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ABSTRACT 

Carbon dioxide (CO2) is a major greenhouse gas, poses one of the greatest challenges of the 

twenty-first century. The imperative to reduce CO2 concentration globally stems from the far-

reaching impacts of global warming and climate change concerns. Among carbon capture and 

storage (CCS) technologies, oxy-fuel combustion, post-combustion, and pre-combustion are 

prominent. Notably, post-combustion is acknowledged as an environmentally sustainable and 

cost-effective solution. Since graphene has an expansive surface area, minimal energy 

requirement for regeneration, and impressive attributes such as high adsorption capacity, 

selectivity, and rapid kinetics, graphene stands out as a highly sought-after adsorbent for CO2 

capture. Despite the superior performance of CO2 adsorption under static conditions, this 

method is impractical for flue gas applications. Our research endeavors to bridge this gap by 

employing a self-assembled methodology, subsequently activated under suitable conditions 

using carbon sources containing oxygen. This approach aims to improve the resulting 

adsorbents' texture, surface characteristics, and CO2/N2 selectivity. Three types of monolithic 

graphene oxide-based adsorbents were established by the self-assembly reduction process of 

graphene oxide and activated physically/chemically, as shown in Scheme 1.  

A high surface area of physically activated oxygen-enriched monolithic graphene 

oxide was developed by a self-assembly reduction process of graphene oxide at 90 °C. The 

as-synthesized monoliths were physically activated (UV treatment) within different periods 

(2.5, 5, 10, and 15 h) and observed the CO2 adsorption effect in various conditions 

(temperature and concentration of CO2 flow). The synthesized monolithic properties explored 

the CO2 adsorption effect under dynamic conditions and revealed the CO2 capture 

performance. The variation in morphology, specific surface area, crystal defects, functionality 

detection, and CO2 capture performance were analyzed by SEM, BET, XRD/Raman, FTIR, 

and TGA, respectively. The optimized adsorbent reveals an excellent dynamic CO2 capture 
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capacity of 1.65 mmol g
-1

 at 25 °C, owing to its elevated BET surface area of 577.3 m
2 

g
-1

. 

Considering the desorption step with a constant volume flow rate, it becomes evident that the 

pressure drop results in excessive consumption of desorbing gas (N2), approximately 50 % of 

the regeneration process. Several studies were investigated; the regenerability of 98.8 %, an 

excellent CO2/N2 selectivity, fast kinetics, the pseudo-second-order kinetic model and 

Freundlich isotherm model were best fitted. Thermodynamic studies reveal the heterogeneity 

of the adsorption site and the adsorption process endothermic nature, as indicated by ΔH° 

value of +13.1154139 KJ mol
-1

, underscoring the distinctive characteristic property of 

chemisorption. 

High surface area chemically activated carbon-enriched monolithic reduced Graphene 

Oxide was synthesized by self-assembly reduction process of graphene oxide at 90 °C with 

different weight ratios of oxalic acid (1:1, 1:0.500, and 1:0.250). The as-synthesized 

monoliths were carbonized (at 600 °C) and chemically activated with varying proportions of 

NaOH (1:1, 1:2, and 1:3). These materials offer the CO2 adsorption effect under dynamic 

conditions, fast mass transfer, easy handling, and outstanding stability throughout the 

adsorption-desorption cycle. FE-SEM and HR-TEM analyses confirmed the porous nature 

and shape of the adsorbents. At the same time, XPS examination revealed the presence of 

distinct functional groups on the surface of the monolith. By increasing the mass ratios 

(MGO:NaOH) from 1:1 to 1:2, the surface areas increased by approximately 2.6 times, 

ranging from 520.8 to 753.9 m² g⁻¹ (surface area of the untreated MGO was 289.2 m² g⁻¹). 

Consequently, this resulted in a notable enhancement of 2.10 mmol g⁻¹ in dynamic CO2 

capture capacity. The assessment encompassed the evaluation of production yield, selectivity, 

regenerability, kinetics, equilibrium isotherm, and isosteric temperatures of adsorption (Qst). 

The decrease in CO2 capture effectiveness with rising adsorption temperature indicated an 

exothermic and physisorption process. The regenerability of 99.1 % at 100 °C and excellent 
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cyclic stability with efficient CO2 adsorption make this monolithic adsorbent appropriate for 

post-combustion CO2 capture. The significant Qst supports the heterogeneity of the 

adsorbent's surface, and the pseudo-second-order kinetic model,andh the Freundlich isotherm 

model emerged as the most fitting. Therefore, the current investigation shows that the carbon-

enriched adsorbents enhance the CO2 adsorption capacity. It may be used as a low-cost 

pretreatment method on an industrial scale before carbon capture. 

Innovating Monolithic Graphene Oxide Frameworks were prepared through the utilization of 

innovative porous crystalline structures established via KOH-treated monolithic graphene 

oxide frameworks. These materials exhibit remarkable and versatile characteristics for both 

functional exploration and applications within the realm of CO2 capture. In this 

comprehensive study, we have synthesized monolithic reduced graphene oxide-based 

adsorbents through a meticulous self-assembly process involving different mass ratios of 

GO/malic acid (MaA) (1:0.250, 1:0.500, and 1:1 by weight). Building upon this foundation, 

we further modified MGO 0.250 through KOH treatment by chloroacetic acid method, 

leading to the creation of MGO 0.250_KOH, which was subjected to CO2 capture 

assessments. The comprehensive investigation encompassed an array of parameters, 

including morphology, specific surface area, crystal defects, functional group identification, 

and CO2 capture efficiency. Employing a combination of FT-IR, XRD, Raman, BET, SEM, 

HR-TEM, and XPS techniques, the study revealed profound insights. Particularly notable was 

the observation that the MGO 0.250_KOH adsorbent exhibited an exceptional CO2 capture 

performance, leading to a significant enhancement of the CO2 capture capacity from 1.69 

mmol g
-1

 to 2.35 mmol g
-1

 at standard conditions of 25 °C and 1 bar pressure. This 

performance enhancement was concomitant with an augmentation in surface area, elevating 

from 287.93 to 419.75 m
2
 g

-1
 (a nearly 1.5-fold increase compared to MGO 1.000 with a 

surface area of 287.93 m
2
 g

-1
). The monolithic adsorbent demonstrated a commendable 
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production yield of 82.92%, along with an impressive regenerability of 98.80% at 100 °C. 

Additionally, adsorbent's proficiency in CO2 adsorption renders it a promising candidate for 

post-combustion CO2 capture applications. These findings collectively underscore the 

capacity of adsorbents to significantly amplify CO2 capture capabilities. The viability of 

employing this strategy as an uncomplicated pre-treatment technique in various industrial 

sectors is a plausible prospect, given the study's outcomes. 

 

Scheme 1 Schematic representation of the overall thesis work. 
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Chapter 1 – Introduction and Literature Review

1.1 Background of graphene-based monolith 

Graphene, an extraordinary carbonaceous material, holds immense promise across a range of 

domains, including electronics, catalysis, energy applications, and adsorption. Monolithic 

nanomaterials stand out for their substantial CO2 capture capacities, distinguishing them from 

metal-organic frameworks or zeolites [1–6]. Sustainable technologies typically serve as the 

foundation for a wide range of goods and services that enhance the quality of life, save 

expenses, and minimize or completely eliminate their negative effects on the environment. 

The chemical process industry's sustainable development depends on the utilization of 

graphene-based monoliths. They facilitate the environment-friendly synthesis of products by 

consuming less energy and, in some situations, preventing the creation of waste and 

byproducts. The so-called integrated approach to environmental protection, which includes, 

among other things, the integration of multiple processes, including chemical reaction, 

separation, heat exchange, and momentum transfer, benefits greatly from the use of 

monoliths, especially when implemented in an organized manner [7–9]. Among the various 

porous carbonaceous materials, graphene oxide (GO) stands out, recognized for its potential 

in CO2 capture [10]. This unique property makes it a compelling candidate for optimizing 

adsorption efficiency [11,12]. From Greek, the word "monolith" was derived. Mono, which 

means "single," and lithos, which means "stone," are combined to create this word. The term 

"honeycomb structure" can be used to describe a monolith structure; however, in technical 

terms, "monolith" refers to a considerably broader meaning—generally, a massive, 

monolithic block made of a single building material [9]. The fabrication of monoliths 

graphene oxide-based materials by self-assembly process involving graphene oxide [13,14]. 

The material is characterized by its hexagonally arranged two-dimensional graphitic structure 
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with sp
2
 and sp

3
 hybridization of carbon atoms [15]. Notably, monolithic graphene oxide 

(MGO) boasts a multifaceted surface chemistry, encompassing oxygen functional groups 

such as carboxyl, carbonyl, hydroxyl, and epoxy, distributed predominantly in the basal 

planes and outer regions [16–18]. MGO constitutes a three-dimensional porous structure with 

remarkable properties, including reticulated porosity, expansive surface area, lightweight 

nature, and flexibility, rendering it particularly suitable for diverse applications, notably 

adsorption processes [13,14,19–21]. In the context of escalating anthropogenic CO2 

emissions, the chemical industry's role in environmental deterioration is undeniable [22–25]. 

1.2 Climate change and CO2 emission 

Carbonaceous products cause global warming due to the emission of combustion and burning 

of fossil fuels, as well as increased motor vehicle practice. The key greenhouse gases 

influencing global climate change encompass CO2, CH4, O3, N2O, PFCs, HFCs, and SF6 

[26,27]. The surge in CO2 concentration is attributed to the activities of the energy, 

transportation, and industrial sectors, including facilities like steel mills and refineries, which 

generate greenhouse gases (GHGs) by combusting fossil fuels such as coal and oil [28–30]. 

Due to anthropogenic happenings, the chemical industry plays a vital role in increased CO2 

levels in the atmosphere and the environment [22–25]. Thus, released anthropogenic CO2 is 

utilized by various factors [31]. So, CO2 capture technology plays an essential role in 

decreasing the concentration of CO2 in the atmosphere. Amine adsorption is growing and is 

widely utilized by CCS technology. However, the regeneration study of adsorbents is costly, 

which is the main drawback of this adsorbent [32]. CCS technology has been used for CO2 

capture of solid adsorbents as practicable alternatives. As per the guidelines set forth by the 

Environmental Protection Agency (EPA), the worldwide atmospheric concentration of carbon 

dioxide has surged by over 100 parts per million (44%) in the past 250 years. Figure 1.1 

illustrates the global emissions of greenhouse gases from 1950 to 2020. This increase is 
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evident in the shift from 275–285 parts per million during the pre-industrial era to 

approximately 410 parts per million in 2021, with projections suggesting a potential rise to 

around 450 parts per million by 2025. Taking land sector sequestration into consideration, 

emissions experienced a 6% increase in 2021. The predominant factor driving this uptick in 

greenhouse gas emissions was the heightened combustion of fossil fuels, leading to a 7% 

surge in CO2 emissions compared to 2020. The primary catalyst for this spike in emissions 

from fossil fuel use was the economic recovery following the peak of the COVID-19 

pandemic. The consequential reliance on fossil fuels for energy needs has, in turn, 

contributed to a rise in the average global temperature, resulting in the retreat of glaciers, 

elevated sea levels, and increased surface ice melting [33,34]. Over the past few decades, 

there has been a notable reduction in Arctic ice, with a nearly 40% shrinkage observed. 

Additionally, global sea levels have risen by 0.20 meters from 1901 to 2020. The escalation 

in CO2 levels has led to a 0.1 pH reduction, resulting in increased ocean acidity and 

consequential impacts on marine life [35–37]. Furthermore, there is a discernible trend 

toward the heightened occurrence of large-scale storms, heatwaves, droughts, torrential 

rainfall, and wildfires in recent years. Therefore, there is a consideration to stabilize CO2 

concentration at 450 ppm. This escalating trend in CO2 levels is projected to result in an 

increase in the average global temperature ranging from 2 to 6 °C by the end of the twenty-

first century [38,39]. Figure 1.2 illustrates the Inventory of U.S. Greenhouse Gas Emissions 

and Sinks from 1990 to 2021. 

 

 

 

 

https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
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Figure 1.1 Global emissions of greenhouse gases from 1950 to 2020.  

 

Figure 1.2 The Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990–2021. 

 

https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
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1.3 Carbon dioxide capture and sequestration 

Figure 1.3 illustrates the comprehensive CCS technique, encompassing the extraction of CO2 

from energy sources with subsequent containment and storage, preventing its release into the 

environment. Several pivotal considerations impact the cost implications of applying CCS to 

fossil fuels, such as the scale of the capture plant, fuel costs, distance from capture site to 

storage facility, and technological characteristics of the power plant, among others. A 

negligible portion of the overall cost is attributed to the pipeline's transportation of 

compressed CO2 to the storage site [35]. 

1.4 CO2 capture technologies  

Illustrated in Figure 1.3, the fundamental concept of CCS involves the initial capture of CO2 

emissions. There are essentially three distinct carbon capture methods: (1) oxy-fuel 

combustion, (2) pre-combustion, and (3) post-combustion. These methods vary depending on 

the fuel source, CO2 partial pressure, and gas flow pressure. Figure 1.4 provides a concise 

overview of the CO2 capture strategies. In the oxy-fuel combustion process, akin to the post-

combustion system, the primary approach involves the separation of O2 from N2. In this 

method, the fuel undergoes combustion in oxygen, causing the separation of O2 from N2 

before the separation of CO2 from N2. Condensation simplifies the separation of the resulting 

flue gas, predominantly composed of CO2 and steam. The CO2 capture process preceding 

combustion, known as pre-combustion, involves the conversion of fossil fuels into syngas, 

primarily composed of CO and H2. Subsequently, additional H2 and CO2 are generated by 

further reacting CO with steam. The extracted CO2 is then stored, while the high 

concentration of H2 gas can serve as a valuable energy source. In contrast to post-combustion, 

pre-combustion CO2 separation seems more energy-efficient and cost-effective [40]. 

Ensuring the sequestration of CO2 from NOx and SO2 flue gas, post-combustion involves the 
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absorption of CO2 after burning fossil fuels with air. Refer to Table 1.1 for a comprehensive 

breakdown of the pros and cons associated with different carbon capture strategies. 

Table 1.1 Pros and cons of carbon capture techniques. 

 
Types of carbon capture Pros Cons 

Pre-combustion carbon 

capture 

Economical Required comprehensive support 

system                    

                                     Increased CO2 concentration and 

elevated output pressure serve to 

enhance sorption efficiency. 

Inefficiencies in the water-gas shift 

reaction contribute to suboptimal 

performance. 

Post-combustion carbon 

capture 

A more economically efficient approach 

to harnessing energy from fuel. 

The regeneration of solvents 

necessitates a significant energy input. 

 Relevance across a wide spectrum of 

pressure and temperature conditions. 

The solvent content is limited by its 

viscosity and tendency to foam. 

 Elevated kinetics performance. Degradation of the solvent 

Oxy-fuel combustion 

carbon capture 

Decreased gas volume requiring 

processing and a reduced need for 

boiler size. 

Burning pure oxygen poses a 

challenging task. 

 

 CO2 separation is not required The substantial production costs 

associated with cryogenic production 

lead to high expenses. 

 Capability to decrease energy 

consumption when employing 

membranes. 

Diminished process efficiency. 
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Figure 1.3 Principle of the CCS. 

 

Figure 1.4 Types of CO2 capture technologies. 
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1.4.1 Absorption  

Within the petroleum and chemical sectors, the absorption carbon capture technique, depicted 

in Figure 1.4, stands out as the most developed and well-established method for CO2 

separation. CO2 is chemically absorbed from the exhaust gas into an absorbent solution 

during this procedure, including amines like rectisol (chilled methanol), ammonia solution, 

diethanol amine (DEA), and methyldiethanol amine (MDEA), among others. This leaves the 

residual gas stream unburdened as it passes through the absorption column [41–43]. 

Methylethanol amine (MEA) emerged as the most effective in CO2 absorption, demonstrating 

an impressive absorption rate of nearly 90% of the gas. Presently, a coal-fired power station 

has conducted successful tests on a 1tCO2/h pilot plant, showcasing its capabilities using a 

30% MEA solution [44,45]. Due to its faster reaction rate compared to MEA, piperazine has 

garnered attention, as has an anion-functionalized ionic liquid [46]. However, challenges 

arise due to piperazine's inferior volatility compared to MEA [46,47]. 

1.4.2 Adsorption 

Adsorption using solid adsorbents has received much attention due to its ability to reduce the 

energy penalty. Its imminent applicability is supported by several advantageous qualities, 

including high adsorption capacity, selectivity, rapid kinetics, and robust mechanical and 

thermal stability [48]. As a practical alternative, solid adsorbents have garnered attention for 

their CO2 capture capabilities, including many solid adsorbents have been observed for CO2 

adsorption [49], likely activated carbon [50–53], Zeolite [54,55], silica [56,57], graphene-

based materials [13,14,24,58–63]. Notably, monolithic solid sorbents offer a straightforward 

route for CO2 capture, leveraging their distinct porous structures, graphitic nature, stability, 

and versatility, as exemplified by graphene oxide (GO) [10] to enhance adsorption efficacy 

[11,12,58]. Based on the literature review, we have developed monolithic materials. The 

resultant materials have various characteristics and properties, such as being lightweight, low 
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density, able to deform and absorb energy, open porosity, good morphology, high surface 

area, excellent CO2 adsorption capacity, and many more. 

1.4.3 Membrane separation 

A membrane crafted from either polymer or ceramic is utilized to selectively permit the 

passage of carbon dioxide while obstructing other constituents of the flue gas. The 

membrane, a pivotal element in this method, incorporates both ceramic and polymer 

materials. It features a substantial, cost-effective, non-selective layer that furnishes 

mechanical support for the adjoining thin, selectively permeable layer [64]. The primary 

challenge in this process lies in the low pressure and low CO2 content. This technique is 

applied for the extraction of CO2 from natural gas and the separation of O2 from N2. 

1.5 The mechanism underlying the adsorption process 

Adsorption can be envisioned as the dynamic interplay of equilibrium, diffusion, and reaction 

processes involving the transfer of molecules from a liquid or gas phase onto a solid surface. 

This intricate phenomenon occurs as the molecules traverse the channels within a densely 

packed column, either concurrently or counterfactually [65]. The primary practical 

determinants of adsorption capacity are the reaction rate of adsorption and the mass transfer. 

Additionally, adsorption induces a deficiency in bonds on surface molecules, rendering them 

energetically favorable for further molecule adsorption. Conversely, desorption pertains to 

the incapacity of particles to disengage from the surface. A comprehensive explanation of the 

four stages in adsorption unfolds as follows: (1) Initially, isolated sites on the adsorbent’s 

surface initiate the adsorption of gas molecules at low pressure; (2) With an elevation in gas 

pressure, the area of adsorbed molecules expands, culminating in the formation of a 

monolayer; (3) Subsequent increments in gas pressure instigate the initiation of multilayer 

coverage, with smaller sample pores being filled initially; and (4) A further escalation in gas 

pressure leads to complete coverage of the sample, filling all of its pores [66]. In addition to 
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this principle, it is crucial to underscore the adsorption mechanism, a pivotal aspect of the 

process. Adsorption processes can be categorized into two main types: chemical and physical. 

Distinctions between these mechanisms encompass factors such as specificity, molecular 

layer formation, surface area involvement, bonding characteristics, characterization methods, 

and the overall impact of various parameters. The mechanisms underlying chemical and 

physical adsorptions are depicted in Figure 1.5(a, b). 

 

 

Figure 1.5 Mechanisms of (a) physisorption and (b) chemisorption process.  

1.6 Types of adsorbents 

The materials represent a subset of adsorbents suitable for CO2 capture. This category aligns 

with other effective options, such as zeolites, silica, metal-organic frameworks, and 

carbon/graphene [39,67]. Considering the advantages and disadvantages of each adsorbent, 

including factors like low energy consumption, complete regenerability, and high adsorption 
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capacity, is essential for optimizing the CO2 capture process. Achieving compliance with 

both NETL and DOE standards through a singular solution poses a significant challenge. 

Ultimately, the most successful adsorbents will be those capable of performing effectively in 

real-world CO2 collection processes. 

1.6.1 Zeolite-based adsorbents 

Adsorbents commonly studied for CO2 capture encompass zeolites like zeolite Y [68,69], 4A 

[70], 5A [71], and 13X [72,73]. Zeolite materials exhibit a range of advantageous properties, 

such as surface area porosity, which makes them easily adaptable to individual requirements 

and various applications. Cations like Li, Na, and Al in zeolites may influence the heat of 

adsorption of CO2, as an escalation in negative charges correlates with the surge in the Qst 

[74]. The extensive range of pore structures within zeolites, including tiny pores with six, 

eight, or nine tetrahedral rings; medium pores with ten tetrahedral rings; and large pores with 

one-membered rings and ultra-large structures, collectively contribute to the diverse 

adsorption capabilities of zeolites [75]. The pores of modified zeolites can expedite the swift 

passage of gases, enhancing CO2 adsorption efficiency and facilitating effective CO2 

regeneration [76]. Employing this method enables the efficient integration of the zeolite 

phase, a factor of potential significance at an industrial scale. Further exploration of the 

efficacy of CO2 adsorption using PEI-modified 13X zeolite reveals a notable 2.3-fold 

increase in CO2 absorption capacity compared to unmodified 13X zeolite [77]. The 

robustness of this study lies in the prospect that the branched structure of the impregnated 

molecular amine zeolite composite could enhance adsorption potential under optimal reaction 

parameters. The kinetic modeling study offered insights into this phenomenon. The 

anticipation was that the engineered zeolite-based adsorbent could provide an economical 

approach for manipulating flue gas conditions, extending its applicability across a broader 

spectrum of CO2 capture applications. Additionally, the study delved into exploring the 
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impact of PEI types (branched or linear) and molecular weight on the efficiency of CO2 

collection [78]. The latter's results showed that the adsorption capability of CO2 reduced as 

PEI's molecular weight increased. The adsorption capacity of branched PEIs (impregnated 

polyethyleneimine) was actually higher than that of linear PEIs because of their increased 

mobility. 

