischer and Bell [243] had previously reported 

heat of adsorption values for pure ZIF-8 that spanned from -12.0 to -19.5 kJ/mol, while 

simulations consistently indicated heat of adsorption values ranging between -14.0 and -19.0 

kJ/mol. A parallel study by Russell and Migone [269], disclosed that the heat of adsorption for 

modified ZIF-8 structures was around -18 kJ/mol. Given the favorable fit of the Sips isotherm 

to our data, it was selected for the calculation of the isosteric heat of adsorption. This parameter 

serves as a fundamental indicator of the adsorbent's affinity for CO2 molecules and imparts 

critical insights into the thermodynamics governing the adsorption process. Such information 

is of paramount importance in the development and assessment of carbon capture technologies, 

contributing to the advancement of environmentally sustainable solutions in this field. 
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6.7. Cyclic stability 

 

Cyclic stability tests were carried out to thoroughly assess the durability and performance 

stability of the adsorbents over repeated usage. In each cycle, a standard sample weighing 5 

grams was introduced into the reactor, and carbonation was conducted at a constant 

temperature of 25 ⁰C. The feed gas consisted of a mixture of N2 and CO2, with a total feed 

flowrate of 150 mL/min, and CO2 constituted roughly one-sixth of the gaseous feed 

composition. Following each cycle of carbonation, the process of decarbonation or 

regeneration was executed at a temperature of 150 ºC within an inert atmosphere. The selection 

of this temperature was deliberate, aimed at preserving the capacity of ZIF-8, as it is known to 

be sensitive to excessive heat exposure. The cyclic retention performance is graphically 

represented in figure 6.9.  

 

Figure 6.9: Cyclic retention capacity of ZIF-8@Na-A at 25 ⁰C and 1 bar 
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Remarkably, the adsorbent exhibited exceptional stability even after subjecting it to the rigors 

of 50 cycles of carbonation and regeneration. For the ZIF-8@Na-A adsorbent, which initially 

demonstrated a carbon capture (CC) value of 3.45 mmol/g at 298 K, its uptake after 50 cycles 

remained impressively high at approximately 3.03 mmol/g. This level of stability is particularly 

noteworthy considering the inclusion of ZIF-8 within the composite. Generally, zeolitic 

imidazolate frameworks (ZIFs) and metal-organic frameworks (MOFs) are known to be highly 

susceptible to degradation when repeatedly exposed to elevated temperatures. Notably, the ZIF-

8@Na-A adsorbent exhibited a subtle change in colour, transitioning from its usual white 

appearance to a very pale tint of yellow after completing 50 cycles. A marginal loss of only 

nine percentage points over the course of 50 cyclic processes is indeed negligible. The cyclic 

performance of the adsorbent is visually depicted in the figure below, underscoring the 

remarkable stability achieved even under rigorous testing conditions. 
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6.8. Conclusions 
 

Through in situ synthesis techniques, novel composites were successfully synthesized. 

Systematic CO2 uptake experiments were conducted on these adsorbents, employing an RSM 

for process standardization. BET analysis revealed that the ZIF-8@Na-A adsorbent 

demonstrated a diminished surface area compared to its parent materials. This decrease in 

surface area was further confirmed by scanning electron microscopy (SEM) micrographs, 

which clearly depicted the presence of ZIF-8 embedded within the Na-A cubes. The influence 

of temperature on carbon capture uptake values was observed to be inversely proportional for 

the adsorbent. The highest uptake occurred at 25 ⁰C, while the lowest was recorded at 398 K. 

