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ABSTRACT 

 

The increasing concentration of atmospheric CO2 is a key contributor to global climate change. With 

global mitigation efforts already falling short of critical targets, the development of efficient and 

durable carbon capture technologies has become imperative to reduce CO2 emissions on a global 

scale. Among the various strategies that have been explored, supported amine-based adsorbents have 

emerged as a highly promising solution due to their ability to capture CO2 selectively and reversibly. 

However, the technical route is not wholesome yet, because the CO2 uptake capacity and long-term 

stability of these adsorbents are significantly compromised by fundamental challenges, such as SO2 

poisoning and oxidative degradation. This thesis is therefore aimed at addressing these challenges 

while also focusing on the rational design of adsorbents to optimize CO2 uptake. Overall, this work 

comprises three interconnected research projects. The first one focuses on mitigating SO2 poisoning, 

the second one develops strategies for slowing down oxidative degradation, and the third one is 

dedicated to tailoring the pore structure to enhance adsorption performance.  

SO2 poisoning is a major challenge, as amines form stable salts even at trace concentrations of 

SO2, resulting in a substantial decline in CO₂ adsorption capacity. To address this, silica-supported 

polyethylenimine (PEI) adsorbent, functionalized with glycidol (GD-PEI/S), was developed. This 

material contains only tertiary amines, which are selective for SO2 over CO2. The GD-PEI/S 

adsorbent was characterized using infrared (IR) spectroscopy, nuclear magnetic resonance (NMR) 

spectroscopy, and thermogravimetric analysis (TGA). Column breakthrough experiments 

demonstrated that the material is highly selective for SO2 over CO2, even in gas streams where CO2 

concentration was significantly higher. Moreover, the SO2 uptake of the adsorbent nearly doubled 

under humid conditions, likely due to enhanced SO2 diffusion facilitated by increased moisture 

content. Furthermore, the adsorbent showed good reversibility under dry and humid recycling 

conditions. 
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Oxidative degradation is another limitation for deploying amine adsorbents on an industrial 

scale, where adsorbents are inevitably exposed to air at elevated temperatures during cooling stage 

after CO2 regeneration. This oxidative degradation leads to formation of less degradation products 

along with scission of amine chain, which significantly reduces CO2 uptake and hence compromising 

adsorbent lifespan. To enhance oxidation stability, hydroxyethyl starch (HES) was co-impregnated 

with PEI on a support as an additive (HES-PEI/S). The performance of HES-PEI/S was evaluated 

under various oxidation conditions using CO2 uptake measurements and mass spectrometry, with the 

findings supported by FTIR and NMR analyses. The enhancement in oxidation stability by HES was 

compared to other hydroxyl-containing additives, such as polyvinyl alcohol (PVA) and polyethylene 

glycol (PEG), as well as to 1,2-epoxy butane (EB). The results demonstrated that HES-PEI/S showed 

oxidation stability comparable to EB-PEI/S, while maintaining twice the CO2 uptake based on PEI 

content. Additionally, HES-PEI/S showed significantly higher oxidation stability than PEI/S and 

other co-impregnated adsorbents, such as PVA-PEI/S and PEG-PEI/S.  

          While the previous projects addressed challenges such as SO2 poisoning and oxidative 

degradation to enhance the stability of the adsorbent, consequently improving CO2 uptake, third 

project presents a strategic innovation to optimize CO2 uptake of the adsorbents. The project focused 

on maximizing CO2 uptake of amine adsorbents by leveraging the relationship between relative 

humidity (RH) of the feed gas, pore size of the material, and CO2 uptake. To study the relationship, 

periodic mesoporous silicas with 3 to 9 nm pore sizes and consistent morphology were synthesized, 

followed by grafting with comparable triamine loadings. H2O and CO2 adsorption isotherms as a 

function of RH were obtained for adsorbents with different pore sizes using Dynamic Vapor Sorption 

(DVS) analyzer. The adsorption isotherms showed pronounced maxima at the RH corresponding to 

water capillary condensation within the adsorbent, which was attributed to the formation of 

ammonium bicarbonate facilitated by the presence of liquid-like water. Furthermore, the results 

revealed that the RH of the water capillary condensation and hence the optimum CO2 uptake of the 

adsorbent shifted to higher RH as the pore size of the adsorbent increased. This pore-size-dependent 
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behavior of maximum CO2 uptake allows precise tailoring of adsorbents for feed gases with different 

RHs. 
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CHAPTER 1 GENERAL INTRODUCTION 