1.6.2 Silica-based adsorbents 

Mesoporous silica materials stand out in CO2 capture applications due to their expansive 

surface area, customizable porous structure, and enhanced gas diffusion capabilities. The 

heightened concentration of surface hydroxyl groups facilitates a more seamless grafting 

process for amine groups, consequently elevating the adsorption capacity. Pioneering in its 

approach, this study marks the first of its kind to employ amine-impregnated mesoporous 

silica, coupled with thermogravimetric analysis, for effective CO2 adsorption [79]. 

Polyethyleneimine (PEI) was impregnated at different loadings onto MCM-41 silica, 

renowned as the "molecular basket," employing the wet impregnation method [80–83]. 

Additionally, the study investigated how moisture influenced the adsorption capability of 

PEI-impregnated MCM-41 [81]. The thermogravimetric investigation of diethanolamine 

(DEA) impregnation in MCM-41 (PE-MCM-41) revealed a noteworthy capacity of 2.93 

mmol g
-1

 under a 5% CO2 atmosphere at 25 °C [50,84–86]. Tetraethylene pentaamine 

(TEPA) and polyethyleneimine (PEI) were impregnated onto monolithic silica. Under 

identical conditions, it was observed that the maximum gravimetric adsorption capacity 

reached 3.75 mmol g
-1

 for monolithic silica with 65% PEI loading, surpassing the 

performance of PEI-modified KIT-6 [87,88]. However, a limitation associated with TEPA 

use became evident, as the decrease in uptake capacity was observed after undergoing five 

adsorption/desorption cycles. SBA-15-TEPA retained 86% of its initial CO2 adsorption 

capacity after undergoing ten adsorption-desorption cycles utilizing a simulated gas 
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combination [89]. This substantial difference could be attributed to the enhanced affinity of 

the primary amine sites for the Lewis acid (CO2) at lower pressures [90]. 

1.6.3 Metal organic frameworks-based adsorbents 

By amalgamating organic ligands and metal cations, MOFs emerge as a contemporary 

category of solid sorbents. MOFs employ three primary approaches—those with open metal 

sites, ultra-microporous architectures, and amine-functionalized MOFs—to effectively 

capture CO2 [91]. The phrase "coordinated unsaturated sites" is commonly known as open 

metal sites within MOFs [92,93]. Metal ions with strong basic properties, such as Ca, Mg, 

Zn, Li, Mn, and Cu, hold the potential for constructing highly efficient MOF structures. To 

optimize the adsorption of CO2 through these open metal sites, it is essential to aggregate 

metal particles systematically using a controlled process. Additionally, integrating traditional 

magnesium and copper metal ions, along with urea groups, enhances CO2 adsorption [94–

96]. Amine-functionalized MOFs hold the potential for CO2 capture due to the tunability 

offered by these functional groups [25,97,98]. Indeed, nitrogen atoms, constituting the amine 

group, represent a specific type of electronegative atom. Apart from their inclination to form 

triple bonds with themselves and other elements, nitrogen atoms can create robust bonds, 

frequently employed to provide active sites for CO2 adsorption. Two commonly used 

methods for grafting amine functional groups onto MOFs are well-established. The initial 

step involves creating a strong bonding contact between the positive nitrogen atom and the 

vacant orbital of the open metal cation, facilitating the attachment of the amine to open metal 

sites. Subsequently, organic ligands are linked to the amine group. Notably, employing 

ethylenediamine (EDA) for amine grafting has proven to significantly enhance both CO2 

adsorption capacity and kinetics [99,100] and acid-grafted chitosan nano adsorbent [101]. 

The nanomaterials mentioned earlier exhibit potential as CO2 adsorbents due to their capacity 

to minimize the energy required for regeneration and separation [102]. These procedures are 
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broadly categorized into two primary families: physical and chemical changes, representing 

the most widely employed methods. 

1.6.4 Carbon/graphene-based adsorbents 

Carbon-based adsorbents, with a notable emphasis on materials such as graphene and carbon 

nanotubes (CNTs), are widely acknowledged as crucial CO2 adsorption agents due to their 

abundant availability, cost-effectiveness, expansive surface area, versatile pore structure, 

capacity for surface functionalization, and straightforward regeneration process. Graphene is 

commonly described as a dense sheet of sp
2
-bonded carbon atoms arranged in a hexagonal 

pattern. Various forms of graphene exist, including graphene oxide, graphene nanoplatelets 

(GNPs), single-layer graphene, few-layer graphene, multilayer graphene, and reduced 

graphene oxide, which stand out as the primary derivatives of graphene. Graphene derivatives 

exhibit the capability to autonomously organize into porous three-dimensional materials 

[13,14,58,103]. As an illustration, Chowdhury and Balasubramanian engineered meticulously 

structured graphene-based materials (GBMs) boasting a substantial specific surface area and 

an intricately interconnected hierarchical pore network [103,104]. Crucially, precise 

regulation of gas flow channels and pores through diverse stacking methods enables the 

attainment of resilient CO2 adsorption/desorption cycles characterized by rapid adsorption 

kinetics and outstanding CO2/N2 stability. Furthermore, the integration of functional 

chemicals, such as oxygen-containing groups, has been proven to enhance the efficacy of 

porous materials for CO2 absorption [14,24,95]. The synthesized three-dimensional 

hydrothermal reduced graphene oxide (3D-HrGO) exhibits a substantial pore capacity and 

expansive surface area [105,106]. Owing to its distinctive textural features and a diverse array 

of chemical interactions, such as hydrogen bonds forming between CO2 and HrGO, polar 

contacts, and acid-base interactions, the graphene-based adsorbent showcased superior CO2 

capture efficiency. To augment the CO2 absorption capabilities of both CNTs and graphene-
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based adsorbents, incorporating heteroatoms with functional groups like N, S, O, and P as 

dopants has proven to be an effective enhancement strategy [107,108] Graphite, commonly 

employed in the production of carbon nanotubes (CNTs), boasts an extensive surface area 

and a tubular structure, rendering it highly porous and potentially valuable for applications 

involving gas adsorption and storage. The outer diameter of both single and multilayer 

nanotubes typically falls within the range of three to one hundred nanometers. Moreover, 

they exhibit excellent electrical and thermal conductivity. The advancement of high-

performance adsorbents relies on surface modification of CNTs, achieved through either 

covalent or non-covalent functionalization. These inherent characteristics render them highly 

promising materials for the efficient and selective adsorption and desorption of carbon 

dioxide. To optimize CO2 adsorption efficiency, researchers are currently exploring the 

surface modification of grafted adsorbents using polymerizing materials [109]. This process 

involves coating MWCNTs to enhance both pore volume and surface area. Notably, 

polyethyleneimine (PEI) has been recently immobilized onto CNTs to fabricate microtubular 

sorbents [110]. Similarly, a CO2 sorbent was fashioned through the immobilization of TEPA 

onto functionalized CNTs. The researchers envisaged that the combination of MWCNTs with 

the TEPA sorbent could be employed for CO2 adsorption [111]. In addition, modified CNTs 

incorporating CaO pellets have been explored due to their cost-effectiveness and capacity to 

absorb substantial quantities of CO2 [112]. 

1.7 Thesis motivation and objectives 

Many researchers have been observed attempting the creation of carbon adsorbents through 

methods such as the physical or chemical activation of initial materials or direct 

carbonization. Moreover, they endeavored to evaluate the absorption capability 

predominantly at room temperature in a static environment. However, a limitation in their 

studies is evident in both the synthesis and performance evaluation aspects. Furthermore, 
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assessing adsorbents under static conditions yields higher uptake capacity values, which may 

not accurately portray their performance in real-world flue gas applications. To bridge this 

gap, a study was conducted wherein the textural properties were augmented using the self-

assembly process of a graphene oxide-based adsorbent. This involved initially reducing 

oxalic acid (OxA)/malic acid (MaA) with various mass ratios, followed by the physical and 

chemical activation of a subset of monolithic adsorbents. The study concluded with an 

investigation into CO2 adsorption for the same set of adsorbents. Moreover, CO2 adsorption 

was conducted using select monolithic adsorbents in dynamic conditions, which were 

considered more realistic than static conditions. 

The objectives are: 

 To synthesize and characterize the monolithic graphene oxide (MGO) based 

adsorbents. 

  To modify/activate the as-synthesized MGO adsorbents by the physical or chemical 

activation process. 

 To evaluate the CO2 adsorption performance of as-synthesized adsorbents at various 

temperatures and CO2 concentrations. 

 To study the adsorption isotherms and kinetics using different models. 

1.8 Thesis overview 

The thesis is structured into six chapters, focusing on the preparation of three distinct types of 

monolithic graphene oxide-based adsorbents. These were developed through the self-

assembly process of graphene oxide, followed by reduction using oxalic acid (OxA)/malic 

acid (MaA) with varying mass ratios. Samples were prepared and activated through both 

physical (UV treatment) and chemical ((NaOH/KOH) methods to enhance their efficacy in 

capturing CO2. Chemical, surface, and textural characteristics were meticulously examined 

and characterized. Dynamic adsorption-desorption studies were conducted under flue gas 
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simulation conditions to evaluate their CO2 capture capabilities. Scheme 1 illustrates the 

schematic overview of the entire thesis project. 

Chapter 1 (Introduction and Literature Review): This section outlines current 

environmental challenges, provides a brief overview of CO2 capture, and delves into diverse 

adsorbent types, with a specific focus on carbon/graphene-based adsorbents, aligning with the 

primary focus of the current study. 

Chapter 2 (Experimental Materials and Characterization Methods): This chapter 

provides an overview of the experimental procedures conducted in this research, organized 

into distinct sections. Firstly, elaborate on the materials, chemicals, and experimental 

methods employed to characterize and assess the performance in adsorption-desorption 

experiments. Additionally, the chapter presents the experimental setup employed for the 

adsorption study. Lastly, this section is dedicated to the discussion of diverse adsorption 

kinetic models, isotherm models, and thermodynamic parameters. 

Chapter 3: This section delves into the synthesis of monolithic graphene oxide-based 

adsorbent through the self-assembly process of graphene oxide and subsequent oxalic acid 

reduction with varying mass ratios, further activated through UV treatments. The CO2 

adsorption performance of the prepared monoliths has been thoroughly assessed. The optimal 

sample from this series underwent additional examination under simulated flue gas 

conditions at diverse adsorption temperatures. Comprehensive investigations encompass the 

kinetics, isotherms, and thermodynamics of CO2 adsorption on the optimized sample, 

complemented by an energy calculation for the desorption process. 

Chapter 4: We synthesized a robust monolithic reduced graphene oxide through a self-

assembly reduction process of graphene oxide at 90 °C, employing varying weight ratios of 

oxalic acid (1:1, 1:0.500, and 1:0.250). Subsequently, the as-synthesized monoliths 

underwent carbonization and chemical activation, with NaOH weight proportions of 1:1, 1:2, 
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and 1:3, at an activation temperature of 600 °C. The properties of the synthesized graphene-

based adsorbent were systematically explored, and its CO2 adsorption effectiveness was 

observed under dynamic conditions. The optimized sample underwent comprehensive 

investigation, including the fitting of kinetic and isotherm models to experimental data, along 

with the calculation of thermodynamic parameters. 

Chapter 5: We have synthesized monolithic reduced graphene oxide-based adsorbents 

through a meticulous self-assembly process involving different mass ratios of GO/malic acid 

(MaA) (1:0.250, 1:0.500, and 1:1 by weight). Building upon this foundation, we further 

modified MGO 0.250 through KOH by chloroacetic acid method, leading to the creation of 

MGO 0.250_KOH, which was subjected to CO2 capture assessments. The comprehensive 

investigation encompassed an array of parameters, including morphology, specific surface 

area, crystal defects, functional group identification, and CO2 capture efficiency. 

Chapter 6 (Conclusions and recommendations): This section succinctly summarizes the 

presented data and provides references for future research. 
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Chapter 2 – Experimental Materials and Characterization 

Methods 

2.1 Materials 

Graphite powder (GP), NaNO3, H2SO4, KMnO4, H2O2, HCl, and oxalic acid (C2H2O4) 

were used to synthesize monolithic reduced graphene-oxide. High-purity nitrogen gas 

(concentration 99.98 %) and carbon dioxide gas (concentration 50 %, 40 %, and 20 %) were 

purchased from Sigma Gases & Services (New Delhi), India, for CO2 capture performance 

purposes. 

For synthesis, a diverse range of materials, including graphite powder, NaNO3, 

H2SO4, KMnO4, H2O2, HCl, C2H2O4, and NaOH. In the pursuit of optimizing CO2 capture 

performance, Sigma Gases & Services, based in New Delhi, India, supplied high-purity 

nitrogen gas with a concentration of 99.98%, along with carbon dioxide gases at 

concentrations of 50% and 20%. 

Graphite powder, NaNO3, H2SO4, KMnO4, H2O2, HCl, malic acid (C4H6O5), 

chloroacetic acid (C2H3ClO2), and KOH from Sigma-Aldrich were used to synthesize KOH-

treated monolithic graphene oxide-based adsorbent. High-purity nitrogen gas (concentration 

99.99 %) and carbon dioxide gas (concentration 99.98 %) were purchased from Sigma Gases 

& Services (New Delhi), India, for CO2 capture performance purposes. 

2.2 Characterization methods 

2.2.1 X-ray diffraction (XRD)  

The XRD patterns of the prepared adsorbents were collected by Rigaku SmartLAB SE 

(Japan), analyzing adsorbents in the 5
o
 to 60° scan rates with the 2-θ range. When exposed to 

Cu-Kα irradiation with λ is 1.4999 Å, the diffractograms were recorded at 40 kV and 30 mA. 

Steps value of 1.002° m
−1

 and a step time of 10
o
 m

-1
 were used. 
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2.2.2 Raman spectroscopy 

HORIBA LabRAM HR Evolution Raman spectrometer (JOBIN YVON Technology) 

recorded the Raman spectra of prepared samples in the Raman shift range 500 to 3500 cm
−1

. 

The 50x magnification of an object that possesses a long working distance, 1% laser intensity 

capacity, and the size of lenses 100 μm were applied with the collection of scattered light. 

Furthermore, the instrument was employed to scrutinize the existence and placement of the 

D-(disordered) and G-(graphitic) peaks, along with assessing their respective intensity ratios. 

2.2.3 Fourier transform infrared (FTIR) spectroscopy 

The chemical structure and surface functional groups of the adsorbents were estimated by the 

FTIR spectra assembled on a SHIMADZU IRTracer-100 (FOURIER TRANSFORM 

INFRARED SPECTROMETER). Samples were scanned with the wavenumber region 4000 

to 400 cm
-1

 by a 35±1 scan rate. 

2.2.4 Thermogravimetric analysis (TGA)  

TGA measurements of samples were performed using a Thermal analyzer instrument (TA - 

Q500). In the analytical procedure, a quantity ranging from 5 to 10 mg of the sample was 

carefully placed into a platinum pan. Subsequently, the sample underwent controlled heating, 

starting from 25 °C and reaching 700 °C at a consistent rate of 10 ºC per minute, all 

conducted under a continuous N2 flow rate at 50 ml per minute. 

2.2.5 Scanning electron microscopy (SEM) 

JSM-6510 was used to assess the morphology of the adsorbents at a 20 kV accelerating 

voltage. To avoid sample charging issues, the sample was coated with a 50 µm thickness 

using an automatic sputter coater (Polaron) prior to analysis. 

2.2.6 Field emission scanning electron microscopy (FE-SEM) 
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CARL ZEISS SIGMA-500 was used to assess the morphology of the adsorbents at a 20 kV 

accelerating voltage. To avoid sample charging issues, the sample was coated with a 50 µm 

thickness using an automatic sputter coater (Polaron) prior to analysis. 

2.2.7 High-resolution transmission electron microscopy (HR-TEM) 

JEOL JEM-2100 was used to evaluate the morphology of the adsorbents operating at a 

voltage of 200 kV. Prior to analysis, the samples were prepared by applying a drop of the 

carbon adsorbent dispersion in toluene onto a carbon-coated copper grid. 

2.2.8 Surface area and pore size distribution 

BET analysis of N2 adsorption-desorption isotherm was performed at 77 Kelvin on an 

automated gas sorption analyzer (Autosorb-IQ, Quntachrome Instruments). For the 

adsorption measurements, each adsorbent was degassed at 273 Kelvin for six hours. The 

specific surface area (external and internal surface area) and porosity (%) were calculated by 

using nitrogen adsorption uptake and relative pressure (p/po). The BET surface area achieved 

from the N2 adsorption isotherms at 77 Kelvin and pore size distributions (PSDs) achieved 

through the Barrett-Joyner-Halenda (BJH) methods. 

2.2.9 X-ray photoelectron spectroscopy (XPS) 

Thermo Fisher SCIENTIFIC instrument (ESCLAB QXi Inc., US), XPS employs carried out 

utilizing a monochromatic X-ray source. A monochromatic Al-kα source, operating with a 15 

kV anode potential, was employed in the Kratos Axis Ultra DLD system for this purpose. 

The high-resolution spectra were acquired with an emission current of 10 mA and a pass 

energy of 20 eV, whereas the survey spectra were captured using a pass energy of 50 eV. A 

constant pressure of 2×10
-9

 torr was maintained within the analytical chamber. The C1s and 

O1s peak binding energy was used for surface charging and calibration. Origin-software was 

used for data processing, and the spectra were fitted with mixed Gaussian-Lorentzian 

baseline subtraction and curve deconvolution to determine the atomic composition. 
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2.3 Performance evaluation of adsorbents 

2.3.1 Adsorption/desorption study setup 

The modified thermogravimetric analyzer was used to obtain the CO2 adsorption capacities of 

the synthesized adsorbents under different operating conditions (adsorption temperatures, 

25°C to 50 °C and CO2 concentrations flow 20 to 100 %). The adsorbent (~20 mg) was 

initially taken in a platinum pan and then heated at 150 ºC for two hours using N2 flow (50 ml 

min
-1

) to ensure the elimination of unwanted moisture. The furnace was then cooled to the 

desired adsorption temperature (25 and 100 ºC) for the respective CO2 adsorption. Afterward, 

the N2 gas was changed to CO2 without any change in the flow rate. The weight gain of the 

adsorbent with time was observed to estimate CO2 uptake capacity. Now, N2 was again 

passed to the gas stream for the desorption process at 150 °C for two h and purging with 100 

% N2. The regenerability of the adsorbents was investigated by repeating this adsorption-

desorption process four times. 

2.3.2 Experimental data evaluation 

The TA Instruments (TGA Q500, United States) was used to evaluate the adsorption capacity 

of a monolithic sorbent by Equation 2.1: 

    
          

      
                                                                                                       (2.1) 

The mass of the introduced effective solid monolithic sorbent is indicated as (mo), the initial 

weight signal value at the onset of adsorption is denoted as m(to), and the weight signal value 

at time t during the adsorption process is represented as m(t). 

2.3.3. Selectivity measurements 

Selectivity was calculated for CO2 over N2 (𝑆𝐶𝑂2) ) using Equation 2.2 [59]. 

𝑆   
 

    
   

⁄

    
   

⁄
                                                                                                                     (2.2) 
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Where,     
 and    

= mole fractions of CO2 and N2 in the adsorbed phase,     
 and    

 = 

molar ratios of CO2 and N2 in the gas phase. 

Equation 2.3 [59,113] can subsequently be utilized to determine the purity of the captured 

CO2. 

           
    

        

                                                                                                        (2.3) 

The selectivity experiments focusing on CO2/N2 were executed at 25 °C, 1 bar pressure and 

CO2/N2 binary gas mixture with 50 % CO2 and 50 % N2 concentration flows. 

2.3.4 Dynamic CO2 adsorption/desorption measurements 

The breakthrough curves for the samples assess the dynamic CO2 adsorption capacity of ca. 

1.0 mmol g
-1

 at 25 °C, 1 bar pressure, and CO2/N2 binary gas mixture with 50 % CO2 and 50 

% N2 concentration flows. This shows that N2 has a lower adsorption capability than CO2. 

Initial values of C/Co for N2 > 1 indicate that N2 initially occupies the adsorbent's active sites, 

but with time, N2 is gradually replaced by CO2, revealing that the adsorbent has a higher 

affinity for CO2 [51,114,115]. 

2.4 Adsorption kinetics study 

In order to determine the adsorption rate and the adsorbent's capacity to adsorb a larger 

amount of adsorbate, adsorption kinetic studies are necessary [116–120], the formula 

provided in Equations 2.5, 2.7, and 2.8. 

2.4.1 Pseudo-first-order model:  

Equation 2.4 was employed to successfully fit the pseudo-first-order adsorption model [121]:  

   

  
          )                                                                                                                (2.4) 

where,    is the pseudo-first-order adsorption rate constant (min
-1

). Integrating Equation 2.4 

with boundary conditions:   0= 0= ׀ and   ׀ =  =q , yields 
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This equation can be rearranged, and we get: 

                                               (2.5) 

Here, qt (mmol g
-1

) is the CO2 adsorption capacity at any time t (in min), qe is the capacity in 

mmol g
-1

 at equilibrium, and k1 is the corresponding rate constant. 