Furthermore, an increase of TEPA loading had a positive impact on uptake, with the maximum 

uptake achieved at a TEPA loading of 40%. Process pressure exhibited a favorable effect on 

uptake, with the highest recorded uptake values occurring at 3 bar pressure. The adsorption 

models derived through CCD modeling were found to align exceptionally well with the 

experimental data. Experiments conducted at the optimal values recommended by the CCD 

model closely matched the standard deviation values predicted by the model, affirming the 

reliability of the model's predictions. The Avrami model for kinetics provided a highly effective 

description of the adsorption kinetics, as indicated by an R2 value of 0.994. Sips adsorption 

modelling proved to be a robust method for explaining the experimental data, suggesting a 

combination of monolayer and multilayer adsorption mechanisms. The average heat of 

adsorption, calculated at -11.78 kJ/mol, underscored the predominantly physical nature of the 

adsorption process, revealing that it was driven primarily by physisorption interactions. 

Impressively, the adsorbent exhibited exceptional cyclic performance, retaining over 92% of 

its initial adsorption capacities even after 50 cycles. Notably, ZIF-8@Na-A exhibited a subtle 

change in colour, shifting to a slightly pale-yellow hue after these repeated cycles, which may 

indicate the possibility of thermal alteration in response to the cyclic conditions. 
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7. Summary and conclusions 
 

A diverse range of adsorbents and composite materials were methodically synthesized to 

address the pressing need for effective carbon dioxide (CO2) adsorption, playing a pivotal role 

in mitigating air pollution. The synthesis procedures were meticulously designed, prioritizing 

simplicity and efficiency to minimize energy consumption throughout the manufacturing 

process. This strategic approach not only contributes to the environmentally sustainable 

production of adsorbents but also underscores a commitment to developing energy-efficient 

solutions for combating air pollution. By employing easy synthesis protocols, the aim is to 

streamline the manufacturing process, making it accessible and feasible while simultaneously 

reducing the environmental footprint associated with energy-intensive procedures. This 

innovative approach holds promise not only for improving the adsorption capabilities of these 

materials but also for fostering a more sustainable and eco-friendlier pathway towards 

addressing the challenges of air pollution on a global scale. 

In chapter three, utilizing coal fly ash, a zeolite-type adsorbent was synthesized and further 

combined with ZIF-8 through an in situ synthesis technique, resulting in the creation of a novel 

hybrid adsorbent. The adsorption capacity exhibited a temperature dependence, with the 

highest capacity recorded at 25 ⁰C (2.83 mmol/g), while CO2 concentration significantly 

influenced the uptake, reaching around 3.6 mmol/g at higher concentrations. An increase in 

adsorbent loading for a given carbonation time had a slightly detrimental effect on overall 

uptake, whereas an increase in carbonation time had a slightly positive impact. Cyclic stability 

assessments indicated excellent performance of CFAZ/ZIF-8 even after five cycles of 

carbonation and decarbonation. The hybrid adsorbent surpassed its parent materials, suggesting 

a synergistic effect between ZIF-8 and CFAZ. Comparative performance with commercially 

available zeolites like 13X and NaX further highlighted the efficacy of CFAZ/ZIF-8. Kinetic 

studies revealed a combination of physisorption and chemisorption in the adsorption process, 
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and future investigations could explore the impact of the Zn metal ion-to-CFA weight ratio on 

the morphological properties and the uptake of this hybrid adsorbent. 

In chapter four, two ZIF-based adsorbents, (Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67, along with their 

amine-loaded counterparts, underwent successful synthesis and in-depth studies on CO2 

capture (CC), kinetics, and cyclic stability. The implementation of the central composite design 

in the response surface methodology (RSM) ensured rigorous process standardization. The 

superior uptake values compared to their parent ZIFs were ascribed to the introduction of 

crystal defects and charge, courtesy of the incorporation of cerium ions. The standard deviation 

values demonstrated excellent agreement with the optimal experimental conditions specified 

by the model, with an error percentage hovering around 7%. Further enhancement of CO2 

capacity was achieved through diethanolamine (DEA) loading. The optimized conditions for 

(Ce,Zn)ZIF-8 and (Ce,Co)ZIF-67, with amine loading, were identified at 15% DEA loading 

and 25 ⁰C, resulting in 4.37 and 13.6% DEA loading with 3.03 mmol/g, respectively. Cyclic 

stability testing revealed retention rates of 94% and 95% for the pure adsorbents after 15 cycles. 