Part 1: Background, Challenges, and Research Gap 

1.1. CO2 Emissions and its Growing Concerns 

Carbon dioxide (CO2) is an integral component of Earth's carbon cycle, essential for maintaining 

ecological balance. However, anthropogenic activities, particularly the combustion of fossil fuels, 

have led to a significant and unprecedented increase in atmospheric CO2 concentrations. Despite 

being less potent than other greenhouse gases, exceedingly large emissions of anthropogenic CO2 

have positioned CO2 as the largest contributor to global warming.1 In 2024, the global power sector 

CO2 emissions reached ca. 13.8 billion metric tons, marking a 1% increase from the previous year, 

primarily due to increased fossil fuel-based generation.2 This trend is further evident by the significant 

increase in atmospheric CO2 concentrations, which reached 429 parts per million (ppm) in 2025, 

150% of pre-industrial levels.3,4 These levels are unprecedented in human history; the last time 

atmospheric CO2 concentrations were this high was approximately 3 million years ago. This dramatic 

rise in CO2 amplifies the atmospheric greenhouse effect, driving higher global temperatures. 

Warming at these levels, contributes to a range of environmental impacts, including melting of 

glaciers, ocean acidification and an increase in wildfires5.4 These effects threaten ecosystems, global 

weather patterns, and human livelihoods. To address this escalating crisis, the Intergovernmental 

Panel on Climate Change (IPCC) has emphasized the urgent need to limit global warming to 1.5 °C 

to prevent the severe consequences of climate change.6 However, current policies and mitigation 

efforts are falling short. Projections from the Climate Action Tracker indicate that existing global 

policies could lead to a temperature rise of approximately 2.7 °C above pre-industrial levels, with 

significant gaps in both 2030 targets and implementation efforts (Figure 1.1).7 These alarming trends 

highlight the necessity for immediate and comprehensive strategies to limit CO2 emissions. 

Consequently, efforts to mitigate climate change have centred on reducing greenhouse gas (GHG) 

emissions through various strategies, including renewable energy adoption, energy efficiency 
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improvements, and carbon capture and storage (CCS) technologies.8 Among these, CCS has emerged 

as a critical tool to reduce CO2 emissions from point sources, such as power plants and industrial 

facilities. By capturing CO2 at the source and preventing its release into the atmosphere, CCS has the 

potential to significantly contribute to achieving net-zero emissions targets.8,9 

 

Figure 1.1. Projected global GHG emissions pathways, highlighting 2030 target and implementation 

gaps and warming projections.7 Reproduced with the permission from © 2024 Climate Analytics and 

NewClimate Institute. 

CCS involves capturing CO2 from emission sources, transporting it to storage sites, and 

securely storing it to prevent its release into the atmosphere.9 As shown in Figure 1.2, primary CCS 

approaches are10: 1) Pre-combustion capture, where fuel is converted into carbon monoxide (CO) and 

hydrogen (H2), with CO further reacted with steam to produce CO2 and H2, enabling CO2 separation 

prior to combustion; 2) Oxy-fuel combustion, which uses pure oxygen for combustion, resulting in 

exhaust gases with a high CO2 concentration; and 3) Post-combustion, where CO2 is extracted from 

flue gases after combustion, commonly implemented in existing facilities.11 The captured CO2 is 

compressed and used in enhanced oil recovery (EOR) or stored underground.8 
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Figure 1.2. Different pathways for CO2 capture.12,13 

Among various carbon capture technologies, post-combustion carbon capture stands out as the 

most widely adopted globally, owing to its advanced maturity and seamless integration into existing 

power plants with minimal modifications. Nonetheless, the efficiency of any carbon capture system 

is significantly influenced by the composition of the flue gas and the properties of the capture 

medium, particularly its selectivity and stability.14 Flue gas typically contains a mixture of 

components such as SOx, NOx, water vapor, and O2 (Table 1.1), necessitating careful optimization of 

the CO2 separation method and the materials used to ensure effective and stable performance.15 

Table 1.1. Common composition of key components in different flue gases, expressed on a wet basis. 

Reprinted from ref.15 with permission from © 2019 Royal Society of Chemistry. 

Components Pulverized 

coal 

Waste 

incineration 

Coal-fired 

IGCC 

Natural gas-

fires CC 

Cement 

rotary kiln 

O2 (vol%) 6 7-14 12 14 7 

N2 (vol%) 76 Balance 66 76 59 

CO2 (vol%) 11 6-12 7 3 19 

H2O (vol%) 6 10-18 14 6 13 

Ar (vol%) 1 1 1 1 1 

SO2 (ppm) 300-5000 200-1500 10-200 - 5-1200 

NOx (ppm) 500-800 200-500 10-100 10-300 100-1500 

 

 



4 

 