2.4.2 Pseudo-second-order model: 

Equation 2.6 was employed to successfully fit the pseudo-second-order adsorption model 

[122]:  

   

  
           

                                                                                                               (2.6)
 

where,    (g mmol
-1

 min
-1

) is the pseudos-econd-order rate constant. Integrating Equation 2.6 

with initial conditions:   0= 0= ׀ and   ׀ =  =q , yields 

     
    

  

        
                               (2.7) 

Here,    is the constant.                   

2.4.3 Elovich kinetic model: 

Equation 2.8 was employed to successfully fit the Elovich adsorption model [123]: 

   
 

 
                                                                                                                        (2.8) 

Here, α initial adsorption rate and β desorption constant for the corresponding model constant 

and    is the amount adsorbed at the time (t). 

2.4.4 Error evaluation: 

Equation 2.9 was utilized for accurate error (%) evaluation. 

Error (%) = √
∑[(                )        ⁄ ]

 

   
                              (2.9) 

Here,         and          are the respective experimental and predicted CO2 adsorption 

capacities at any time (t), and N is the number of measurements. 
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2.5 Adsorption isotherms study 

2.5.1 The Langmuir isotherm model: 

Equation 2.10 was employed to successfully fit the Langmuir adsorption isotherm model 

[124]: 

     
     

      
                             (2.10) 

Here, qe is the CO2 adsorbed (mmol g
-1

) at equilibrium, P is the CO2 partial pressure in (atm), 

qm is the maximum monolayer adsorption capacity, and     (atm
-1

) the Langmuir constant. 

2.5.2 The Freundlich isotherm model: 

Equation 2.11 was employed to successfully fit the Freundlich adsorption isotherm model 

[125]: 

        
  ⁄                   (2.11) 

Here, K.F and n are the constants revealing the adsorption capacity and intensity, respectively. 

Also, n is the empirical constant associated with the adsorption driving force, and its values 

lie from 1 to 10. 

2.5.3 The Temkin isotherm model: 

Equation 2.12 was employed to successfully fit the Temkin adsorption isotherm model [126]: 

                            (2.12) 

where,  𝑇 (atm
-1

) and   = 𝑅𝑇⁄𝑏 with b (J mol
-1

) 

2.6 Thermodynamics study 

2.6.1 Thermodynamic parameters 

Gibbs free energy,      (kJ mol
-1

) estimated by using Equation 2.13, whereas standard 

enthalpy change,     (kJ mol
-1

) as well as standard entropy change ( 𝑆 ) (kJ mol
-1 

K
-1

) can 

be measured from Van't Hoff plot [127] using Equation 2.14. In addition, the Clausius-
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Clapeyron equation [128] was applied to calculate the isosteric heat of adsorption, Qst (kJ 

mol
-1

), represented in Equation 2.15. 

 
eqKRTG ln 

                                                                                                                   

(2.13)                      

 
R

S

TR

H
Keq

 





1
ln

                                                                                                   (2.14)                           

      𝑅 [
     

 (
 

 
)
]
  

                                                                                                         (2.15)  

   
  

  
                                                                                                                               (2.16) 

Where R (8.314 J mol
-1

 K
-1

) is gas constant;     (at a given    ) is the isosteric heat of CO2 

adsorption,  

2.6.2 Energy duty for desorption 

By employing Equation 2.17, we determined the energy required for the desorption of 

adsorbed CO2 on the adsorbent. Subsequently, Equation 2.18 was utilized to ascertain the 

sensible heat needed to elevate the temperature during the desorption process. 

              𝑏                                                                                                      (2.17)                        

𝑆    𝑏        
    

                   
                                                                                  (2.18) 

Where, 𝐶  (J g
-1

 K
-1

) = heat capacity. 

Concerning activation energy, the isosteric heat of adsorption delineates the distinction 

between adsorption and desorption. Here is an illustration corresponding to the given 

Equation 2.19. 

      𝑅 [
     

 (
 

 
)
]
  

                                                                                                            (2.19) 

Here,    (kJ mol
-1

). 
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Chapter 3 – UV Activated Oxygen-Enriched Monolithic 

Graphene Oxide-Based Adsorbents for CO2 Capture 

3.1 Synthesis of monolithic graphene oxide-based adsorbents 

3.1.1 Synthesis of monolithic graphene oxide 

Modified Hummer's method was used to synthesize graphene oxide (GO) [129]. Typically, 

the synthesis of monolithic graphene oxide was prepared by the self-assembly process of 

graphene oxide [13]. A measured amount (5 mg/ml) of GO aqueous dispersion was prepared 

by ultra-sonication for 1 hour. After that, this dispersion was stirred for 3 hours at 90 °C and 

cooled to room temperature, and then oxalic acid (OxA) was added to various mass ratios (by 

weight) of GO/OxA (1:1, 1:0.500, 1:0.250) mixture was prepared. This homogeneous 

mixture was then heated in a hot air oven for 2 hours at 90 °C to reduce and form a 

monolithic hydrogel. After that, the prepared wet monolith was cleaned and washed by 

centrifugation (at 7000 RPM for 10 minutes) to eliminate the extra OxA. Finally, the wet 

monolith was freeze-dried to remove the adsorbed water by HyperCOOL Cooling Trap 

HC3055 (Korea) at -55 °C and pressure of 0.6 mbar for 24 hours. Scheme 3 represents the 

synthesis route of monolithic graphene oxide-based adsorbents. The monolithic graphene 

oxides (MGOs) were prepared using different mass ratios of oxalic acid (OxA) by weight 

(mg), and each sample was assigned a specific name, as shown in Table 3.1. 
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Scheme 3 Synthesis of the monolithic graphene oxide-based adsorbents. 

Table 3.1 Preparation of MGOs in different mass ratios of GO: OxA (by weight in mg). 

 

3.1.2 Activation of MGO 0.250 adsorbent by various UV-treatment times 

UV light activation of MGO 0.250 was carried out in a cupboard equipped with UV 

light with an output energy of 350 to 360 nm. Here, MGO 0.250 was shown to UV treatment 

in variable times of 1 h to 15 h. The resultant samples were tagged as MGO 0.250 UV_x; 

here, x is activation period in h, and applying this method, we get to UV light-activated 

Samples GO: OxA Temp. 

(°C) 

Sample 

volume 

(V) 

Void 

volume 

(Vv) 

Solid 

volume 

(Vs) 

Porosity 

(n) 

Density (g
-

1
 cm

3
) 

MGO 0.250 1: 0.250 90 0.0785 0.0635 0.015 0.808 0.191 

MGO 0.500 1: 0.500 90 0.0785 0.0605 0.018 0.770 0.229 

MGO 1.000 1: 1.000 90 0.0785 0.0585 0.020 0.745 0.254 
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adsorbents and label them as MGO 0.250 UV_1, MGO 0.250 UV_2, MGO 0.250 UV_2.5, 

MGO 0.250 UV_5, MGO 0.250 UV_10, and MGO 0.250 UV_15 as shown in Table 3.2. 

Table 3.2 UV treatment of MGO 0.250 adsorbent for different time durations. 

Samples Name Energy Activation Time Temperature Intensity 

MGO 0.250 - - - - 

MGO 0.250 UV_1 350 nm 1 h 25 
°
C 0.85 W/m

2
 

MGO 0.250 UV_2 350 nm 2 h 25 
°
C 0.85 W/m

2
 

MGO 0.250 UV_2.5 350 nm 2.5 h 25 
°
C 0.85 W/m

2
 

MGO 0.250 UV_5 350 nm 5.0 h 25 
°
C 0.85 W/m

2
 

MGO 0.250 UV_10 350 nm 10.0 h 25 
°
C 0.85 W/m

2
 

MGO 0.250 UV_15 350 nm 15.0 h 25 
°
C 0.85 W/m

2
 

 

3.2 Characterization of adsorbents 

3.2.1 Characterization of monolithic materials 

The GO-based monoliths were synthesized through the oxalic acid (OxA) reduction 

of graphene oxide in an aqueous dispersion at 90 °C, employing various OxA and GO mass 

ratios. The reduction temperature plays an essential role in determining the GO reduction 

process and governs the reduced graphene oxide (rGO) and its structure. GO platelets are 

widely recognized to include epoxy, –OH, and –COOH groups [130]. During reduction, these 

groups are eliminated. The dispersion rises throughout reduction, and the resulting rGO self-

organizes to minimize the interface. This reduction-induced transformation underpins the 

emergence of a porous and hierarchically organized morphology within the monolithic 

constructs. Intriguingly, the density of the monoliths exhibits an ascending trajectory with the 

augmentation of OxA content. This correlation suggests a denser, more tightly knit structure 

attributable to the expedited reduction process. A cylindrical shape cut from monolith, and 

the calculation achieved aspects of physical and engineering properties such as mass (15 to 

20 mg), volume (V=πr
2
h=3.14·(0.5)

2
·0.1≈0.0785 cm³), density (0.191 to 0.254 g

-1
cm

3
), 
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height (0.1 cm), diameter (1 cm), porosity (0.745 to 0.808) available for flow of gas, void 

volume (0.0585 to 0.0635 cm³), solid volume ( 0.015 to 0.020 cm³), etc. as summarized in 

Table 3.1. 

3.2.1.1 FT-IR analysis 

 

Figure 3.1 FTIR spectra of as-synthesized samples. 

FTIR spectra of MGO 0.250 and MGO 0.250 UV_x samples, as illustrated in Figure 3.1. In 

MGO, different oxygen functionalities on the surface are apparent. The distinctive 

transmission peaks are directly related to stretching vibrations; the peaks were ascertained at 

ca. 1735, 2200-2050, 3200, 1250, 1050, and 1630 cm
-1

, respectively, for the C=O, O–C=O, 

O–H, epoxide C–O, alcoholic C–O, and un-oxidized aromatic groups [11,131]. These peaks 

were shown to present at a similar position for the MGO UV_x sample, although the 

distinctive peak of O–C=O groups was detected to maximize and intensify the MGO 0.250 

UV_10 sample while reducing the fashion was shown for the MGO 0.250 UV_15 sample. 

This demonstrates that UV treatment of 5 h to 10 h time frame may promote additional 
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oxidation by explaining the formation of O–C=O groups on the MGO surface [132]. A 

fashion was shown in the O–C=O asymmetric stretching mode peak at 2230 cm
-1

, and it is 

probable to confirm C–C bond breaking and development of defect [132–135]. Also, the peak 

at 1250 cm
-1

 of the epoxide C–O group reduces from the start of the UV treatment. 

3.2.1.2 EDS analysis 

Table 3.3 Elemental composition of MGO 0.250 and MGO 0.250 UV_x adsorbents. 

Adsorbent Atomic % of C Atomic % of O C/O ratio 

MGO 0.250 65.52 34.48 1.90 

MGO 0.250 UV_2.5 65.49 34.51 1.89 

MGO 0.250 UV_5 65.38 34.62 1.88 

MGO 0.250 UV_10 64.32 35.68 1.80 

MGO 0.250 UV_15 65.98 34.02 1.93 

 

Energy dispersive spectroscopy (EDS) of MGO 0.250 and MGO 0.250 UV_x samples was 

used to evaluate the elemental composition percentage (%) as displayed in Table 3.3 displays 

the atomic content of oxygen (O) and carbon (C). The surface oxygen functionality is 

promoted by the MGO 0.250 of the C/O ratio, which was 1.90. The C/O ratios fall after ten-

hour UV treatment, which indicates that surface oxygen functionalities have improved. 

Specifically, for MGO 0.250 UV_10, the C/O ratio of 1.80 was detected. Still, the C/O ratio 

increased and then decreased surface oxygen functionalities; indeed, the C/O ratio increased 

by 1.93 during a 15 h UV treatment. The relevant change of the O–C=O functionality 

discovered in the region of 2200-2050 cm
-1

 was mentioned in the preceding sentence and is 

well supported by FTIR data, which is a substantial change in the C/O ratio. 
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3.2.1.3 XRD analysis 

 

Figure 3.2 XRD patterns of as-synthesized samples. 

XRD patterns of GO, MGO 0.250, and activated MGO 0.250 UV_x samples are presented in 

Figure 3.2. The distinctive crystal diffraction peak at 10.70°, 26.90
o
, 42.75

o
 which 

corresponds to (0 0 1), (0 0 2), (1 0 0) of GO, and MGO as revealed in Figure 3.2 [136]. 

According to Bragg's equation, nλ= 2dsinθ; interlayer spacing for MGO 0.250 for this peak is 

8.16 Å [137]. The peak intensity slightly changes for UV activation conditions: up to 5 h, 

peak intensity slightly decreases; up to 10 h, peak intensity slightly increases; and up to 15 h, 

peak intensity slightly decreases. This effect is recognized due to the increase and decrease of 

the oxygen functionalities, as shown in Figure 3.5, which works on MGO interlayer 

interactions and the crystalline structure of the MGO layers. This fashion was observed with 

UV-light treatment due to the predominance of surface oxygen functionality, indicating 

crystalline structural instability. The distinctive crystal diffractions peak presented at 10.44, 

10.77, and 10.33° for MGO 0.250 UV_5, MGO 0.250 UV_10, MGO 0.250 UV_15, and the 
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interlayers spacing of 8.83, 9.05, 8.74 Å, respectively. As shown, interlayer spacing increases 

due to more oxygen functional groups, and an oxidation process occurs [138,139], as 

mentioned above by FTIR and EDS analysis. In contrast, it partially eliminates the oxygen 

functional groups through the long UV treatment beyond ten hours. 

3.2.1.4 Raman spectral analysis 

 

Figure 3.3 Raman spectra of as-synthesized samples. 

Raman spectral analysis of GO, MGO 0.250, and MGO 0.250 UV_x samples are shown in 

Figure 3.3. The peak of adsorbents appeared at 1300 and 1500 cm
−1

 for the D band and G 

bands, respectively. When sp
3
 carbon atoms are present, the D band shows out-of-plane 

vibrations caused by a structural defect, but the G band shows in-plane vibrations caused by 

first-order 2g mode scattering when sp
2
 carbon atoms are present [131,140,141]. For MGO 

0.250, the D band and G band are almost the same intensity; as a result, this shows a small 

quantity of crystal lattice defects generated from the intense oxidation procedure, which is 

useful for producing MGO [10]. In the MGO 0.250 UV_x, the intensity of the D band also 
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slightly rises with the treatment of UV light up to 10 h; still, treatment of UV light beyond the 

ten-hour reduction process was observed. We observed a rise in D band intensity up to 10 h 

UV light treatment was attributed to the oxidation caused by the UV light treatment, which 

increased lattice defects and may have caused a decrease in the crystalline size of sp
2
 

domains [140,142]. Beyond ten-hour UV light treatment, the strength of the D band is related 

to suppressing the oxygen functional group and possibly partially healing the lattice defect 

[130,143]. Up to 5 h UV light treatment, G band intensity was almost unaffected; then, for 

MGO 0.250 UV_10, the intensity was increased. Evidence of the degree of disorder, 

including contributing elements like flaws, ripples, and edges, can be found in the adsorbents' 

D and G band intensity ratio, i.e. (ID/IG) [144]. The intensity ratio of the D and G band (ID/IG) 

of adsorbents slightly increased up to 10 h UV treatment time with the values of 1.019, 1.021, 

1.054, 1.068, 1.071 for GO, MGO 0.250, MGO 0.250 UV_2.5, MGO 0.250 UV_5, MGO 

0.250 UV_10, respectively. With a rise in UV light activation beyond ten h, the ratio of ID/IG 

further reduced with the values of 1.012 for MGO 0.250 UV_15, as the values of ID and IG 

are enclosed in Table 3.4. 

Table 3.4 Raman spectral analysis data of GO, MGO 0.250, and MGO 0.250 UV_x 

adsorbents. 

Adsorbent D – Band G – Band ID/IG 

GO 359 352 1.019 

MGO 0.250 370 360 1.021 

MGO 0.250 UV_2.5 390 370 1.054 

MGO 0.250 UV_5 310 290 1.068 

MGO 0.250 UV_10 375 350 1.071 

MGO 0.250 UV_15 400 395 1.012 
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3.2.1.5 Surface area and pore volume analysis 

 

Figure 3.4 (a) N2 adsorption-desorption isotherm and (b) pore size distribution curves of 

different adsorbents. 

 

BET analysis of N2 adsorption-desorption isotherm was performed at 77 Kelvin on an 

automated gas sorption analyzer (Autosorb-IQ, Quntachrome Instruments). For the 

adsorption measurements, each adsorbent was degassed at 273 Kelvin for six hours. The 

specific surface area (external and internal surface area) and porosity (%) were calculated by 

using nitrogen adsorption uptake and relative pressure (p/po). The BET surface area achieved 

from the N2 adsorption isotherms at 77 Kelvin; the N2 adsorption-desorption curve is shown 

in Figure 3.4(a). The type-Ⅳ isotherms agree with the existence of the mesoporous nature of 

the adsorbent, and the average pore diameter lies in the range of 5.0 nm to 20.0 nm. This 

observation analyzed the specific surface area (SSA) increases with UV treatment, as shown 

in Table 3.5. The calculated BET surface areas and total pore volumes of the as-prepared 

MGO 0.250_x were much more significant than those of MGOs. The MGO 0.250 UV_10 

exhibits the most significant BET surface area (577.3 m
2 

g
-1

) and total pore volume (1.59 cm
3
 

g
-1

), which most likely results from the development of more porosity, despite having 

particular surface areas of our created MGO 0.250 UV_x that are significantly less than the 

2630 m
2
 g

-1
 predicted surface area of a single graphene sheet [145]. However, they still match 
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or exceed those of graphene aerogel (512 m
2
 g

-1
) [146], graphene sponge (418 m

2
 g

-1
) [147], 

and graphene nanoplates (480 m
2
 g

-1
) [148]. The Barrett-Joyner-Halenda (BJH) method's 

pore size distributions (PSDs) showed that holes with a diameter of less than 20 nm provided 

the majority of the pore volume, as shown in Figure 3.4(b), with a more apparent PSD in the 

4 to 16 nm range, suggesting that all MGOs has small mesopores in the basal plane as shown 

in Table 3.5. The MGOs precursor volume was raised, and the SSA and total pore volume 

significantly increased, resulting in a more compacted structure for MGO 0.250 UV_10. 

However, the PSD shift maximum from 3.65 nm for MGO 0.250 UV_5 to 3.80 nm for MGO 

0.250 UV_10 shows increased oxygen functionality levels, producing MGOs with larger 

holes. This result is likewise compatible with alterations in the ID/IG ratio of the adsorbents, 

and the MGO 0.250 can conveniently be used to change the samples' concurrent porosity 

with UV treatment (2.5 h to 15 h). 

Table 3.5 BET data of MGOs and MGO 0.250 UV_x adsorbents. 

Adsorbent SSA (m
2 
g

-1
) Total pore volume 

(cm
3
 g

-1
) 

Pore 

volume 

(cm
3
 g

-1
) 

Average pore 

diameter (nm) 

Porosity (%) 

MGO 1.000 289.2 0.69 0.4 5 to 20 57.97 

MGO 0.500 297.7 0.75 0.46 5 to 20 61.33 

MGO 0.250 311.1 0.88 0.65 5 to 20 73.86 

MGO 0.250 UV_2.5 429.5 1.25 0.98 5 to 20 78.40 

MGO 0.250 UV_5.0 520.9 1.37 1.20 5 to 20 87.59 

MGO 0.250 UV_10 577.3 1.59 1.42 5 to 20 89.30 

MGO 0.250 UV_15 396.0 1.10 0.84 5 to 20 76.36 

 

3.2.1.6 SEM analysis 

After treatment with UV light, SEM image characterization was performed to obtain 

evidence about the monolith's structure, surface morphology, and porosity. The surface 

morphology of GO, MGO 0.250, and MGO 0.250 UV_x was observed by using the SEM 
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image, as shown in Figure 3.5. The porous morphology is subjected to studies by the low 

amount of OxA having larger pores. Significantly, the surface roughness of MGO 0.250 

seemed to improve with a UV-treatment time of 2.5 h to 15 h, and it is recognized to have 

morphological disorders such as the introduction of the ripple, wrinkles, thin sheets, and 

related structures in these monoliths as revealed in Figure 3.6. Indeed, these images 

emphasized SEM image observations that were associated with an increase in surface 

roughness after UV light treatment. 

 

Figure 3.5 SEM images of (a) GO, (b) MGO 0.250, (c) MGO 0.250 UV_5, (d) MGO 0.250 

UV_10, and (e) MGO 0.250 UV_15 adsorbents. 
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Figure 3.6 SEM images of (a) MGO 0.250, (b) MGO 0.250 UV_5, (c) MGO 0.250 UV_10, 

and (d) MGO 0.250 UV_15 adsorbents. 

3.2.2 The CO2 capture mechanism of monolithic materials 

The CO2 capture mechanism depends on the physiochemical properties of the adsorbent. The 

shape and size of the pores have been significant, and there should be enough pores for 

effective interactions during the CO2 capture process. Additionally, the adsorbent needs to 

have an abundance of pores with a large surface area to achieve excellent CO2 adsorption. 