In chapter five, two novel composites were synthesized using in situ techniques and 

systematically evaluated for CO2 uptake through Response Surface Methodology (RSM) 

standardization. Four key parameters were considered in the experimental design. BET analysis 

revealed that the ZIF-8@MCM-41 adsorbent exhibited a lower surface area compared to its 

parent materials. SEM micrographs confirmed the presence of ZIF-8 nanocrystals within 

MCM-41 spheres, and similarly, the formation of MCM-41 spheres over activated carbon 

particles was confirmed. The adsorption temperature inversely affected the CO2 uptake values 

of both adsorbents, with the highest uptake observed at 25 ⁰C and the lowest at 125 ⁰C. DEA 

loading positively influenced the uptake, with 15% DEA loading yielding maximum values for 

both adsorbents. Mass of adsorbent and carbonation time had minimal influence, but both 

exhibited a slight positive impact on CO2 uptake. The adsorption models derived from CCD 



Chapter 7 

166 
 

modeling aligned well with experimental data, and experiments at optimum values suggested 

by the CCD model fell within standard deviation values. The pseudo-first-order model 

effectively explained the adsorption kinetics, indicating a predominantly physisorption process, 

while the pseudo-second-order kinetics proved insufficient. Sips adsorption modeling revealed 

a combination of monolayer and multilayer adsorption types. The average heats of adsorption 

were -16.78 kJ/mol for ZIF-8@MCM-41 and -12.59 kJ/mol for MCM-41/AC/Na, suggesting 

a primarily physical nature of adsorption. Both adsorbents demonstrated excellent cyclic 

performance, retaining over 95% of their initial adsorption capacity. However, ZIF-8@MCM-

41 exhibited slight discoloration after 15 cycles, indicating potential thermal compromise, 

whereas MCM-41/AC/Na showed greater stability. 

In chapter six, through in situ synthesis techniques, novel composites were successfully 

synthesized. Systematic carbon capture (CC) uptake experiments were conducted on these 

adsorbents, employing a Response Surface Methodology (RSM) for process standardization. 

BET analysis revealed that the ZIF-8@Na-A adsorbent demonstrated a diminished surface area 

compared to its parent materials. This decrease in surface area was further confirmed by 

scanning electron microscopy (SEM) micrographs, which clearly depicted the presence of ZIF-

8 embedded within the Na-A cubes. The influence of temperature on carbon capture uptake 

values was observed to be inversely proportional for the adsorbent. The highest uptake occurred 

at 298 K, while the lowest was recorded at 398 K. Furthermore, an increase of TEPA loading 

had a positive impact on uptake, with the maximum uptake achieved at a TEPA loading of 40%. 

Process pressure exhibited a favourable effect on CO2 uptake, with the highest recorded uptake 

values occurring at 3 bar pressure. The adsorption models derived through Central Composite 

Design (CCD) modeling were found to align exceptionally well with the experimental data. 

Experiments conducted at the optimal values recommended by the CCD model closely 

matched the standard deviation values predicted by the model, affirming the reliability of the 



Chapter 7 

167 
 

model's predictions. The Avrami model for kinetics provided a highly effective description of 

the adsorption kinetics, as indicated by an R2 value of 0.994. Sips adsorption modelling proved 

to be a robust method for explaining the experimental data, suggesting a combination of 

monolayer and multilayer adsorption mechanisms. The average heat of adsorption, calculated 

at -11.78 kJ/mol, underscored the predominantly physical nature of the adsorption process, 

revealing that it was driven primarily by physisorption interactions. Impressively, the adsorbent 

exhibited exceptional cyclic performance, retaining over 92% of its initial adsorption capacities 

even after 50 cycles. Notably, ZIF-8@Na-A exhibited a subtle change in colour, shifting to a 

slightly pale-yellow hue after these repeated cycles, which may indicate the possibility of 

thermal alteration in response to the cyclic conditions. 
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8. Recommendations for future work 
 