The correlation between porosity and CO2 adsorption can be seen in the impact of porosity on 

CO2 adsorption performance. Figure 3.7(a) shows that the mesopores percentage increases 

with CO2 capture performance increases. The increase in CO2 capacity is mainly due to the 

rise in the mesopores percentage in the range of 57.97 to 76.36 %. To calculate the exact 

range of mesopores percentage for CO2 adsorption and the correlation between the CO2 

capacity on the MGOs and MGO 0.250 UV_x samples as displayed in Table 3.5 and Figure 
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3.7(b, c) and their cumulative pore volume in specific ranges (d < 1 nm and d > 1 nm). Figure 

3.7(b, c) revealed that the best linear relationship (R
2
 = 0.99) is observed in the range of d < 1 

nm, where the R
2
 value is higher than that of the d > 1 nm range. The MGO 0.250 UV_10 

adsorbent's CO2 adsorption capacity was enhanced by pores with a d < 1 nm range. 

 

Figure 3.7 (a) Relation between CO2 adsorption capacity with mesopore % of MGO 0.250 

and MGO 0.250 UV_x adsorbents, and linear relation between CO2 adsorption capacity with 

cumulative pore volume (b) d < 1 nm, (c) d >1 nm, (d) FT-IR spectra before CO2 adsorption 

for MGO 0.250 UV_10 adsorbent and (e) FT-IR spectra after CO2 adsorption for MGO 0.250 

UV_10 adsorbent. 

To gain insights into the adsorption mechanism, we conducted FT-IR spectroscopy 

analysis on MGO 0.250 UV_10 while adsorbing CO2 under conditions of 25 °C and 50% 

CO2 concentration flow. The FT-IR spectra, as depicted in Figure 3.7(e), allowed us to 

identify specific adsorption peaks. Notably, significant differences were observed between 

the two spectra (carbamate and bicarbonate) in the 1800-1050 cm
-1

 range and isolated the 

spectra by subtracting the spectrum of pure carbon before CO2 adsorption as presented in 

Figure 3.7(d, e). This analysis revealed that the peak corresponding to COOˉ indicated the 

development of carbamate, while the presence of HCO3ˉ suggested the formation of 
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bicarbonate. These findings support the understanding that 2D porous graphene can 

effectively self-assemble into a 3D hierarchical porous graphene structure [105,149,150]. 

3.3 CO2 adsorption performance 

3.3.1 CO2 adsorption performance of monolithic materials 

 

Figure 3.8 CO2 adsorption performance at 25 °C for (a) MGOs, (b) MGO 0.250 UV_x 

adsorbents, and (c) CO2 adsorption performance at 25 °C and 50 °C by a bar graph. 

The CO2 adsorption capacity of synthesized MGOs and MGO 0.250_x adsorbents 

was performed as shown in Figure 3.8(a, b) and graphically in Figure 3.8(c). The exact values 

are also enclosed in Table 3.6. The CO2 adsorption capacity surges to its highest for MGO 

0.250 UV_10 adsorbent. The former possessed narrow slit pores, resulting in an approximate 

CO2 adsorption capacity of ca. 1.65 mmol g
-1

, around two times more than the latter's ca. 0.81 

mmol g
-1

. As evidence, in the primary stage, the CO2 adsorption capacity decreases for one 

hour of UV treatment, CO2 adsorption capacity surges to its highest at ten hours of UV 
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treatment, and CO2 adsorption capacity decreases for extended UV treatment beyond ten 

hours duration. The above trend followed and agrees with specific surface area, pore volume, 

and porosity (%) as mentioned in Table 3.5; FTIR spectral data also showed that oxygen 

functional groups improved after 10 hours of UV treatment before being suppressed, EDS 

shows the least of carbon and oxygen ratio for ten hours UV treatment increased. As the UV 

treatment progressed, FTIR measurements at 1250 cm
-1

 showed a decrease in the peak 

intensity of the epoxide C–O group. As a result of this comment, we have observed a fall in 

CO2 adsorption capacity for one hour of UV treatment. The adsorption capacity of MGO 

0.250 was decreased beyond ten hours of UV treatment durations, perhaps the effect of 

suppression and de-oxygenation of the functional groups. Subsequently, the best UV 

treatment period was found, which increased MGO 0.250 adsorption capacity up to 90 % by 

UV treatment for ten hours. The CO2 adsorption at equilibrium time implies the adsorption 

capacity, which can be calculated by employing Equation 2.1. Consistent with pressure up to 

1 bar and low adsorption temperature (25 °C), the adsorption capabilities increase. The 

equilibrium CO2 absorption increased in the following order: MGO 1.000 (0.81 mmol g
−1

) < 

MGO 0.500 (0.86 mmol g
−1

) < MGO 0.250 (0.95 mmol g
−1

) < MGO 0.250 UV_15 (1.20 

mmol g
−1

) < MGO 0.250 UV_2.5 (1.31 mmol g
−1

) < MGO 0.250 UV_5 (1.54 mmol g
−1

) < 

MGO 0.250 UV_10 (1.65 mmol g
−1

). The reason is that MGO 0.250 UV_10 had the smallest 

mesopore size of any of the samples, the highest SSA, and the best CO2 capture performance. 

The literature also explains how smaller pores contribute to low-pressure CO2 adsorption 

[151]. 
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Table 3.6 CO2 adsorption capacity of MGO and MGO 0.250 UV_x adsorbents at 25 °C and 

50 
°
C. 

Adsorbents Ads. Time (min) Adsorption 

Temperature (
o
C) 

CO2 conc. (%) Adsorption 

capacity (mmol g
-1

) 

MGO 1.000 100 25 50 0.81 

MGO 0.500 100 25 50 0.86 

MGO 0.250 100 25 50 0.95 

MGO 0.250 UV_1 

MGO 0.250 UV_2 

MGO 0.250 UV_2.5 

MGO 0.250 UV_5 

MGO 0.250 UV_10 

MGO 0.250 UV_15 

MGO 0.250 

MGO 0.250 UV_5 

MGO 0.250 UV_10 

MGO 0.250 UV_10 

MGO 0.250 UV_10 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

25 

25 

25 

25 

25 

25 

50 

50 

50 

25 

25 

50 

50 

50 

50 

50 

50 

50 

50 

50 

40 

20 

0.78 

1.19 

1.31 

1.54 

1.65 

1.20 

0.79 

1.36 

1.45 

1.46 

1.20 

 

Furthermore, as shown in Table 3.7, the CO2 adsorption in MGO 0.250 UV_10 is 

superior to or equivalent to that in other graphene-based materials under the condition of CO2 

concentration flows at 50 % and temperature at 25 °C. The amounts of CO2 adsorbed on 

MGO 0.250 UV_10 dropped from ca.1.65 mmol g
-1

 to ca.1.45 mmol g
-1

 at the pressure of 1 

bar when the adsorption temperature was raised from 25 °C to 50 °C. However, this capacity 

for CO2 adsorption is greater than the ca. 1.71 mmol g
-1

 at 30 °C obtained for 3D graphene 

[152], 1.51 mmol g
-1

 at 27 °C obtained for carbon nanotubes (CNTs) [153], 1.40 mmol g
-1

 at 

25 °C measured for HGF-Ⅱ [59], 0.55 mmol g
-1

 at 25 °C measured for activated carbons 

[154]. A further decrease in CO2 uptake at 50 °C is anticipated to result from endothermic 
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adsorption. However, the adsorbed levels of CO2 are still ca.1.45 mmol g
-1

 at 1 bar, as shown 

in Table 3.6. 

Table 3.7 Comparison table of CO2 adsorption performance of MGO 0.250 UV_10 with 

other reported adsorbents. 

Adsorbent Activation method Experimental 

conditions 

CO2 

Adsorbed 

 (mmol g-1) 

Ref. 

  CO2 conc. 

(%) 

Temp. 

(°C) 

  

MGO 0.250 UV_10* UV treatment for 10 h 50 25 1.65 Present study 

MGO 0.250 UV_10* UV treatment for 10 h 50 50 1.45 Present study 

Potassium based AC Chemical/K2CO3 (25 °C) 0.5 20 0.87 [155] 

Carbon monolith Chemical/KOH (25 °C) 15 30 0.66 [156] 

HGF-Ⅱ Chemical/HNO3 (500 °C) 100 25 1.40 [59] 

 CNTs Chemical/SOCl2/NH4OH (350 °C) 60 27 1.58 [153] 

EDA Chemical/COOH (85 °C) 100 25 2.00 [157] 

M90_0.5 Chemical/C6H8O6 (90°C) 100 25 2.10 [13] 

10UV-GOF UV treatment for 10 h 100 25 1.85 [24] 

 

Additionally, it has been observed that different researchers are using various 

activation techniques to modify the adsorbents for the purpose of CO2 adsorption. UV 

treatment is one of the most excellent activation methods for improving the porosity 

characteristics and adsorption capacity of the adsorbents. When the results are compared to 

those of other studies, it is observed that the activated adsorbents developed in the current 

study exhibit greater adsorption capabilities. This result supports the idea that MGO 0.250 

UV_10 would be useful for CO2 capture. The technology facilitated the comprehensive 

regeneration of a substantial amount of adsorbed CO2 from emissions of coal-fired power 

plants, making it available for future utilization or sequestration. 
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3.3.2 Regeneration study 

A regeneration study of the activated adsorbents was done at various temperatures (50 

°C, 75 °C, and 100 °C), as shown in Figure 3.9. UV treatment enhanced CO2 recovery (%) of 

the activated adsorbents, and it was verified at different temperatures, as shown in Table 3.8. 

The recovery rates of 88.40 % and 98.80 % were observed for MGO 0.250 and MGO 0.250 

UV_10, respectively, at 100 °C. The proportion of CO2 recovery % was instantly enhanced 

by raising the regeneration temperature. As a result, the MGO 0.250 UV_10 adsorbents were 

almost entirely reversible at 100 °C, with 98.80 % recoveries occurring, as illustrated in 

Table 3.8. The regeneration study of MGO 0.250 and MGO 0.250 UV_10 adsorbents are 

assigned to the modification of reaction potential vary with CO2 graphitic surface [19]. As 

shown by the XRD data discussed above, an increase in the interlayer dissociation upon 

MGO 0.250 UV_10 adsorbent is expected to enhance desorption by stopping CO2 captured 

within MGO interlayer galleries upon the report from active sites. 

 

Figure 3.9 Regeneration study of MGO 0.250 and MGO 0.250 UV_10 adsorbents. 
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Table 3.8 Adsorption-desorption cycle of MGO 0.250 and MGO 0.250 UV_10 adsorbents. 

Adsorbent CO2 Adsorbed (mmol 

g
-1

) at 25 °C 

CO2 Desorbed 

(mmol g
-1

) 

Recovery % of 

Adsorbed CO2 

  25 

°C 

50 

°C 

75 °C 100 

°C 

25 

°C 

50 

°C 

75 

°C 

100 

°C 

MGO 0.250 0.95 0.60 0.79 0.83 0.84 63.1 83.1 87.3 88.4 

MGO 0.250 UV_10 1.65 1.48 1.56 1.60 1.63 89.7 94.5 96.9 98.8 

 

3.3.3 Selectivity 

The selectivity experiments for CO2/N2 were conducted at 25°C using the prepared 

adsorbents, and the influence of UV activation on the adsorbent was investigated. Figure 3.10 

presents the results obtained for the UV-activated adsorbents (MGO 0.250 UV_10), 

indicating a significant decrease in N2 adsorption capacity after UV activation. However, 

there was an increase in CO2 uptake, resulting in an enhanced CO2/N2 selectivity of the UV-

activated samples (MGO 0.250 UV_10) by approximately three times compared to the MGO 

0.250 adsorbent at 1 bar. These results are linked to Table 3.9, where selectivity values of 

22.00, 23.57, and 20.00 were achieved at 1 bar for MGO 0.250 UV_5, MGO 0.250 UV_10, 

and MGO 0.250 UV_15, respectively, showing significant improvement compared to the 

MGO 0.250 with a selectivity value of 9.50. Considering the presence of various industrial 

emission sources, the use of these adsorbents for CO2 capture at 1 bar pressure conditions 

holds significant technological importance. The studies concluded that the MGO 0.250 

UV_10 adsorbent proved to be an excellent alternative for efficient CO2 recovery from flue 

gases [24,51,59,114]. 
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Figure 3.10 CO2/N2 selectivity curve. 

Table 3.9 CO2/N2 adsorption selectivity on MGO 0.250, MGO 0.250 UV_5, MGO 0.250 

UV_10, and MGO 0.250 UV_15 adsorbents at 25 °C. 

 
Adsorbent CO2 Adsorbed (mmol g

-1
) N2 Adsorbed (mmol g

-1
) CO2/N2 Selectivity 

 1 bar 1 bar 1 bar 

MGO 0.250 0.95 0.10 9.50 

MGO 0.250 UV_5 1.54 0.07 22.00 

MGO 0.250_2 UV_10 1.65 0.07 23.57 

MGO 0.250 UV_15 1.20 0.06 20.00 

 

3.3.4 Breakthrough curves 

The breakthrough curves for the MGO 0.250, MGO 0.250 UV_5, MGO 0.250 

UV_10, and MGO 0.250 UV_15 samples are revealed in Figure 3.11, which assess the 

dynamic CO2 adsorption capacity of ca. 1.0 mmol g
-1

 at 25 °C, 1 bar pressure and CO2/N2 

binary gas mixture with 50% CO2 concentration flows. It was noted that N2 was instantly 

identified, whereas CO2 began to emerge in the effluent after some time. This shows that N2 

has a lower adsorption capability than CO2. Initial values of C/Co for N2 > 1 indicate that N2 
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initially occupies the adsorbent's active sites, but with time, N2 is gradually replaced by CO2 

[51,114]. 

 

Figure 3.11 Breakthrough curves for CO2 adsorption of MGO 0.250 and MGO 0.250 UV_x 

adsorbents. 

 

3.3.5 Adsorption-desorption isotherms 

 

Figure 3.12 Adsorption-desorption curve of (a) pure CO2 and (b) pure N2 by MGO 0.250 

UV_10 adsorbent. 
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Adsorption-desorption isotherms show pure component of MGO 0.250 UV_10 at 25 

°C, the concentration of pure CO2 flow (50 %), and at 1 bar pressure (Po= PCO2+PN2=1bar). 

The volumetric adsorption capacity of CO2 on MGO 0.250 UV_10 is shown in Figure 

3.12(a). The adsorption capacity was observed to rise as the pressure increased, and the 

adsorption capacity went on to 1.65 mmol g
-1

 at 1 bar. According to Figure 3.12(b), MGO 

0.250 UV_10 has an extremely low N2 adsorption capability of 0.07 mmol g
-1

 at 25 °C. The 

MGO 0.250 UV_10 adsorbent, in addition, offers a better selectivity for CO2. Additionally, 

the adsorption-desorption isotherms for CO2 and N2 exhibit hysteresis adsorption, which 

implies that just a small amount of energy is required to reuse the adsorbent. From this 

comprehensive finding, we have compared various published research articles that exhibited 

CO2 uptake [24,59,153,158]. 

 

Figure 3.13 Axial pressure profile of MGO 0.250 UV_10 adsorbent for various feed 

combinations during adsorption at 25 °C and constant volume flow rate. 

It is noteworthy that, as shown in Figure 3.13, feed combination significantly impacts 

the final axial pressure profile. The pressure drops are inversely proportional to the feed's 

mole fraction of the absorbed gas (CO2). When using a pure N2 and CO2 feed, the pressure 

drops ca. 50 % and ca. 49.9 % of the original pressure, respectively. This evolution tendency, 
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though, might be going the other way. This depends on the physical characteristics of the gas 

mixture's ingredients. If these characteristics are held constant throughout the whole process, 

this could cause simulation results to be inaccurate, especially for steps that are followed by 

noticeable shifts in gas setup, temperature, and pressure. It should be noted that Ergun's law, 

which only considers viscosity and ignores density, was employed to calculate momentum 

for feeds of pure N2, pressure drop is ca. 50 % of the starting pressure (µ = 1.00 × 10
-3

 kg 

mol
-1

 at 25 °C and 1 bar) and feeds of pure CO2, pressure drop is ca. 49.9 % of the starting 

pressure (µ = 0.99 × 10
-3

 kg mol
-1

 at 25 °C and 1 bar), respectively. For a pure CO2 flow, 

pressure drop values were calculated using the Ergun momentum equations. Consider the 

situation where the molar flow rate remains constant. When pressure drop is ignored, this 

flow rate's value equals that of the resulting value (In this instance, both velocity and pressure 

are consistent throughout the entire process). In the absence of a pressure drop, applying 

either a volume flow rate or a molar flow rate produces the same simulation outcomes. 

Because of this, one can use any boundary conditions to perform an adsorption step without a 

pressure drop. From this comprehensive finding, we have compared published research 

articles that exhibited pressure drops of various feed compositions of CO2 uptake at 25 °C 

[159–162]; the pressure drop was almost similar in this reported literature. Although the 

dynamic capacity is more critical for CO2 capture from specific applications in flue gas, 

3.3.6 Multiple adsorption-desorption cycles 

The multiple adsorption-desorption cycles of the MGO 0.250 UV_10 adsorbent were 

performed, as shown in Figure 3.14. In the adsorption-desorption cycles, the sample MGO 

0.250 UV_10 displays a stable adsorption performance of ca. 1.65 mmol g
-1

 with no loss in 

efficiency. After adsorption, ca. 1.348 MJ of heat energy per kg of CO2 is needed for CO2 to 

be desorbed. The sample's CO2 uptake remained steady after several cycles (MGO 0.250 

UV_10), indicating its excellent cyclic stability and regenerability. These findings emphasize 
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the advantage of the UV treatment of MGOs for shifting adsorbed CO2, as shown in Table 

3.8. 

 

Figure 3.14 Multiple CO2 uptake cycles of MGO 0.250 UV_10 adsorbent at 25 °C, 50 °C, 

and 100 °C. 

3.4 Adsorption kinetic study 

 

Figure 3.15 Kinetic models fit: (a) at 25 
°
C and (b) at 50 

°
C by CO2 adsorption data of MGO 

0.250 UV_10 adsorbent. 
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The MGO 0.250 UV_10 exhibits faster adsorption kinetics for CO2 adsorption under 

the experimental conditions at 1 bar, temperatures (25 
°
C and 50 

°
C), and the concentrations 

of CO2 flow 50 %. We have investigated the effect of temperature at 25 °C and 50 °C in both 

cases, showing faster kinetics. Notably, at 25 °C, adsorbents exhibit slightly slower kinetics 

than at 50 °C. At 25 °C, surface coverage increases compared to at 50 °C. At 50 °C, the 

adsorbent exhibits faster kinetics, emphasizing the chemisorption's enhanced effect. As can 

be seen in Figure 3.15(a, b), high adsorption rates were used for CO2 uptake, reaching the 

highest possible rate of CO2 absorption, which result is more compatible compared to many 

earlier experiments [59,114,163–165]. Owing to the sample's increased oxygen functional 

group reactivity, the potential for rapid adsorption was attributed to diffusional restrictions 

[166]. As a result, physisorption type of fitting, e.g., by van der Waals interaction [167]. 

These findings unequivocally show that MGO 0.250 UV_10 can disperse CO2 from flue 

gases while functioning with incredibly fast adsorption/desorption cycle durations, which 

would be advantageous economically for commercial deployment. Therefore, the adsorption 

kinetic studies for the adsorption process provide the ability of the efficiency of the adsorbent 

to the higher adsorbate and give the data for calculating the adsorption rate [118], the 

equation as explained in Equation 2.5, 2.7, and 2.8. In this experimental study, we have 

examined the MGO 0.250 UV_10 adsorbents using different kinetic models, as illustrated in 

Figure 3.15(a, b), and the kinetic fitting of experimental CO2 adsorption data by different 

kinetic models. The kinetic studies for the CO2 adsorption process followed the pseudo-

second-order kinetic model, with higher R
2
 values and low error percentages (%). Similarly, 

it illustrates the kinetic fitting models based on CO2 adsorption experiment data using MGO 

0.250 UV_10 adsorbent. The calculated values that match to the CO2 capture experimental 

data regarding time were found using the pseudo-first-order, pseudo-second-order, and 

Elovich kinetic models. From this observation, we have observed that the pseudo-second-
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order kinetic model best fitted the range of CO2 adsorption with a higher R
2
 value and lower 

error percentage (%), as illustrated in Table 3.10. 

Table 3.10 Kinetic models and parameters of MGO 0.250 UV_10 adsorbent. 

Kinetic models Parameters Sample (MGO 0.250 UV_10)  

  25 
o
C 50 

o
C 

Pseudo-first-order qe 1.6312 1.4426 

 k1 0.0351 0.0347 

 R
2
 0.9858 0.9882 

 Error (%) 3.5922 2.9586 

Pseudo-second-order qe 1.6952 1.4835 

 k2 0.0184 0.0143 

 R
2
 0.9912 0.9932 

 Error (%) 2.7418 2.3103 

Elovich β (qe) 1.5820 1.3728 

 α (kn) 0.0908 0.0860 

 R
2
 0.9827 0.9816 

 Error (%) 4.1188 4.3241 

 

3.5 Adsorption isotherm study 

An adsorption isotherm study was carried out to calculate the adsorption mechanism 

and play the role of adsorbent and adsorbate in the CO2 adsorption process. In this study, we 

have considered the effect of temperature at 25 °C and 50 °C, as shown in Figure 3.16(a, b). 

The three standard isotherm models from experimental CO2 adsorption data fitted to models 

like Langmuir, Freundlich, and Temkin, the equation as explained in Equations 2.10, 2.11, 

and 2.12. At 25 °C, the KF values, i.e., n ˂ 1, recommend the most favorable adsorption of 

CO2 at low temperatures than at 50 °C [168]. The experimental and calculated values of R
2
 

are summarized as shown in Table 3.11 in different isotherm models, with higher R
2
 values 

verifying the best-fitted experimental data. Adsorption strength is measured by the isosteric 
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differential heat of adsorption (Qst), which depends on the heterogeneity of the adsorption 

site, interactions between gas and solids at the surface, their nature, as well as the dynamics 

change with surface coverage [169]. The Clausius-Clapeyron equation was applied to the 

CO2 isotherms as depicted in Figure 3.16(a, b) to determine the Qst. We observed that the 

Freundlich isotherm model shows a heterogeneous substance on the adsorbent surface. The 

KF values, i.e., n ˂ 1, recommend the most favorable adsorption of CO2 at low temperatures 

[168]. 

 

Figure 3.16 Isotherm models fit: (a) at 25 
°
C and (b) at 50 

°
C by adsorption data of MGO 

0.250 UV_10 adsorbent. 

Table 3.11 Isotherm model and its parameters for CO2 adsorption by MGO 0.250 UV_10 

adsorbent. 

Isotherm model Parameters Temperature  

  25 
o
C 50 

o
C 

Langmuir qm (mmol g
-1

) 1.7586 1.5178 

 KL (atm
-1

) 0.4464 0.4445 

 R
2
 0.9720 0.9735 

Freundlich KF (atm
-1

) 0.3824 0.3754 

 N 0.4516 0.4453 

 R
2
 0.9996 0.9998 

Temkin KT (atm
-1

) 0.4121 0.4110 

 B (KJ mol
-1

) 21.6538 21.6425 

 R
2
 0.9518 0.9521 
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3.6 Thermodynamic study 

 

Figure 3.17 Plot of Qst against surface loading (qe) for CO2 adsorption on MGO 0.250 

UV_10 adsorbent. 

The CO2 adsorption for thermodynamic parameters plays a vital role informed by the 

CO2 interaction of adsorption sites with the adsorbent surface. The Gibbs free energy (ΔG°) 

adsorbed CO2 in KJ mol
-1

 was estimated using Equation 3.1. The Van't Hoff plot [170] can 

be used to calculate the standard entropy change (ΔS°) in JK
-1

 mol
-1

  and the standard 

enthalpy change (ΔH°) in kJ mol
-1

 by Equation 2.14. The Qs in kJ mol
-1

 represented in 

Equation 2.15 were calculated by Clausius-Clapeyron equation [171]. Calculated values of 

thermodynamic factors are shown in Table 3.13. The MGO 0.250 UV_10 adsorbent exhibits 

a higher heat of adsorption, which implies an enhanced interaction of CO2 on the surface of 

MGO 0.250 UV_10 adsorbent, validating the idea that the impact of chemisorption is 

increased after UV treatment. Instead, the heat of adsorption appears to decrease as surface 

coverage improves in the UV-treated adsorbents, as shown in Figure 3.17. This behavior is 

evidence of the highly heterogeneous surface adsorption sites that are accessible [172]. 
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The value of ΔH° was positive (+13.1154139 kJ mol
-1

), showing the adsorption 

process is endothermic. Furthermore, the negative values of ΔG° signify that the adsorption 

process is spontaneous and feasible [168]. The value of ΔS° was positive (+3.63705207 kJ 

mol
-1

), which shows the greater affinity of adsorbents and proposes the surge in the 

randomness/disorder at the surface of solid/gas applying the Clausius-Clayperon equation as 

expressed in Equation 3.2. The calculating isosteric heat (Qst) values for MGO 0.250 UV_10 

at various qe starting from 31.50 kJ mol
-1

 to 39.70 kJ mol
-1

 as shown in Table 3.12, and 

exhibited a significant Qst. In contrast, the activated adsorbent exhibited a significant increase 

in the isosteric heat, particularly with increasing CO2 loadings, extending an extreme of 

approximately 36.59 KJ mol
-1

, which indicates the proximity to saturation. The Fowler-

Guggenheim model's explanation for the interaction energy between adsorbed CO2 molecules 

[173] attributes this behavior to strong lateral contacts among the CO2 molecules. The 

presence of intermolecular forces resulting from quadrupole-to-quadrupole interactions 

between the adsorbed CO2 quadrupoles on the faulty graphene surface [174] further supports 

this phenomenon. Consequently, the Qst values displayed a more pronounced trend at higher 

surface loadings than lower surface loadings, owing to the greater abundance of CO2 

molecules. The randomness/disorders varied; the Qst values were recorded at different 

temperatures. Surface coverage increased, satisfying the heterogeneous behavior of MGO 

0.250 UV_10 surface adsorption sites. In addition, the heat of desorption (Qst) values are 

more significant than recorded values of 28.40 to 10.50 kJ mol
-1

 for various adsorbents [175].  

     𝑅𝑇                                                                                                                      (3.1) 

The variables, in this case, are the ∆G
o
, R, T, and the adsorption equilibrium constant (lnKd).  

        
  

  
 𝐶                                                                                                                 (3.2) 

The following variables are present: P, R, T, C (constant), and ∆H.  
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Table 3.12 Thermodynamic parameters (∆G
o
, ∆H

o
, ∆S

o
) and Qst of MGO 0.250 UV_10 

adsorbent. 

Adsorbent Temp. 

(K) 

lnKd Ce qe ∆G°
        

(KJ mol
-1

) 

∆H°
           

(KJ mol
-1

) 

∆S°
               

(JK
-1

 mol
-1

)
 

Qst 

MGO 0.250 UV_10 298 0.045 1.0 0.1 -1.18923456 13.1154139 3.63705207 39.7 

 303 0.172 1.0 0.2 -3.58483844   40 

 313 0.316 1.0 0.3 -6.74366752   39.4 

 323 0.431 1.0 0.4 -11.6214834   39.9 

    0.5    39.1 

    0.6    38.5 

    0.7    37.8 

    0.8    37.1 

    0.9    36.5 

    1    35.9 

    1.1    35.4 

    1.2    34.8 

    1.3    34.2 

    1.4    33.3 

    1.5    32.4 

    1.6    31.5 

 

Table 3.13 Thermodynamic parameters (∆G°, ∆H°, ∆S°) of MGO 0.250 UV_10 adsorbent. 

Adsorbent Temp (K) Kd ∆G° ∆H° ∆S°
 

   (KJ mol
-1

) (KJ mol
-1

) (JK
-1

 mol
-1

) 

MGO 0.250 UV_10 298 0.045 -1.18923456 13.1154139 3.63705207 

 303 0.172 -3.58483844   

 313 0.316 -6.74366752   

 323 0.431 -11.6214834   

 

3.7 Adsorption-desorption mechanism 

Understanding the CO2 adsorption-desorption mechanism is linked to the kinetic 

thermodynamic parameters of the interaction between CO2 and the adsorbent surface. In our 

study, we observed that for the adsorption study, CO2 capture performance increased as the 

adsorption temperature decreased and for the desorption study temperature increased, CO2 

capture performance decreased, as seen in Table 3.8. The value of ΔH° was positive 

(+13.1154139 kJ mol
-1

), showing the adsorption process is endothermic. Furthermore, the 

negative values of ΔG° signify that the adsorption process is spontaneous and feasible [168]. 
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Furthermore, the Gibbs free energy (ΔG°) of the adsorbed CO2, calculated in kJ mol
−1

, was 

found to be relatively larger, indicating a faster rate of reaction, as depicted in Figure 3.15. 

This observation can be attributed to the presence of intermolecular forces, specifically 

quadrupole-to-quadrupole interactions between the adsorbed CO2 quadrupoles and the 

defective graphene surface [174]. The CO2 uptake exhibited high adsorption rates and 

reached maximum CO2 adsorption. This result suggests that the sample’s increased reactivity 

of oxygen functional groups, as shown in Figure 3.1 and Figure 3.7(d, e) contributed to a 

faster reaction rate, ultimately benefiting the potential for rapid adsorption. It is worth noting 

that the diffusion restrictions imposed by the system might have played a role in achieving 

this rapid adsorption as well as excellent desorption. Consequently, MGO 0.250 UV_10 

demonstrates a chemisorption-based mechanism, primarily driven by van der Waals 

interactions [167]; this finding is satisfied by kinetic and thermodynamic data as discussed in 

the kinetic and thermodynamic study section. 

3.8 Conclusions 

In this study, we have synthesized monolithic graphene oxide-based adsorbents 

through the self-assembly process of graphene oxide and observed that MGO 0.250 

(GO/OxA: 1:0.250) showed a CO2 adsorption performance of 0.95 mmol g
-1

. To further 

improve the CO2 capture performance, we subjected MGO 0.250 to UV activation for 

different durations. The CO2 capture performance depends upon various factors, i.e., 

morphology, surface area, and crystal structure, that were examined by different 

characterization techniques, such as SEM, BET, XRD, Raman, and FTIR analysis confirmed 

that the best optimum adsorbents of MGO 0.250 UV_10 show an increase in maximum CO2 

capture in comparison to all the synthesized adsorbents due to its highest porosity, basicity, 

and crystal/structural defects. MGO interlayer distance and D-band in Raman spectra show 

structural defects. The optimized adsorbent, MGO 0.250 UV_10, demonstrated the highest 
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CO2 capture performance of approximately 1.65 mmol g
-1

, owing to its elevated BET surface 

area of 577.3 m
2 

g
-1

. Additionally, in the regeneration study at 100 °C, the recovery % of the 

adsorbed CO2 improved from 88.40 % for MGO 0.250 to 98.8 % for MGO 0.250 UV_10. It 

showed that it desorbed fast after adsorption and established a stable capacity after the 

adsorption-desorption cycles. The kinetic studies verified that the pseudo-second-order model 

is the best-fitted model due to higher R
2
 values and a low error percentage (%). In contrast, 

the isotherm studies showed that the Freundlich model is the best fit due to the higher R
2
 

value. The thermodynamic studies show that the adsorption process is endothermic with the 

ΔH° value of +13.1154139 KJ mol
-1,

 and the chemisorption is a characteristic property. The 

isosteric heat of adsorption (Qst) depends on the heterogeneity of the adsorption site.  

Significantly, the monolithic graphene oxide-based adsorbents, specifically MGO 0.250 

UV_10, displayed excellent dynamic CO2 capture capacity (> 1 mmol g
-1

) when subjected to 

simple UV activation. The adsorbents possess remarkable CO2 capture capacities, selectivity, 

and regenerability, making them highly advantageous as a cost-effective pretreatment method 

for the CO2 capture capacity of graphene-based adsorbents was increased using a most 

straightforward UV treatment, which has the potential to be simple to apply in the industrial 

sector at low CO2 partial pressure. 
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Chapter 4 – Chemically Activated Carbon-Enriched 

Monolithic Graphene Oxide-Based Adsorbents for CO2 

Capture 

4.1 Synthesis of monolithic reduced graphene oxide-based adsorbents 

4.1.1 Synthesis of monolithic reduced graphene oxide 

Graphene oxide was synthesized using the modified Hummer's method [129]. The 

self-assembly process of graphene oxide was frequently employed in this synthesis [13]. GO 

aqueous dispersion with a specified concentration (5 mg/ml) was generated through one hour 

of ultrasonication. After undergoing a three-hour stirring process at 90 °C, the system is 

cooled at 25 °C; the GO/OxA combination was prepared in various mass ratios (by weight) 

through the addition of oxalic acid. Specifically, the mixture was formulated at ratios of 1:1, 

1:0.500, and 1:0.250. Subsequently, to achieve cohesive monolithic hydrogel, the 

homogeneous mixture underwent a two-hour hearing process at 90 °C. Following the 

preparation, the wet monolith underwent centrifugation to remove residual oxalic acid. To 

remove adsorbed water, the wet monolith underwent a final step of freeze-drying for 24 hours 

at -55 °C and a pressure of 0.6 mbar, utilizing the HyperCOOL Cooling Trap HC3055 from 

Korea. Scheme 4 illustrates the synthesis process of the monoliths. Distinct names were 

assigned to each synthesized MGOs as outlined in Table 4.1. 

Table 4.1 Preparation process for MGO from GO:OxA (at ratios ranging from 1:0.250 to 

1:1.000). 

 

Samples name GO: OxA Temperature °C Density (g
-1

 cm
3
) 

MGO 0.250 1: 0.250 90 0.030 

MGO 0.500 1: 0.500 90 0.036 

MGO 1.000 1: 1.000 90 0.040 
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Scheme 4 Fabrication of monolithic adsorbents utilizing  GO/rGO. 

4.1.2 Synthesis of chemically activated adsorbent 

The synthesis of chemically activated adsorbent was carbonized in successive 

processes [59,163,164,176]. The selected sample of MGO 0.250 was subjected to 

optimization at various temperatures, as documented in Table 4.2. The first process was to 

manually infuse MGO 0.250 with NaOH at varying weight ratios (MGO 0.250:NaOH=1-3), 

then the mixture was dried for 12 hours at 90 °C. The resultant prepared mixture was loaded 

on a clay boat and then located in the middle of the horizontally tubular furnace; after that, it 

ejected with N2 (50 mL min
−1

) for 10 minutes to blush out the air in the tubular furnace. 

Then, the samples were annealed at 600 °C with a ramping rate of 10 °C min
−1

 in the N2 

environment for 1 hour. The prepared chemically activated samples were left to cool 

naturally at 25 °C; then, the samples were rinsed with a 5% HCl solution, DI-water and dried 
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in an oven for 12 hours at 60 °C to get MGO 0.250 nanocomposites. By employing this 

method, chemically activated adsorbents were produced, and distinct names were assigned to 

each synthesized MGO 0.250_x, as detailed in Table 4.3. The resulting samples were 

identified as MGO 0.250_x, with x representing the activation ratio of NaOH. Production 

yield was determined using the FPY method. The resulting MGO 0.250_2 adsorbent 

exhibited a production yield of 80.31%, as indicated in Table 4.4. 

Table 4.2 Optimization of MGO 0.250 at 500, 600, and 700 °C. 

Adsorbent Activation temperature ( °C) CO2 Adsorption capacity (mmol g
-1

) 

MGO 0.250 500 1.05 

MGO 0.250 600 1.23 

MGO 0.250 700 1.15 

 

Table 4.3 Chemical activation of MGO 0.250_x using different mass ratios of MGO 0.250 to 

NaOH 

Samples Name Activation Time Activation 

Temperature 

MGO 0.250 : NaOH 

(weight in mg) 

MGO 0.250 - - - 

MGO 0.250_1 1 h 600 °C 1:1 

MGO 0.250_2 1 h 600 °C 1:2 

MGO 0.250_3 1 h 600 °C 1:3 

 

Table 4.4 Production yield of NaOH-activated adsorbent (MGO 0.250_2). 

S.N. Process @ 1 (MGO 0.250) 

GO + OxA → MGO 0.250 + H2O 

(1000 mg)+(250 mg) → (1050 mg) 

Process @ 2 (MGO 0.250_2) 

MGO 0.250 + NaOH → MGO 0.250_2 

+ H2O 

(1050 mg) + (2100 mg) → (3150 mg) 

RTY 

Yield 

 Production 

Quantity 

Obtained 

Quantity 

Rejection 

Quantity 

FPY Yield Production 

Quantity 

Obtained 

Quantity 

Rejection 

Quantity 

FPY Yield  

1 1250 mg 1050 mg 250 mg 84.00 % 3150 mg 2530 mg 620 mg 80.31 % 68.44 % 
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4.2 Characterization of adsorbents  

4.2.1 Characterization of monolithic materials 

The reduction of graphene oxide through a self-assembly process with oxalic acid at 

90 °C resulted in the formation of monoliths, with the structural foundation primarily 

composed of GO. The control over the rGO and its structural characteristics is contingent 

upon the reduction temperature, a parameter that concurrently dictates the dynamics of the 

graphene oxide (GO) reduction process. Graphene oxide (GO) platelets are extensively 

acknowledged for containing epoxy, hydroxyl (-OH), and carboxyl (-COOH) groups, which 

are subsequently eliminated during the reduction process [130]. This process develops a 

porous hierarchical morphology in monolithic structures in the above-illustrated process. As 

revealed in Table 4.1, these monolithic adsorbents show ultra-low density. The ultra-low 

density range of prepared monolithic adsorbents was 0.03 to 0.04 g
-1

 cm
3
. The mass-to-

volume ratio, employing a range of 15 to 20 mg for mass and 0.5 cm³ for volume, was 

employed in the calculation of density. After treatment with OxA, the density of monoliths 

increases with the increase in OxA, indicating that these monoliths are more compact due to 

the quicker process. 

4.2.1.1 XRD analysis 

Figure 4.1 illustrates XRD patterns of GO, MGOs, and MGO 0.250_x samples. The 

(0 0 1), (0 0 2), and (1 0 0) crystal planes are denoted by distinctive diffraction peaks at 

10.70°, 26.90°, and 42.75°, respectively of GO, MGOs, and MGO 0.250_x [14,136,177]. The 

peak intensity slightly changes after carbonization at 600 °C for different mass ratios of MGO 

0.250:NaOH; the peak intensity for MGO 0.250_1 (1:1) and MGO 0.250_3 (1:3) slightly 

decreases, whereas for MGO 0.250_2 (1:2) peak slightly increases. The discernment of this 

effect originates from the fluctuations in oxygen functionalities, marking the evident rise and 

subsequent decline in their presence, which was also confirmed from XPS survey scan 



63 
 

analysis as revealed in Figure 4.7. The distinctive crystal diffraction peaks presented at 26.10, 

25.20, 25.50, and 25.83° for MGO 0.250, MGO 0.250_1, MGO 0.250_2, and MGO 0.250_3, 

respectively. 

 

Figure 4.1 Wide-angle XRD patterns of GO, MGOs, and MGO 0.250_x adsorbents. 

4.2.1.2 Raman spectral analysis 

Raman spectral analysis of GO, MGOs, and MGO 0.250_x samples are revealed in 

Figure 4.2. The occurrence of the adsorbent peaks at 1300 cm⁻¹ and 1500 cm⁻¹ can be 

attributed to the D and G bands [14,131,140,141,177]. The D and G bands virtually equalize 

in intensity for MGO 0.250, indicating a modest amount of crystal lattice defects produced by 

a strong oxidation process and helpful for creating MGOs [10]. The ID/IG ratio slightly 

increases after activation with the values of 1.02, 1.06, 1.07, 1.09, 1.24, 1.38, and 1.31 for 

GO, MGO 1.000, MGO 0.500, MGO 0.250, MGO 0.250_1, MGO 0.250_2, and MGO 

0.250_3 respectively. The rising ID/IG ratio serves as an indicative measure of the degree of 

disorder, with the presence of edges, ripples, and faults emerging as substantial contributing 
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factors [144]. This may be due to the attack of NaOH on the oxygenic defect regions, which 

decreases the O/C atomic ratios of the adsorbents. 

 

Figure 4.2 Raman spectra of GO, MGOs, and MGO 0.250_x adsorbents. 

 

4.2.1.3 TGA analysis 

Figure 4.3 shows the Thermogravimetric Analysis (TGA) curves for both MGO 0.250 

and NaOH-activated MGO 0.250. The MGO 0.250 experiences loss of weight at 120 °C, 

ascribed to the presence of residual oxygen functional groups on its surface. After that, 

activated MGO 0.250 exhibits weight loss occurring between 400 °C and 600 °C, most likely 

due to the oxygen in the samples being oxidized and decomposed. The weight loss is in the 

following order: MGO 0.250 > MGO 0.250_1> MGO 0.250_3 > MGO 0.250_2. It was 

observed that MGO 0.250_2 is the most thermally stable adsorbent. 
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Figure 4.3 Thermogravimetric analysis curves for MGO 0.250, MGO 0.250_x, and GO 

adsorbents. 

 

4.2.1.4 Surface area and pore volume analysis 

 

Figure 4.4 (a) N2 adsorption-desorption isotherm curves, and (b) pore size distribution curves 

of different adsorbents. 

The N2 adsorption isotherms and the corresponding adsorption-desorption curve are 

illustrated in Figure 4.4(a) and as indicated in Table 4.5. Type-Ⅳ isotherms affirm the 

mesoporous character with pore diameter ranging between 5.0 and 20.0 nm. This study 
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investigates the augmentation of specific surface area (SSA) subsequent to NaOH treatment. 

This phenomenon is likely attributed to the heightened porosity, which is particularly 

prominent in MGO 0.250_2, boasting a surface area of 753.9 m
2
 g

-1
 and a total pore volume 

of 1.97 cm
3
 g

-1
. Despite certain MGO 0.250_x samples exhibiting surface areas considerably 

smaller than the projected 2630 m² g⁻¹ for an individual graphene sheet, our findings remain 

noteworthy [145]. Nevertheless, these values surpass those of graphene aerogel, which stands 

at 512 m² g⁻¹ [146], graphene sponge at 418 m
2
 g

-1
 [147], and graphene nanoplates at 480 m

2
 

g
-1

 [148]. Figure 4.4(b) illustrates the PSDs obtained through the BJH method, highlighting 

that the predominant portion of the pore volume is attributed to apertures with a diameter 

below 20 nm. Notably, distinct PSDs emerge within the 5 to 16 nm range, signifying the 

presence of small mesopores across all MGOs in the basal plane. MGO 0.250_2 exhibits a 

more densely packed structure, as evidenced by Table 4.5. The shift in the maximum of the 

pore size distribution PSDs, transitioning from 3.59 nm for MGO 0.250_3 to 3.95 nm for 

MGO 0.250_2, suggests that elevating NaOH levels resulted in the formation of MGO with 

larger pores. Adjusting the MGO 0.250 to NaOH ratios conveniently allows for the 

concurrent modulation of the samples' porosity. 