The choice of water as a solvent in the synthesis of zeolitic imidazolate frameworks (ZIFs) and 

metal-organic frameworks (MOFs) is a strategic decision that significantly reduces the 

environmental impact associated with traditional organic solvents. Water is abundant, non-

toxic, and easily recyclable, aligning with the principles of green chemistry. Conducting the 

synthesis at room temperature is a departure from traditional hydrothermal methods that often 

require elevated temperatures. This not only reduces energy consumption but also facilitates 

scalability and enhances the economic viability of the synthesis process. 

The incorporation of diverse metal ions such as Zn, Ce, and Co into the framework allows for 

the tailoring of the structural and chemical properties of the materials. This tunability opens 

avenues for designing materials with specific functionalities, making them versatile for a range 

of applications [270,271]. The synergistic effects of combining different metal ions often result 

in enhanced stability and unique reactivity, providing materials that are not only diverse but 

also robust under various conditions. 

The development of high-capacity adsorbents is crucial for addressing environmental 

challenges associated with increasing CO2 levels. Modifying adsorbents with amines enhances 

their affinity for CO2, making them effective tools for capturing and sequestering carbon 

emissions from industrial processes and power plants. The focus on optimizing these materials 

for practical implementation underscores a commitment to bridging the gap between 

laboratory-scale research and real-world applications. Understanding the stability of modified 

adsorbents at higher temperatures is pivotal for ensuring their effectiveness in industrial 

settings. Furthering this, it would also be useful in developing sorbents that can withstand even 

150 cycles of carbonation and regeneration.  
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The potential use of recovered CO2 for the production of clean fuels aligns with the principles 

of circular carbon economies [272,273]. Rather than being treated solely as a waste product, 

CO2 becomes a valuable resource for fuel production, closing the carbon loop and contributing 

to sustainable and circular resource management. Producing clean fuels such as hydrogen and 

methane directly from captured CO2 not only addresses environmental concerns but also 

responds to the growing demand for sustainable and renewable energy sources [274–276]. 

The exploration of stability at elevated temperatures, around 550ºC, positions the synthesized 

materials for catalytic applications, especially in reforming processes. This is a crucial 

parameter for considering their use in industrial catalysis, where stability under harsh 

conditions is essential. The presence of transition metals such as Zn, Ce, and Co in the 

adsorbents holds promise for catalytic transformations [277]. These metals offer catalytic sites 

for various reactions, presenting opportunities for cleaner and more efficient fuel production 

processes. 

The research into bimetallic ZIFs and their applications in CO2 adsorption and by extension in 

CO2 conversion represents an exciting frontier in sustainable catalysis [278]. As the field 

progresses, understanding the intricate details of catalytic transformations involving these 

materials could lead to breakthroughs in the development of greener and more efficient 

catalysts. By focusing on environmentally conscious and economically viable materials, this 

line of research contributes to the ongoing paradigm shift towards more sustainable chemical 

processes. The potential applications of these materials in catalysis exemplify a holistic 

approach to achieving both environmental and economic sustainability [279]. 

Direct Air Capture (DAC) is also an interesting and obvious extension to the present work 

[280]. DAC is the process of capturing and removing CO2 from the atmosphere itself. This is 
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an interesting prospect in the fields of purification technology, environmental engineering and 

materials engineering as well [152,281,282]. 

In summary, the synthesis methodologies and applications of bimetallic ZIFs and MOFs 

demonstrate a commitment to sustainability, not only in the context of reducing energy 

consumption and environmental impact but also in addressing pressing global challenges such 

as CO2 capture and sustainable catalysis. The multifaceted approach, from synthesis to 

application, positions these materials as key players in the transition toward a more sustainable 

and circular economy.
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