Table 4.5 Porous properties and elemental compositions of adsorbents under different 

conditions  
 

Adsorbent SSA  

(m2 g-1) 

Vtotal 

(meso+micro) 

(cm3 g-1) 

Vt 

(meso) 

(cm3 g-1) 

Meso 

pore 

(%) 

Average pore 

diameter (nm) 

Elemental composition (%) 

   C                      O                    N                   H 

MGO 1.000 289.2 0.69 0.46 66.66 5 to 20 67.91                30.84                   -                 1.25 

MGO 0.500 297.7 0.75 0.51 68.00 5 to 20 66.97                31.93                   -                 1.10 

MGO 0.250 311.1 0.88 0.61 69.31 5 to 20 65.21                33.98                   -                 0.81          

MGO 0.250_1    520.8     1.19 0.85 71.42 5 to 20 73.10                23.79                 2.40             0.71          

MGO 0.250_2 753.9 1.97 1.55 78.68 5 to 20 72.57                25.01                 1.90             0.52          

MGO 0.250_3 668.6 1.60 1.21 75.62 5 to 20 69.60                28.21                 1.50             0.69          
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4.2.1.5 FE-SEM, SEM, and HR-TEM analysis 

Characterization through FE-SEM imaging aimed to collect information pertaining to 

porosity, surface morphology, and the monolith structure. Leveraging the FE-SEM image, the 

surface morphology of MGOs and MGO 0.250_x was examined, as illustrated in Figure 4.5. 

Research tends to prioritize the investigation of porous morphology, given the lower presence 

of OxA and the more discernible pores. Notably, the activation of MGO 0.250 with NaOH 

weight ratios ranging from 1:1 to 1:3 resulted in a discernible improvement in surface 

roughness. The resulting MGO 0.250_2 adsorbent exhibited morphological disorders, as 

depicted in SEM and HR-TEM images presented in Figure 4.6 [14,149,150,177]. When the 

water contact angle was more significant than (>90°), the MGO 0.250_x displayed poor 

wetting, while a slight contact angle (<90°) corresponds to larger surface wetting [178]. From 

Figure 4.5, the FE-SEM image observations connected to an increase in surface roughness 

after NaOH activation were also seen in these images. Contrastingly, it manifests a planar yet 

twisted shape, suggesting the influence of NaOH in augmenting the pore structure and 

consequently modifying the morphology of the graphene layers [179]. 

 

Figure 4.5 FE-SEM images of (a) MGO 1.000, (b) MGO 0.500, (c) MGO 0.250, (d) MGO 

0.250_1, (e) MGO 0.250_2, and (f) MGO 0.250_3. 

10 μm

10 μm

10 μm

10 μm

10 μm

10 μm

(a)

(e)

(b)

(f)

(c)

(d)
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Figure 4.6 SEM images of (a) GO, (b) MGO 0.250, (c) MGO 0.250_2, and (d to f) HR-TEM 

image of MGO 0.250_2. 

4.2.1.6 XPS analysis 

Surface functionalities and O/C ratios of the synthesized adsorbents were determined 

through XPS analysis. Curves with binding energies approximately at 284.55 to 284.81 eV 

(C1), 284.96 to 285.24 eV (C2), 285.38 to 286.64 eV (C3 ), and 287.16 to 287.67 eV (C4) 

were employed for deconvoluting the C1s peak, depicted in Figure 4.8(a, c) [180–183]. In the 

case of MGO 0.250 and MGO 0.250_2, the C/O ratio experienced an increase from 1.919 to 

2.901, attributed to the removal of various oxygen groups during NaOH activation, as 

depicted in Figure 4.7. Curves with binding energies approximately at 531.10 to 532.16 eV 

(O1), 532.76 to 533.46 eV (O2), and 533.12 to 534.90 eV (O3) were employed for 

deconvoluting the O1s peak, depicted in Figure 4.8(b, d) [181–183]. Table 4.6 reveals a 

notable relative area % for the O2, O3, and wear track surface chemical shifts in MGO 

0.250_2, underscoring their significance [177,184,185] 
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Figure 4.7 X-ray photoelectron spectroscopy survey spectra of MGO 0.250 and MGO 

0.250_2 adsorbents. 

 

 

 

Figure 4.8 XPS spectrum of (a, c) C1s and (b, d) O1s. 
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Table 4.6 XPS data for MGO 0.250 and MGO 0.250_2 adsorbents. 

Sample  C1 C2 C3 C4 O1 O2 O3 

MGO 

0.250 

BE (eV) 284.81 285.24 286.64 287.67   532.16 532.76    533.12 

FWHM (eV) 1.47 2.55 1.21 2.90 2.31 1.64 2.07 

Area % 30.63 25.01 15.41 28.95 39.75 35.11 25.14 

MGO 

0.250_2 

BE (eV) 284.55 284.96 285.38 287.16 531.56 533.46 534.90 

FWHM (eV) 1.06 1.01 2.24 4.76 2.29 2.11 4.77 

Area % 34.50 23.69 31.44 10.37 32.10 37.65 30.25 

 

4.3 CO2 adsorption performance 

4.3.1 CO2 adsorption performance of monolithic materials 

 

Figure 4.9 CO2 capture performance of (a) MGOs and (b) MGO 0.250_x at 25 °C. 

Figure 4.9(a, b) presents the assessment of CO2 adsorption capacity for MGOs, and 

MGO 0.250_x. The precise CO2 adsorption values for the optimized conditions are detailed 

in Table 4.2 and Table 4.7. The MGO 0.250_2 adsorbent attains its peak in the initial stage; 

the former exhibits a CO2 capture capacity of approximately 2.10 mmol g
-1

, surpassing the 

latter by about 2.6 times, as the former's capacity. The gaps created by graphene's layer-by-

layer self-assembly process may be responsible for some of the CO2 adsorptions on MGOs. 

In addition, all the MGOs showed a sharp increase in CO2 capture performance [99,100,186]; 
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therefore, accessing all of the MGOs pores was possible. Furthermore, the pressure range's 

isotherm under investigation did not show an apparent plateau. The ascending order of 

equilibrium CO2 absorption at 25 °C and pressure 1 bar is as follows: MGO 0.250_1 with 

1.20 mmol g
-1

, followed by MGO 0.250_3 with 1.71 mmol g
-1

, and MGO 0.250_2 leading 

with the highest capacity at 2.10 mmol g
-1

. MGO 0.250_2 emerged as the optimal candidate, 

showcasing the highest surface area and optimal CO2 adsorption performance. The literature 

also outlines the facilitation of low-pressure CO2 adsorption through smaller pores [151]. 

Table 4.7 CO2 adsorption capacity of MGOs, and MGO 0.250_x adsorbents at 25, 50 
o
C. 

 
Adsorbents Ads. Time (min) Adsorption 

Temperature (
o
C) 

CO2 conc. (%) Adsorption 

capacity (mmol g
-1

) 

MGO 1.000 100 25 50 0.81 

MGO 0.500 100 25 50 0.86 

MGO 0.250 100 25 50 0.95 

MGO 0.250_1 30 25 50 1.20 

MGO 0.250_2 30 25 50 2.10 

MGO 0.250_3 30 25 50 1.71 

MGO 0.250 100 50 50 0.79 

MGO 0.250_2 30 50 50 1.35 

MGO 0.250_2 30 25 20 1.70 

MGO 0.250_2 30 50 20 1.11 

MGO 0.250_2 30 100 50 0.80 

 

Moreover, Table 4.8 indicates that MGO 0.250_2's CO2 adsorption capability is 

similar to other graphene-based and carbonaceous materials at identical temperatures. 

increase in adsorption temperature from 25 °C to 50 °C, the amount of CO2 adsorbed on 

MGO 0.250_2 decreased from around 2.10 mmol g
-1

 to approximately 1.35 mmol g
-1

. The 

exothermic nature of adsorption is anticipated to contribute to the reduction in CO2 

adsorption at 50 °C. 



72 
 

Table 4.8 Comparing CO2 adsorption performance between MGO 0.250_2 and other 

reported adsorbents. 
 
Adsorbent Activation method Experimental conditions CO2 Adsorbed 

(mmol g-1) 

Ref. 

  CO2 conc. (%) Temp. (°C)   

MGO 0.250_2* Chemical/NaOH (600 oC) 50 25 2.10 Present study 

MGO 0.250_2* Chemical/NaOH (600 oC) 50 50 1.35 Present study 

3D graphene Chemical/NaOH (500 oC) 50 25 1.71 [152] 

HPGC-850 Chemical/ (850 oC) 100 0 1.76 [187] 

PAN-KOH Chemical/KOH (800 oC) 12.5 30 1.20 [51] 

Carbon monolith Chemical/KOH (25 oC) 15 30 0.66 [156] 

EDA Chemical/COOH (85 oC) 100 25 2.00 [157] 

N-containing resin Chemical/K2CO3 (700 oC) 100 25 1.90 [188] 

HGF-Ⅱ Chemical/HNO3 (500 oC) 100 25 1.40 [59] 

WT-550-2 Chemical/KOH (550 °C) 10 25 4.54 [163] 

MCF-700-0.2 Chemical/KOH (700 °C) 10 25 3.30 [176] 

PHS-650-3 Chemical/KOH (650 °C) 10 25 4.18 [164] 

 

4.3.2 Regeneration study 

An investigation of the regeneration process for the activated adsorbents at four 

distinct temperatures (25, 50, 75, and 100 °C) is illustrated in Figure 4.10. As highlighted in 

Table 4.9, CO2 recovery % experienced an increase with NaOH treatment, a phenomenon 

that was validated across a range of temperatures [19]. This effect is envisaged to occur by 

averting the entrapment of CO2 within the MGO multilayer galleries, as reported by the 

active sites and demonstrated through the presented XRD data. 
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Figure 4.10 Regeneration study of MGO 0.250, MGO 0.250_2 adsorbents. 

Table 4.9 Cycle of adsorption-desorption for adsorbents MGO 0.250 and MGO 0.250_2. 

Adsorbent CO2 Adsorbed (mmol g-1) 

at 25 °C 

CO2 Desorbed (mmol g-1) Recovery % of Adsorbed CO2 

  25 °C 50 °C 75 °C 100 °C 25 °C 50 °C 75 °C 100 °C 

MGO 0.250 0.95 0.60 0.79 0.83 0.84 63.1 83.1 87.3 88.4 

MGO 0.250_2 2.10 1.81 1.99 2.06 2.08 86.1 94.7 98.0 99.1 

 

4.3.3 Selectivity 

Produced adsorbents were employed in selectivity tests at 25°C, and the influence of 

NaOH-activated adsorbent was revealed in Figure 4.11. A significant decrease in N2 

adsorption is observed upon NaOH activation, as indicated by the results for MGO 0.250_2 

on NaOH-activated adsorbents. In contrast to MGO 0.250 at 1 bar, the selectivity of MGO 

0.250_2 experienced an approximately 3.7-fold increase, and this enhancement can be 

attributed to the improved CO2 uptake. Table 4.10 reveals the outcomes of this study. For 

MGO 0.250_1, MGO 0.250_2, and MGO 0.250_3, selectivity values of 17.15, 35.00, and 
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34.20 were respectively recorded at 1 bar. According to the study's findings, the MGO 

0.250_2 adsorbent is a great substitute for CO2 recovery from flue gases [24,51,59,114]. 

Table 4.10 CO2/N2 adsorption selectivity on different adsorbents at 25 °C. 

Adsorbent CO2 Adsorbed (mmol g
-1

) N2 Adsorbed (mmol g
-1

) CO2/N2 Selectivity 

 1 bar 1 bar 1 bar 

MGO 0.250 0.95 0.10 9.50 

MGO 0.250_1 1.20 0.07 17.14 

MGO 0.250_2 2.10 0.06 35.00 

MGO 0.250_3 1.71 0.05 34.20 

 

 

Figure 4.11 CO2/N2 selectivity curve of MGO 0.250 and MGO 0.250_x adsorbents. 

4.3.4 Breakthrough curves 

Figure 4.12 presents the breakthrough curves, evaluating the CO2/N2 binary gas 

mixture with a 50% CO2 flowing at 25 °C and 1 bar pressure. The dynamic CO2 adsorption 

capacity is approximately 1.0 mmol g
-1

. CO2 was observed to emerge in the effluent after a 
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certain duration, whereas N2 was promptly detected. This demonstrates that N2 can't adsorb 

as well as CO2. Initially, the active sites of the adsorbent are predominantly occupied by N2, 

as evidenced by C/Co for N2 > 1. Nevertheless, as time progresses, there is a gradual 

displacement of N2 by CO2, highlighting the adsorbent's stronger affinity for CO2 [51,114]. 

 

Figure 4.12 Breakthrough curves of MGO 0.250 and MGO 0.250_x adsorbents. 

4.3.5 Multiple adsorption-desorption cycles  

Figure 4.13 depicts the successive adsorption-desorption cycles of the adsorbent, with 

adsorption occurring at 25 °C and desorption at 150 °C. MGO 0.250_2 consistently exhibits 

adsorption of nearly 2.10 mmol g
-1

 throughout multiple adsorption-desorption cycles without 

any noticeable efficiency reduction. The desorption of CO2 necessitates approximately 1.18 

MJ of heat energy per kilogram of CO2. Following numerous cycles, the CO2 uptake 

remained consistently constant for MGO 0.250_2, showcasing its exceptional regenerability 

and cyclic stability outlined in Table 4.9. Due to the presence of metastable states between 

the sorbate and sorbent, the pressure falls below the thermodynamic equilibrium, signifying 
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that MGO 0.250 encounters challenges in releasing the adsorbed CO2 [189]. These findings 

underscore the advantage of treating MGOs with NaOH to facilitate the displacement of 

adsorbed CO2. 

 

Figure 4.13 MGO 0.250_2 adsorbent underwent repeated cycles of CO2 uptake at 25 °C, 50 

°C, and 100 °C.   

4.4 Adsorption kinetic study 

 

Figure 4.14 Experimental data fitting with kinetic models: (a) 50 % CO2 concentration flow 

of MGO 0.250_2 adsorbent, and (b) 20 % CO2 concentration flow of MGO 0.250_2 

adsorbent. 
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Table 4.11 Kinetic models and parameters of MGO 0.250_2 adsorbent. 

 
Kinetic models Parameters Sample (MGO 0.250_2)  

  25 °C 50 °C 

Pseudo-first-order qe 2.10 1.35 

 k1 0.59 0.41 

 R
2
 0.977 0.979 

 Error (%) 2.60 2.01 

Pseudo-second-order qe 2.55 1.89 

 k2 0.45 0.39 

 R
2
 0.991 0.995 

 Error (%) 1.69 1.33 

Elovich β (qe) 2.15 1.36 

 α (kn) 0.56 0.41 

 R
2
 0.983 0.986 

 Error (%) 2.22 1.83 

 

In operational conditions with a pressure of 1 atmosphere, temperatures ranging from 

25 to 50 °C, and CO2 flow concentrations varying between 50% and 20%, the MGO 0.250_2 

demonstrates enhanced CO2 adsorption kinetics, exhibiting a faster rate of adsorption. Figure 

4.14(a, b) depicts significant CO2 uptake occurring at an elevated maximum of 94% CO2 

adsorption. This observation aligns more closely with the outcomes of previous experiments, 

reinforcing the consistency of the findings [59,114,163,164,190]. Diffusional constraints 

were suggested to be the cause of the sample's enhanced oxygen functionality and its 

propensity for quick adsorption. Consequently, the physisorption type of fitting, such as by 

van der Waals interaction, is revealed by MGO 0.250_2  [167]. These results unequivocally 

establish the capability of MGO 0.250_2 to operate with exceptionally short 

adsorption/desorption cycle lengths, presenting a notable economic advantage for commercial 

deployment. This material effectively demonstrates its potential to separate CO2 from flue 
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gases. In order to determine the adsorption rate and the adsorbent's capacity to adsorb a larger 

amount of adsorbate, adsorption kinetic studies are necessary [116–119], the formula 

provided in Equations 2.5, 2.7, and 2.8. Various kinetic models have been explored in this 

experimental study, as illustrated in Figure 4.14(a, b) because the lower error percentage (%) 

and higher R
2
 values observed adhered to the pseudo-second-order kinetic model. This model 

is identified as more suitable than other models, as shown in Table 4.11. 

4.5 Adsorption isotherm study 

 

Figure 4.15 Experimental data fitting with isotherm model at 25 °C, 50 °C of MGO 0.250_2 

adsorbent. 

The determination of the adsorption mechanism and the elucidation of the roles 

played by the CO2 adsorption procedure were achieved through an adsorption isotherm 

analysis. In this investigation, we employed Equations 2.10, 2.11, and 2.12 to detail the 

fitting of isotherm models—Langmuir, Freundlich, and Temkin to experimental CO2 

adsorption data. The computed and experimental R
2
 values for various isotherm models are 

demonstrated in Table 4.12. As depicted in Figure 4.15, the superior R
2
 values affirm 
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Freundlich isotherm model. This model has been identified as more suitable than other 

models. Adsorbent surface heterogeneity is illustrated by employing the Freundlich isotherm 

model. The optimum value for CO2 adsorption at low temperatures is suggested by the KF 

values (n ˂ 1) [168]. The Freundlich model for MGO 0.250_2 adsorbent best fits 

experimental data with higher R
2 

values, as observed in Table 4.12. 

Table 4.12 Isotherm model and its parameters of MGO 0.250_2 adsorbent. 

Isotherm model Parameters Sample (MGO 0.250_2)  

  25 
o
C 50 

o
C 

Langmuir qm (mmol g
-1

) 2.146 1.388 

 KL (atm
-1

) 0.673 0.673 

 R
2
 0.995 0.995 

Freundlich KF (atm
-1

) 1.009 1.009 

 N 4.108 2.658 

 R
2
 0.999 0.999 

Temkin KT (atm
-1

) 25.712 26.698 

 B (KJ mol
-1

) 0.575 0.362 

 R
2
 0.882 0.880 

 

4.6 Thermodynamic study 

The determination of thermodynamic parameters crucially hinges on the interaction 

between CO2 and the adsorption sites on the adsorbent surface during the CO2 adsorption 

process. Equation 4.1 was used to measure the ΔG°, whereas ΔS°, ΔH° in KJ mol
-1

 can be 

determined through the Vant Hoff plot and Equation 2.14 [170], and the Qst by Equation 2.15 

[171]. Table 4.13 and Table 4.14 show calculated values of thermodynamic factors. The 

negative value of ΔH° (-11.1564133 KJ mol
-1

) shows the process is exothermic; on the other 

hand, the value of ΔH° lies in the range between < ± 20 KJ mol
-1

 showing the nature is 

predominantly physisorption [171]. Moreover, negative ΔG° values show the adsorption 

process is spontaneity and feasibility [168]. The positive ΔS° values (+4.7370520 JK
-1

 mol
-1

) 
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suggest an increased affinity of adsorbents, indicating a rise in randomness or disorder at the 

solid/gas surface. Utilizing the Equation 4.2, the Qst values for MGO 0.250_2 were calculated 

at different qe, ranging from 25.3 KJ mol
-1

 to 41.0 KJ mol
-1

, with an average of 

approximately 33.8 KJ mol
-1

, as detailed in Table 4.13. On the other hand, the isosteric heat 

of the activated adsorbent increased significantly, especially with higher CO2 loadings, it 

reached approximately 41.00 KJ mol
-1

. The adsorbed CO2 molecules demonstrate strong 

lateral interactions with one another and are responsible for this behavior, according to the 

Fowler-Guggenheim model [173], which explains the interaction energy between the 

molecules. This phenomenon is further substantiated by the existence of intermolecular 

forces on the substandard graphene surface [174]. Recent investigations on CO2 adsorption 

by carbonaceous materials have also reported a similar relationship between isosteric 

temperatures of adsorption and surface coverage [51,191,192]. 

The Qst values were measured at various temperatures, revealing fluctuations in 

randomness and disorder. The increase in surface coverage aligns with the heterogeneous 

behavior of the surface adsorption sites of MGO 0.250_2. Moreover, in comparison to 

reported values ranging from 28.40 to 10.50 KJ mol
-1

 for different samples, the Qst values are 

more significant [175], signifying the stronger attraction toward CO2 heat of adsorption. A 

graph is plotted Qst against 1/T (K
-1

), as shown in Figure 4.16. 

     𝑅𝑇                                                                                                                                           

       
  

   
 𝐶                                                                                                                                      
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Figure 4.16 Plot of Qst verses qe for CO2 adsorption by MGO 0.250_2 adsorbent. 

Table 4.13 Thermodynamic parameters (∆G
o
, ∆H

o
, ∆S

o
) of MGO 0.250_2 adsorbent. 

Thermodynamic parameter of CO2 adsorption Isosteric heat of adsorption 

Adsorbent Temp 

(K) 

Kd ∆Go 

    (KJ mol-1) 

             ∆Ho 

        (KJ mol-1) 

∆So 

      (JK-1 mol-1) 

qe 

 (mmol g-1) 

Qst 

KJ mol-1
 

 

MGO 0.250_2 298 0.048 - 1.1189234 - 11.1564133 + 4.7370520 0.20 25.3 

 303 0.182 -4.4584838   0.4 27.9 

 313 0.336 -7.8743667   0.6 30.4 

 323 0.470 -13.2621483   0.8 35.0 

      1.0 37.2 

      1.2 39.8 

      1.4 41.0 

 
Table 4.14 Thermodynamic parameters (∆G

o
, ∆H

o
, ∆S

o
 ) of MGO 0.250_2 adsorbent. 

Adsorbent Temp. 

(K) 

lnKd Ce qe ∆G
o               

(KJ 

mol
-1

) 

∆H
o               

(KJ 

mol
-1

) 

∆S
o           

(JK
-1

 

mol
-1

)
 

MGO 0.250_2 298 0.048 1.0 1.05 -1.1189234 -11.1564133 4.7370520 

 303 0.182 1.0 1.2 -4.4584838   

 313 0.336 1.0 1.4 -7.8743667   

 323 0.470 1.0 1.6 -13.2621483   
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4.7 Mechanism of CO2 capture performance enhancement 

 

Figure 4.17 (a) Relation between CO2 adsorption capacity with mesopore %, and linear 

relation between CO2 adsorption capacity with cumulative pore volume (b) d < 1.00 nm, and 

(c) d >1.00 nm. 

 

Figure 4.18 FT-IR spectra of (a) before CO2 adsorption for GO, MGO 0.250, MGO 0.250_2 

adsorbents and (b) after CO2 adsorption for  MGO 0.250_2 adsorbent. 
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The physiochemical, thermodynamic, and kinetic characteristics play a pivotal role in 

shaping the approach for CO2 capture. The size and shape of the pores are critical factors, and 

their abundance is essential for the effective functioning of the CO2 capture mechanism. 

Furthermore, a high CO2 adsorption rate requires an adsorbent with a large volume and 

surface area of pores. A parallel increase in the percentage of mesopores is observed in 

Figure 4.17(a) as CO2 adsorption capability rises. The primary reason for the increase in CO2 

adsorption is the proportional rise in mesopores, which ranges from 66.66 to 78.68 %, as 

outlined in Table 4.5. According to Figure 4.17(b, c), the d < 1 nm range exhibits the best 

linear connection (R
2
 = 0.996), with a higher R

2
 value than the d > 1 nm range. 

By utilizing FT-IR spectra, we successfully identified individual adsorption peaks, as 

depicted in Figure 4.18(b). The corresponding assignments for these peaks are detailed in 

Table 4.15. Significant variations were observed between the two spectra in the 1600 to 1200 

cm
-1

 range. Table 4.15 and Figure 4.18 present the outcomes of our efforts to isolate the 

spectra for a more comprehensive analysis of the 1600 to 1200 cm
-1

 range. The existence of 

HCO3‾ recommended the development of bicarbonate, whereas the peak equivalent to COO‾ 

showed the development of carbamate. These results lend support to the notion that π-π 

interactions can facilitate the self-assembly of 2D porous graphene into 3D hierarchical 

porous graphene [149,150]. Furthermore, the wetting properties of MGO 0.250_x were 

evaluated based on the water contact angle calculation [178]. Furthermore, in comparison to 

MGOs, MGO 0.250_x displayed larger interlayer spaces, evident from the slight shift in the 

(002) diffraction peaks as illustrated in the XRD patterns presented in Figure 4.1. 

Consequently, this contributed to the augmentation of the surface area and an increase in 

adsorption capacity, as outlined in Table 4.5. 

Unveiling the thermodynamic parameters and elucidating the intricacies of CO2 

interaction with the adsorbent surface is indispensable for a thorough comprehension of the 
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CO2 adsorption mechanism. In our investigation, as the adsorption temperature increased, we 

observed a decrease in capture performance, indicating an exothermic and physisorption-

based adsorption process, as illustrated in Table 4.13 and Table 4.14. The exothermic nature 

is confirmed by the ΔH° (-11.1564133 KJ mol
-1

), providing robust support for its 

physisorption-based mechanism [171]. Furthermore, as depicted in Figure 4.14, the ΔG° was 

determined to be relatively higher, indicating an accelerated rate of the reaction [115,174]. 

The CO2 adsorption exhibited exceptional rates, reaching the peak of 94% CO2 adsorption. 

The aforementioned observation suggests that the heightened reactivity of oxygen 

functionality, as illustrated in Figure 4.8(d), contributed to an accelerated reaction rate, 

thereby enhancing the probability of rapid adsorption. It's crucial to highlight that the rapid 

adsorption could potentially be attributed to diffusion constraints within the system. With van 

der Waals interactions acting as the primary driving force, MGO 0.250_2 thus exhibits a 

physisorption-based process [167]. 

Table 4.15 Relevant IR bands after CO2 adsorption for  MGO 0.250_2 in 1600 to 1200 cm
-1

 

range. 

Wavenumber (cm
-1

) Assignments Species 

1590 COO
-
 stretching Vibration  Carbamate 

1431 COO
-
 stretching Vibration  Carbamate 

1382 HCO3
-
 stretching Vibration Bicarbonate 

1267 C-O deformation vibration of HCO3
-
 Bicarbonate 

 

4.8 Conclusions 

In this investigation, the CO2 adsorption efficiency of the developed MGO-based 

adsorbents was assessed across various parameters, including temperature, different 

concentrations of CO2, and a constant pressure of 1 bar. Specifically, MGO 0.250_2 stands 

out as the optimal adsorbent, showcasing an enhanced capacity for maximum CO2 

adsorption. We observed that MGO 0.250_2 activated adsorbent gives the best CO2 
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adsorption of 2.10 mmol g
-1

 due to having higher surface areas of 753.9 m
2
 g

-1
. Moreover, in 

the case of MGO 0.250 and MGO 0.250_2, the regeneration study performed at 100 °C 

demonstrated an enhancement in the recovery % increasing from 86.40% to 90.10%. This 

indicates a rapid desorption process post-adsorption, with a consistently stable adsorption 

capacity observed throughout the adsorption-desorption cycles. With its lower error 

percentage (%) and higher R
2
 values, the kinetic experiments confirmed the excellent fit of 

the pseudo-second-order model. Similarly, the elevated R
2
 value of the Freundlich model 

suggests that it is the most fitting model in the isotherm investigations as well. Furthermore, 

the thermodynamic parameters confirm that the characteristic nature of the adsorption is 

physisorption. The dynamic CO2 capture capacity of MGO 0.250_2, surpassing 1 mmol g
-1

, 

positions it as a promising candidate for industrial applications. 
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Chapter 5 – Chemically Activated Monolithic Graphene 

Oxide Frameworks for CO2 Capture 

5.1 Synthesis of monolithic graphene oxide-based adsorbents 

5.1.1 Synthesis of monolithic graphene oxide 

Graphene oxide was produced by modified Hummer's method [129]. The preparation 

of monolithic graphene oxide commenced with a self-assembly process involving GO 

[13,193]. Initially, a GO aqueous dispersion was formulated by ultrasonication of a measured 

amount (5 mg/ml) for 1 hour. This dispersion was subsequently stirred for 3 hours at 90 °C, 

followed by gradual cooling to room temperature. Subsequently, reducing agent―malic acid 

(MaA) was introduced in distinct mass ratios to create a homogeneous mixture of GO/MaA 

(1:1, 1:0.500, 1:0.250). The resulting mixture was subjected to a 2-hour thermal treatment at 

90 °C in a hot air oven to induce reduction and yield a monolithic hydrogel. Post-treatment, 

the wet monolith underwent a thorough cleansing regimen through centrifugation (at 7000 

RPM for 10 minutes) to remove excess MaA (unoxidized groups). The advancement of the 

cleansing regimen was followed through conductivity measurements of the water solution, 

and the structures were deemed clean when the recorded value fell below 10 μS/cm. The 

ensuing wet monolith was then subjected to freeze-drying using a HyperCOOL Cooling Trap 

HC3055 (Korea) set at -55 °C and a pressure of 0.6 mbar for 24-hour duration. Scheme 5 

represents the synthesis route of monolithic graphene oxide-based adsorbents. The generated 

samples were designated as MGOs and correspondingly labeled as per Table 5.1. Detailed 

information regarding the production yield of the MGO 0.250 sample, amounting to 

approximately 84%, can be found in Table 5.2. 
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Scheme 5 synthesis scheme for monolithic graphene oxide-based adsorbents. 

Table 5.1 Preparation of MGOs with different mass ratios of GO: MaA. 

 

5.1.2 Synthesis of KOH-treated adsorbent 

The preparation of the KOH-treated adsorbent through carboxylation of hydroxyl 

groups on MGO by chloroacetic acid method [58,194,195] involved a sequential procedure 

initiated by incorporating a measured amount (5 mg/ml) of aqueous dispersion into a conical 

flask, followed by ultrasonication for 1 hour. Subsequently, 1 gm of KOH and 1gm of 

chloroacetic acid [58,194] were introduced into the prepared suspension and allowed to 

interact for 1 hour. The resulting dispersion underwent stirring for an additional hour at 90 

°C, following which it was gradually cooled to room temperature. The resulting wet KOH-

treated monolith was subject to a cleansing process via centrifugation (at 7000 RPM for 10 

minutes) to effectively eliminate any excess chloroacetic acid content. The advancement of 

the cleansing regimen was followed through conductivity measurements of the water 

Samples name GO: MaA Temperature °C Density (g
-1

 cm
3
) 

MGO 0.250 1: 0.250 90 0.191 

MGO 0.500 1: 0.500 90 0.229 

MGO 1.000 1: 1.000 90 0.254 



88 
 

solution, and the structures were deemed clean when the recorded value fell below 10 μS/cm. 

The resultant wet monolith was then subjected to freeze-drying at -55 °C and a pressure of 

0.6 mbar over a 24-hour duration. Consequently, chemical bonding plays a crucial role in 

chemical reactions, specifically through covalent linkage, as illustrated in the reaction 

sequence from Equation 5.1 to Equation 5.3. Pictures of the monoliths taken both before and 

after the drying process are shown in Figure 5.1(a, b). The resultant sample was labeled as 

MGO 0.250_KOH. To quantify the production yield of the MGO 0.250_KOH material, the 

First Pass Yield (FPY) method was employed. It is noteworthy that the MGO 0.250_KOH 

sample demonstrated a production yield of approximately 82.92%, as comprehensively 

elaborated in Table 5.2. 

 𝑂 
      

             
   𝑂                                                                                                                                                                                                                                       

  𝑂  𝐶 𝐶  𝐶𝑂𝑂  
   

    
   𝑂 𝐶  𝐶𝑂𝑂   𝐶    𝑂                                                                                           

  𝑂 𝐶  𝐶𝑂𝑂  
             

       
   𝑂 𝐶  𝐶𝑂𝑂                                                                                                                                                                          

 

Table 5.2 Production yield of MGO 0.250 and MGO 0.250_KOH adsorbents. 

S.N

. 

Process @ 1 (MGO 0.250) 

GO + MaA → MGO 0.250 + H2O 

(1000 mg)+(250 mg) → (1050 mg) 

Process @ 2 (MGO 0.250_2) 

MGO 0.250 + kOH → MGO 

0.250_KOH + H2O 

(1050 mg) + (1000 mg) → (3150 mg) 

RTY 

Yiel

d 

 Productio

n 

Quantity 

Obtaine

d 

Quantity 

Rejectio

n 

Quantity 

FPY 

Yield 

Productio

n 

Quantity 

Obtaine

d 

Quantity 

Rejectio

n 

Quantity 

FPY 

Yield 

 

1 1250 mg 1050 mg 250 mg 84.0

0 % 

2050 mg 1700 mg  350 mg 82.9

2 % 

69.65 

% 
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Figure 5.1 Pictures of the monoliths taken (a) before and (b) after the drying process (the 

monolith is depicted on the face of an Indian one-rupee coin). 

5.2 Characterization of adsorbents 

5.2.1 Characterization of monolithic materials 

The monolithic structures were fashioned by subjecting graphene oxide (GO) to a 

MaA-driven reduction process within an aqueous dispersion at a temperature of 90 °C. The 

reduction temperature assumes a pivotal role in shaping the structure of the resultant reduced 

graphene oxide. In the course of the reduction process, the -OH functional groups are 

eliminated from the graphene oxide platelets [130]. This reduction-induced transformation 

underpins the emergence of a porous and hierarchically organized morphology within the 

monolithic constructs. As depicted in Table 5.1, the monolithic adsorbents manifest 

remarkably low densities, ranging between 0.191 to 0.254 g/cm³. Intriguingly, the density of 

the monoliths is exhibited in Table 5.1 as an ascending trajectory with the augmentation of 

MaA content. This correlation suggests a denser and more tightly knit structure attributable to 

the expedited reduction process. 
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5.2.1.1 FT-IR analysis 

 

Figure 5.2 FT-IR spectra of GO, MGOs, MGO 0.250_KOH. 

The FTIR spectra of the GO, MGO 0.250, and MGO 0.250_KOH samples are 

depicted in Figure 5.2. These spectra unveil distinct functionalities present on the surface of 

each material. Notably, the discernible transmission peaks directly correspond to specific 

vibrations, exhibiting characteristic positions around 3225 (3050 to 2875), 1730, 1450, 1250, 

1050, and 1630 cm
-1

, signifying the O–H, C–H, C=O, CH2, epoxide C–O, alcoholic C–O, and 

un-oxidized aromatic groups, respectively [11,57,131,196,197]. The comparative analysis of 

these peaks reveals their consistent occurrence across the GO, MGO 0.250, and MGO 

0.250_KOH samples, indicative of shared functional groups. However, the C-H peak 

demonstrates pronounced intensification in the MGO 0.250_KOH sample. This enhanced 

prominence of C-H groups underscores the role of the KOH reaction in fostering the 

generation of C-H groups on the surface of MGOs [132,196]. In particular, MGO 

0.250_KOH showed intense peaks between 3050 to 2875 cm
-1

, which were ascribed to the C-

H stretching vibration, and the lesser peaks at 1450 cm
-1

, which were attributed to CH2 [57]. 
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These peaks were not seen in MGO 0.250 and GO. This provided evidence in favor of adding 

covalently linked adsorbent to MGO 0.250 [196]. Furthermore, the evolution of the epoxide 

C–O group peak at 1250 cm
-1

 is noteworthy. The KOH treatment induces a reduction in the 

intensity of this peak, indicating a transformation in the epoxide functionality. The outcome 

suggests that the MGO 0.250_KOH sample experiences both C–C and C–O bond cleavage 

[132–135], culminating in the formation of covalent bonds, including newly developed 

covalently linked structures. 

5.2.1.2 XRD analysis 

 

Figure 5.3 XRD patterns of GO, MGOs, MGO 0.250_KOH. 

The XRD patterns of GO, MGOs, and activated MGO 0.250_KOH adsorbents are 

showcased in Figure 5.3. The distinctive crystallographic planes corresponding to diffraction 

peaks at 10.70°, 26.90°, and 42.75° are attributed to the (001), (002), and (100) crystal planes, 

respectively [136]. Applying Bragg's equation, the interlayer spacing of MGO is computed at 

8.16 Å [137]. A discernible shift in peak intensity is observed following KOH treatment, with 

a slight augmentation in the peak intensity evident in the MGO 0.250_KOH sample. This 
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phenomenon can be attributed to the heightened presence of oxygen functionalities, as 

depicted in Figure 5.3. The influence of these oxygen functionalities extends to the interlayer 

interactions within the MGO structure, consequently impacting the crystalline arrangement of 

MGO layers. The response to KOH treatment underscores the heightened prominence of 

surface-bound oxygen functionalities, which, in turn, contributes to the perturbation of the 

crystalline structure. Notably, the characteristic crystal diffraction peaks corresponding to 

10.44°, 10.77°, 10.75°, 10.81°, and 10.45° align with GO, MGO 0.250, MGO 0.500, MGO 

1.000, and MGO 0.250_KOH, respectively, further validating the transformation induced by 

KOH treatment. 

5.2.1.3 Raman spectral analysis 

Figure 5.4 presents the Raman spectral analysis of GO, MGOs, and MGO 

0.250_KOH. The spectral peaks corresponding to the D and G bands appeared at 1300 and 

1500 cm
-1

, respectively. The presence of sp
3
 carbon atoms is frequently linked to the D band, 

which signifies out-of-plane vibrations brought on by structural flaws. In contrast, the G band 

signifies in-plane vibrations linked to first-order 2g mode scattering, indicative of the 

presence of sp
2
 carbon atoms [131,140,141]. For the MGOs, the near-equal intensities of the 

D and G bands are indicative of a modest quantity of crystal lattice defects generated through 

the rigorous oxidation process, characteristic of MGO fabrication [10]. Within the MGO 

0.250_KOH sample, a subtle increment in the D band intensity is observed. This elevation 

can be ascribed to the oxidation influence introduced through the KOH act, amplifying lattice 

defects and potentially diminishing the crystalline size of sp
2
 domains [140,142]. The degree 

of disorder, encompassing factors like ripples, edges, and flaws, finds representation in the D 

and G band intensity ratio, commonly denoted as (ID/IG) [144]. This intensity ratio, a 

reflection of the level of disorder, exhibits a slight upward trend across the adsorbents, 

reaching values of 1.019, 1.045, 1.041, 1.034, and 1.058 for GO, MGO 0.250, MGO 0.500, 
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MGO 1.000, and MGO 0.250_KOH, respectively. This progression highlights the evolving 

nature of structural disorder within the adsorbents, particularly accentuated by the KOH 

treatment's oxidative impact on lattice defects and related features. 

 

Figure 5.4 Raman spectra GO, MGOs, MGO 0.250_KOH. 

5.2.1.4 Surface area and pore volume analysis 

 

Figure 5.5 (a) N2 adsorption-desorption isotherm, and (b) pore size distribution curves of 

GO, MGO 0.250, and MGO 0.250_KOH adsorbents. 

BET analysis of N2 adsorption-desorption isotherm was performed at 77 Kelvin on an 

automated gas sorption analyzer (Autosorb-IQ, Quntachrome Instruments). For the 
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adsorption measurements, each adsorbent was degassed at 273 Kelvin for six hours. The 

specific surface area (external and internal surface area) and porosity (%) were calculated by 

using nitrogen adsorption uptake and relative pressure (p/po). The BET surface area achieved 

from the N2 adsorption isotherms at 77 Kelvin; the N2 adsorption-desorption curve is shown 

in Figure 5.5(a). The type-Ⅳ isotherms agree with the existence of the mesoporous nature of 

the adsorbent, and the average pore diameter lies in the range of 5.0 nm to 20.0 nm. This 

observation analyzed the specific surface area (SSA) increases with KOH-treated, as shown 

in Table 5.3. The calculated BET surface areas and total pore volumes of the as-prepared 

MGO 0.250_KOH were much more significant than those of MGOs. The MGO 0.250_KOH 

exhibits the most significant BET surface area (419.75 m
2 

g
-1

) and total pore volume (1.19 

cm
3
 g

-1
), which most likely results from the development of more porosity, despite having 

particular surface areas of our created MGO 0.250_KOH that are significantly less than the 

2630 m
2
 g

-1
 predicted surface area of a single graphene sheet [145]. However, they still match 

or exceed those of graphene sponges (418 m
2
 g

-1
) [147]. The BJH method's pore size 

distributions (PSDs) showed that holes with a diameter of less than 20 nm provided the 

majority of the pore volume, as shown in Figure 5.5(b), with a more apparent PSD in the 4 to 

15 nm range, suggesting that all MGOs has small mesopores in the basal plane as shown in 

Table 5.3. The MGOs precursor volume was raised, and the SSA and total pore volume 

significantly increased, resulting in a more compacted structure for MGO 0.250_KOH. 

However, the PSD shift maximum from 3.22 nm for MGO 0.250 to 3.55 nm for MGO 

0.250_KOH shows increased oxygen functionality levels, producing MGOs with larger holes. 

This result is likewise compatible with alterations in the ID/IG ratio of the adsorbents, and the 

MGO 0.250 can conveniently be used to change the concurrent porosity with KOH treatment 

of the samples. 
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Table 5.3 BET data of GO, MGOs, and MGO 0.250_KOH adsorbents. 

Adsorbent SSA (m
2 
g

-1
) Vtotal (meso+micro) 

(cm
3
 g

-1
) 

Vt (meso) 

(cm
3
 g

-1
) 

Average pore 

diameter (nm) 

Meso 

pore (%) 

GO 278.51 0.64 0.36 5 to 20 56.25 

MGO 1.000 287.93 0.68 0.40 5 to 20 58.82 

MGO 0.500 296.97 0.76 0.46 5 to 20 60.52 

MGO 0.250 309.22 0.87 0.55 5 to 20 63.21 

MGO 0.250_KOH 419.75 1.19 0.97 5 to 20 81.51 

 
5.2.1.5 SEM and HR-TEM analysis 

The porous morphology of the adsorbents was studied by analyzing the effects of low 

levels of MaA on pore characteristics. Notably, the introduction of a small amount of MaA 

resulted in more pronounced pores. Furthermore, the KOH treatment of MGO 0.250, 

specifically in the case of MGO 0.250_KOH adsorbent, led to an enhancement in surface 

roughness. This can be observed in the SEM and the HR-TEM images revealed in Figure 5.6. 

These images reveal the presence of morphological disorders, such as thin sheets, ripples, 

wrinkles, and related structures within the monoliths. It is worth noting that 2D porous 

graphene has the ability to self-assemble efficiently into a 3D hierarchical porous graphene 

structure through hydrophobic and π-π interactions [149,150]. The significant hydrophobicity 

observed in the MGO 0.250_KOH adsorbent can be attributed to the surface roughness 

generated by the unique morphology. As depicted in Figure 5.6, the SEM images confirm an 

increase in surface roughness after KOH-treatment. Additionally, SEM images in Figure 5.6 

rather demonstrate the graphene platelets stacking than the creation of porous structures. This 

sentence suggests the implication of carbon and oxygen in pore enhancement and the 

resulting changes in the morphological appearance of the graphene layers [179]. Overall, 

these findings highlight the impact on the porous morphology and surface characteristics of 

the adsorbents, providing insights into their potential applications in several fields. 
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Figure 5.6 SEM images of (a) GO, (b) MGO 0.250, (c) MGO 0.250_KOH, and HR-TEM 

image of MGO 0.250_KOH (d to f). Scale bars in Figure (a to c) 1 μm, scale bars in Figure  

(d to f) 5 nm, 20 nm, and 50 nm, respectively. 

5.2.1.6 XPS analysis 

 

Figure 5.7 XPS survey spectra of MGO 0.250, MGO 0.250_KOH adsorbents. 
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Figure 5.8 XPS spectrum peak of (a) C1s and (b) O1s for MGO 0.250_KOH adsorbent. 

The XPS analysis was done to determine the surface functionalities for the 

synthesized resulting adsorbent. Figure 5.8(a) shows the development of the C1s spectra of 

KOH-treated adsorbent (MGO 0.250_KOH). The deconvolution of the C1s peak was 

accomplished using fitting curves with binding energies of about 284.70 eV (C1), 285.13 eV 

(C2), 286.92 eV (C3 ), and 287.56 eV (C4) assigned to C=C, C–C, C–OH/C–O, and 

C=O/COOH are respectively [180–183]. The chemical shifts at the wear track surface shown 

in Table 5.4, as seen from the matching contributions of the deconvoluted sp
2
/sp

3
 carbon 

atoms in the C1s peak, the carbon contribution's graphitization nature changed. Whereas 

some oxygen groups were lost during KOH treatment, increasing the C/O ratio of 

approximately 1.99 for the MGO 0.250_KOH, as shown in Figure 5.7. The binding energies 

in the deconvolution of the O1s peak represent different surface-based oxygen functionalities, 

as revealed in Figure 5.8(b). The peak represents C=O groups with BE at 531.65 eV (O1). In 

comparison, the peak represents C–O with BE at 532.70 eV (O2) and C–OH/O=C–OH at 

533.45 eV (O3), respectively [181–183]. The chemical shifts at the wear track surface and O1 

and O2 in the MGO 0.250_KOH adsorbent have the highest relative area percentage, as 

shown in Table 5.4; this implies the basic nature of its surface as compared to others [184]. 
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According to studies, each of the functionalities stated above significantly improves samples' 

basicity and makes them more effective in adsorbing CO2 [185]. 

Table 5.4 XPS data for the MGO 0.250_KOH  adsorbent. 

Sample  C1 C2 C3 C4 O1 O2 O3 

MGO 

0.250_KOH 

BE (eV) 284.70 285.13 286.92 287.56   531.65 532.70    533.45 

FWHM (eV) 1.49 2.53 1.22 2.91 2.33 1.65 2.10 

Area % 30.63 25.01 15.41 28.95 35.11 39.75 25.14 

 

5.2.2 CO2 capture mechanism 

 

Figure 5.9 (a) Relation between CO2 adsorption capacity with mesopore % of different 

adsorbents, and (b) FT-IR spectrum of MGO 0.250_KOH adsorbent. 

CO2 capture relies heavily on the physicochemical attributes of the adsorbent 

material. Pore size and structure play a vital role, as they dictate the availability of sites for 

productive interactions during the CO2 capture process. Moreover, a surplus of pores, 

coupled with a substantial surface area, is essential for achieving a high degree of CO2 

adsorption efficiency. The interrelation between porosity and CO2 adsorption efficacy is 

evident from the influence of porosity on the performance of CO2 capture. As demonstrated 

in Figure 5.9(a), there is a noticeable augmentation in the proportion of mesopores, which 

corresponds to an enhancement in CO2 capture efficiency. This rise in CO2 adsorption 
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capacity is predominantly attributed to the escalating mesoporous content within the range of 

58.82% to 81.51%. To precisely determine the optimal range of mesopore percentage for 

efficient CO2 adsorption and to establish the connection between CO2 capacity and the 

different samples—namely, GO, MGOs, and MGO 0.250_KOH—the results are summarized 

in Table 5.3 and graphically represented in Figure 5.9(a). 

To delve deeper into the intricacies of the CO2 adsorption mechanism, we conducted 

Fourier-transform infrared (FT-IR) spectroscopy analysis on the MGO 0.250_KOH 

adsorbent. This analysis enabled the identification of specific covalent-linkage peaks 

associated with adsorption, as illustrated in Figure 5.9(b). Specifically, MGO 0.250_KOH 

showed the intense peaks between 3050 to 2875 cm
-1

, which were ascribed to the C-H 

stretching vibration, and the lesser peaks at 1450 cm
-1

, which were attributed to CH2 

[57,58,97,194–196] These peaks were not seen in MGO 0.250 and GO. This provided 

evidence in favor of adding covalently linked adsorbent to MGO 0.250. Furthermore, for C-H 

bond, carbon, and hydrogen have electro-negativities of 2.5 and 2.1, respectively; as a result, 

there are 0.4 electronegativity differences between carbon and hydrogen. The 

electronegativity difference is smaller than 1.8, indicating that the C-H bond is covalent. We 

have also calculated the value of ΔH° (bond energies) during this reaction from 

thermodynamic parameters. The ΔH° value of +13.115 kJ mol
-1

 shows the process is 

endothermic.  To unravel the nuances within this spectral range, we present the results 

visually in Figure 5.9(b). These discoveries lend robust support to the notion that two-

dimensional porous graphene exhibits adeptness in self-assembling into a three-dimensional 

hierarchical porous graphene framework through the synergistic interplay of hydrophobic and 

π-π interactions [149,150]. 

Moreover, we assessed the wetting characteristics of MGO 0.250_KOH through water 

contact angle measurements. A contact angle exceeding 90° is indicative of poor wetting, 
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whereas a slight contact angle below 90° suggests enhanced surface wetting [178]. During the 

reduction of graphene oxide (GO) to graphene, the resulting graphene nanosheets formed 

dense structures at interfaces, owing to their shorter inter-sheet distances and stronger π-π 

interactions [198]. This observation is corroborated by the SEM/HR-TEM images, 

thoughtfully presented in Figure 5.6. This phenomenon could be ascribed to the presence of 

KOH molecules that served as chemical pillars during the formation of MGO 0.250_KOH, 

culminating in an expanded surface area and elevated adsorption capacity, as succinctly 

summarized in Table 5.3 and Table 5.5. 

5.3 CO2 capture performance 

5.3.1 CO2 adsorption performance of monolithic materials 

 

Figure 5.10 CO2 adsorption performance of GO, MGO 0.250, MGO 0.250_KOH adsorbents 

at 25 
°
C. 

The CO2 adsorption capacities of the synthesized and optimized MGOs and MGO 

0.250_KOH adsorbents were meticulously evaluated, as illustrated in Figure 5.10. The 

precise CO2 adsorption values can be found in Table 5.5. It is evident that, in the initial 
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stages, the CO2 adsorption capacity reaches its zenith for the MGO 0.250_KOH adsorbent. 

This specific variant exhibits narrow slit pores, resulting in an approximate CO2 adsorption 

capacity of around 2.35 mmol g
-1

, which is approximately 1.4 times higher than the 

approximately 1.69 mmol g
-1

 observed for the MGOs. Notably, the fissures generated by the 

layer-by-layer self-assembly of graphene during thermal annealing likely contribute to a 

portion of the CO2 adsorption on MGOs. Furthermore, at a pressure of 1 bar, all the MGOs 

exhibit a marked upswing in adsorption capacity. The diminutive mesopores facilitate more 

efficient CO2 diffusion, while the interconnected platelet structure provides sufficient space 

to mitigate steric hindrance effects [186]. Consequently, access to all pores within the MGOs 

becomes viable. Additionally, the isotherm across the pressure range under scrutiny does not 

display an evident plateau, implying that the samples possess the capacity to adsorb a higher 

quantity of CO2 at elevated pressures. At a temperature of 25 °C and a pressure of 1 bar, the 

equilibrium CO2 absorption follows this ascending sequence: MGO 1.000 (1.69 mmol g
−1

) < 

MGO 0.500 (1.76 mmol g
−1

) < MGO 0.250 (1.85 mmol g
−1

) < MGO 0.250_KOH (2.35 

mmol g
−1

). This order can be attributed to MGO 0.250_KOH having the smallest mesopore 

size among the samples, resulting in the largest BET surface area and total pore volume, thus 

contributing to its superior CO2 capture performance. This aligns with existing literature 

elucidating the influence of smaller pores on low-pressure CO2 adsorption [102,151]. 

Furthermore, as outlined in Table 5.6, the CO2 adsorption capacity of MGO 

0.250_KOH proves comparable to that of various other graphene-based materials and 

carbonaceous counterparts under identical temperature conditions. Notably, this CO2 

adsorption capacity, although comparable, surpasses values reported for other materials. For 

instance, at 30 °C, the obtained CO2 adsorption capacity for 3D graphene stands at ca. 1.71 

mmol g
-1

 [152], while HGF-Ⅱ records approximately 1.40 mmol g
-1

 at 25 °C [59], and PAN-

KOH measures about 1.20 mmol g
-1

 at 25 °C [51]. Among activated carbons at 25 °C, the 
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most recent published value is approximately 0.55 mmol g
-1

 [154]. It is worth noting that 

various researchers employ diverse activation techniques to enhance the adsorbents' CO2 

adsorption potential, and among these, KOH stands out as an excellent activation agent for 

enhancing porosity characteristics and adsorption capacities. When compared to findings 

from other studies, the activated adsorbents developed in our current research exhibit superior 

adsorption capabilities. This outcome lends support to the notion that MGO 0.250_KOH 

holds promise for the capture of CO2 emissions from coal-fired power plants. The significant 

advantage lies in its capacity for complete and efficient regeneration, allowing for a 

substantial amount of adsorbed CO2 to be effectively reclaimed for future sequestration or 

beneficial utilization. 

Table 5.5 The CO2 adsorption capacity of GO, MGOs, and MGO 0.250_KOH adsorbents at 

25 °C. 

Adsorbents Ads. Time 

(min) 

Adsorption 

Temperature 

(
o
C) 

CO2 

conc. 

(%) 

Adsorption 

capacity (mmol g
-

1
) 

GO 100 25 100 1.60 

MGO 1.000 100 25 100 1.69 

MGO 0.500 100 25 100 1.76 

MGO 0.250 100 25 100 1.85 

MGO 0.250_KOH 100 25 100 2.35 

MGO 0.250_KOH 100 25 50 1.30 
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Table 5.6 Comparison table of CO2 adsorption performance of MGO 0.250_KOH and other 

adsorbents. 

 
Adsorbent Activation method Experimental 

conditions 

CO2 

Adsorbed 

(mmol g
-1

) 

Ref. 

  CO2 

conc. 

(%) 

Temp. 

(°C) 
  

MGO 0.250_KOH* Chemical/KOH (90 °C) 100 25 2.35 Present 

study 

MGO 0.250* Chemical/KOH (90 °C) 100 25 1.85 Present 

study 

3D graphene Chemical/NaOH (500 °C) 50 25 1.71 [152] 

HPGC-850 Chemical/ (850 °C) 100 0 1.76 [187] 

PAN-KOH Chemical/KOH (800 °C) 12.5 30 1.20 [51] 

Carbon monolith Chemical/KOH (25 °C) 15 30 0.66 [156] 

CNTs Chemical/SOCl2/NH4OH (350 °C) 60 27 1.58 [153] 

EDA Chemical/COOH (85 °C) 100 25 2.00 [157] 

M90_0.5 Chemical/C6H8O6 (90 °C) 100 25 2.10 [13] 

N-containing resin Chemical/K2CO3 (700 °C) 100 25 1.90 [188] 

HGF-Ⅱ Chemical/HNO3 (500 °C) 100 25 1.40 [59] 

0.8-DETA/SH-18 Chemical/HCl (108 °C) 100 35 1.65 [199] 

 

5.3.2 Regeneration study 

 

Figure 5.11 Regeneration of MGO 0.250, MGO 0.250_KOH adsorbents. 
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A comprehensive regeneration investigation was undertaken on the activated 

adsorbents across a range of temperatures (25 °C, 50 °C, 75 °C, and 100 °C), as depicted in 

Figure 5.11. Notably, the KOH treatment proved instrumental in augmenting the CO2 

recovery (%) of the activated adsorbents, a trend consistently observed at varying 

temperatures, as detailed in Table 5.7. At 100 °C, the regeneration process yielded impressive 

recovery rates of 89.18% for MGO 0.250 and a remarkable 98.80% for MGO 0.250_KOH. 

With the elevation of the regeneration temperature, there was an instantaneous augmentation 

in the proportion of CO2 recovery %. Consequently, the MGO 0.250_KOH adsorbents 

exhibited near-complete reversibility at 100 °C, manifesting in remarkable recoveries of 

98.80%, as comprehensively tabulated in Table 5.7. The regenerative efficacy demonstrated 

by the MGO 0.250 and MGO 0.250_KOH adsorbents can be attributed to the dynamic 

alteration of the reaction potential that correlates with the graphitic surface's interaction with 

CO2 [19]. Drawing insights from the XRD data elaborated earlier, the heightened multilayer 

dissociation within the MGO 0.250_KOH adsorbent is anticipated to enhance desorption by 

effectively releasing CO2 trapped within the multilayer galleries of MGOs, acting in 

accordance with the insights gleaned from active sites in this context. 

Table 5.7 Adsorption-desorption cycle of MGO 0.250 and MGO 0.250_KOH adsorbents. 

Adsorbent CO2 Adsorbed 

(mmol g-1) at 25 °C 

CO2 Desorbed  

(mmol g-1) 

Recovery percentage (%)  

of Adsorbed CO2 

  25 °C 50 °C 75 °C 100 °C 25 °C 50 °C 75 °C 100 °C 

MGO 0.250 1.85 1.18 1.54 1.63 1.65 63.78 83.24 88.10 89.18 

MGO 0.250_KOH 2.35 2.01 2.23 2.29 2.32 85.55 94.89 97.44 98.80 
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5.3.3 Selectivity 

 

Figure 5.12 CO2/N2 selectivity curve. 

The selectivity experiments focusing on CO2/N2 were executed at 25 °C, 1 bar 

pressure and CO2/N2 binary gas mixture with 50 % CO2 and 50 % N2 concentration flow 

using meticulously prepared adsorbents, with a specific emphasis on investigating the 

influence of KOH-treated adsorbent's performance. Figure 5.12 visually portrays the 

outcomes achieved with the adsorbent, revealing a noteworthy reduction in N2 adsorption 

capacity. Simultaneously, there's an upsurge in CO2 uptake, contributing to an augmented 

CO2/N2 selectivity of MGO 0.250_KOH, which is approximately 2.11 times higher than that 

of MGO 0.250 at 1 bar. These outcomes are expounded upon in Table 5.8, wherein 

selectivity values of 18.50 and 39.16 were achieved at 1 bar for MGO 0.250 and MGO 

0.250_KOH, respectively. The heightened selectivity arises from the notably greater 

polarizability and quadrupole moment of CO2 compared to N2. The results underscore a 

distinct disparity in adsorption capacity between N2 and CO2. This signifies substantial 

advancement compared to MGO 0.250, which attained a selectivity value of 18.50. In 
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consideration of the diverse industrial emission sources, the applicability of these adsorbents 

for CO2 capture under 1 bar pressure conditions bears remarkable technological significance. 

The findings from this study collectively advocate that the MGO 0.250_KOH adsorbent 

emerges as a compelling option for proficient CO2 recovery from flue gases discharged by 

coal-fired power plants. This conclusion finds resonance in previous research [24,51,59,114] 

and substantiates the viability of MGO 0.250_KOH in this crucial domain. 

Table 5.8 CO2/N2 adsorption selectivity on MGO 0.250 and MGO 0.250_KOH adsorbents at 

25 °C. 

Adsorbent CO2 Adsorbed 

(mmol g
-1

) 

N2 Adsorbed 

(mmol g
-1

) 

CO2/N2 

Selectivity 

 1 bar 1 bar 1 bar 

MGO 0.250 1.85 0.10 18.50 

MGO 0.250_KOH 2.35 0.06 39.16 

 

5.3.4 Breakthrough curves 

 

Figure 5.13 Breakthrough curve of MGO 0.250 and MGO 0.250_KOH adsorbents. 
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The breakthrough curves for the MGO 0.250 and MGO 0.250_KOH samples are 

revealed in Figure 5.13, which assess the dynamic CO2 adsorption capacity of ca. 1.0 mmol 

g
-1

 at 25 °C, 1 bar pressure, and CO2/N2 binary gas mixture with 50 % CO2 and 50 % N2 

concentration flows. It was noted that N2 was instantly identified, whereas CO2 began to 

emerge in the effluent after some time. This shows that N2 has a lower adsorption capability 

than CO2. Initial values of C/Co for N2 > 1 indicate that N2 initially occupies the adsorbent's 

active sites, but with time, N2 is gradually replaced by CO2, revealing that the adsorbent has a 

higher affinity for CO2 [51,114]. These findings support the incorporation of exceptionally 

active CO2-philic chemical groups onto the MGO 0.250_KOH adsorbent through covalent 

linkage. Hence, MGO 0.250_KOH has more potential to adsorb CO2 than N2. 

5.4 Conclusions 

In this study, we have synthesized monolithic adsorbents based on reduced graphene 

oxide with varying mass ratios of GO/MaA (1:0.250, 1:0.500, and 1:1 by weight). 

Additionally, the initially synthesized MGO 0.250 was subjected to KOH-treated adsorbent, 

leading to the formation of the resultant sample (MGO 0.250_KOH), which was subsequently 

assessed for its CO2 capture capabilities. The pivotal findings of our investigation 

demonstrated that the MGO 0.250_KOH adsorbent exhibited an exceptional CO2 capture 

performance, reaching a remarkable 2.35 mmol g
-1

, attributable to its significantly augmented 

BET surface area of 419.75 m
2
 g

-1
. This performance enhancement was ascribed to a complex 

interplay of factors, including morphology, functionality, surface area, and crystal structure. 

Notably, the best-performing adsorbents, namely MGO 0.250_KOH, showcased superior 

porosity, inherent basicity, and distinct crystal/structural defects, which collectively 

contributed to their enhanced CO2 capture capabilities. Further validation of these findings 

was attained through regeneration studies conducted at 100 °C. The observed improvement in 

the recovery percentage of adsorbed CO2, transitioning from 89.18% for MGO 0.250 to an 
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impressive 98.80% for MGO 0.250_KOH, underscored the efficient desorption dynamics and 

stable adsorption capacity exhibited by the latter throughout multiple adsorption-desorption 

cycles. This strategic enhancement holds significant potential for practical implementation 

within the industrial sector, particularly in scenarios involving low CO2 partial pressures. 

These adsorbents offer a combination of attributes, including outstanding CO2 capture 

capacities, production yield, mechanism elucidation, selectivity, regenerability, and more, 

positioning them as a viable and cost-effective pretreatment method for large-scale CO2 

capture prior to employing CCS technology. 
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Chapter 6 – Conclusions and Recommendations 

6.1. Conclusions 

In this research project, we have synthesized monolithic graphene oxide-based 

adsorbents through the self-assembly process of graphene oxide with OxA, and MaA with 

varying weight ratios and observed CO2 adsorption performance. To enhance CO2 capture 

performance concluded by physical and chemical activation [105]. The CO2 capture 

performance depends upon various factors, i.e., morphology, surface area, and crystal 

structure, that were examined by SEM, FE-SEM, HR-TEM, XPS, BET, XRD, Raman, and 

FTIR analysis. We have investigated the various kinetic and isotherm models [165,190]. We 

have also examined various thermodynamic parameters and Qst. Significantly, the monolithic 

graphene oxide-based adsorbents showed excellent dynamic CO2 capture capacity (> 1 mmol 

g
-1

). The adsorbents possess remarkable CO2 capture capacities, selectivity, and 

regenerability, making them highly advantageous as a cost-effective pretreatment method for 

the CO2 capture capacity of graphene oxide-based adsorbents was increased using a most 

straightforward treatment (physical and chemical), which has the potential to be simple to 

apply in the industrial sector at low CO2 partial pressure. We ultimately concluded that the 

chemical activation process through carbonization stands out as the most effective method for 

implementing CO2 capture using monolithic graphene oxide-based adsorbents. This 

preference is attributed to its superior characteristics, including the largest surface area, 

regenerability, selectivity, and numerous other advantages. 

6.2. Recommendations 

 To gain a thorough comprehension of the adoption process, It is crucial to assess the 

impact of various contaminants, such as SOx and NOx, affect the CO2 capture 

capability. 
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 The monolithic materials exhibit exceptional reusability and favorable optical 

properties, rendering them well-suited for the effective treatment of real wastewater. 

 Moreover, their application can be extended to encompass CO2 utilization 

applications. 
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