1.2. Technologies for CO2 Capture 

Many technologies are used for post-combustion carbon capture (Figure 1.3), including (i) 

absorption,16,17 (ii) adsorption,18 (iii) membranes,19 and (iv) cryogenic separation20. As of 2024, a 

total of 628 large-scale CCS facilities have been established worldwide, including 50 operational, 44 

under construction, and the rest in various phases of development.21 Among these, amine scrubbing 

remains the most widely adopted method in commercial applications.22 However, liquid amine 

absorbents suffer from high regeneration cost, low thermal stability and cause equipment corrosion.23 

Moreover, they form heat stable salts with O2 and SO2, which limits both their efficiency and 

lifetime.15,24,25 To address these issues, a wide variety of materials, such as zeolites, carbons, clays, 

basic oxides, metal organic frameworks (MOFs) and supported amines have been developed26–28 and 

successfully used in many industries (Table 1.2). While still in the developmental stage, solid amine 

adsorbents, particularly, show significant promise for low-temperature carbon capture due to their 

high selectivity, superior adsorption capacity, and ease of regeneration.29–31  

 

Figure 1.3. Classification of CO2 capture techniques. Reprinted from ref.14 with permission from © 

2024 American Chemical Society. 
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Table 1.2. Adsorption technologies for post-combustion CO2 capture used in industries globally. Reproduced from ref.28 with permission from 

© 2020 Royal Society of Chemistry. 

Project Feed Flow Rate Adsorbent(s) Process Reactor CCR 

(%) 

CP 

(%) 

Energy Sources Country 

Single-stage 

VPSA 

46 N m³ h⁻¹ 
(dehydrated) 

Zeolite 5A VPSA Fixed bed 79 85 2.37 

MJe kg⁻¹ 
Power 

generation 

China 

Two-stage 

VPSA 

35 N m³ h⁻¹ 
(dehydrated) 

Zeolite 13X APG 

& activated carbon 

beads 

VPSA Fixed bed 90.2 95.6 2.44 

MJe kg⁻¹ 
Power 

generation 

China 

DR-VPSA 100 N m³ h⁻¹ 
(dehydrated) 

Activated carbon VPSA Fixed bed 44.6 87.5 3.52 

MJe kg⁻¹ 
Power 

generation 

Poland 

ASCOA-3 330 N m³ h⁻¹ Zeolite (zeolum 

F9) 

VSA Fixed bed 80 90 0.44 

MJe kg⁻¹ 
Steel Japan 

TEPCO’s two-

stage VSA 

1000 N m³ h⁻¹ 
(dehydrated) 

Ca–X zeolite PTSA/VSA Fixed bed 90 99 2.02 

MJe kg⁻¹ 
Power 

generation 

Japan 

KIERDARY 35,000 N m³ h⁻¹ K2CO3-based 

sorbent 

TSA Fluidized bed 80 95 4.0–5.0 

MJth 

kg⁻¹ 

Power 

generation 

Korea 

ADAsorb 0.38 kg s⁻¹ Amine-based ion 

exchange polymer 

TSA Three-staged 

fluidized bed 

90 89.4 4.75 

MJth 

kg⁻¹ 

Power 

generation 

USA 

RTI’s TSA — PEI-based sorbent TSA Fluidized bed 90 — 2.4 MJth 

kg⁻¹ 
Cement USA 

KCC 1000 N m³ h⁻¹ Amine-coated 

porous material 

VTSA Moving bed 75 95 1.3 MJe 

kg⁻¹ 
Power 

generation 

Japan 

SRI’s ACS 120 m³ h⁻¹ Carbon beads TSA Moving bed 67 93 — Power 

generation 

USA 

TDA’s SMB 0.63 kg s⁻¹ Alkalized alumina TSA Simulated 

moving bed 

— — — Power 

generation 

USA 

VeloxoTherm — Diamine-tethered 

silica gel 

RTSA Rotary wheel — 90 1.5 MJe 

kg⁻¹ 
Power 

generation 

Canada 
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1.3. Amine-Containing Solid Adsorbents 

1.3.1 Nature of Support 

Amine-containing solid adsorbents are promising material for CO2 capture as they combine the 

structural stability and high porosity of solid support materials with the chemical specificity and 

reactivity of amine groups.32 The selection of the appropriate support is crucial for optimizing the 

performance and to some extent the stability of these adsorbents. 

Among silica supports, Santa Barbara Amorphous (SBA-15)33–49 and Mobil Composition of 

Matter (MCM-41)37–39,44,49–61 and other mesoporous silicas have attracted significant attention due to 

their large surface area, high pore volume, and the ability to tailor their pore sizes with a narrow 

distribution.62 These attributes are crucial, as they facilitate high amine loadings within the adsorbent 

structure without compromising amine accessibility.63 Advancing further, pore-expanded alumino-

silica (PE-AlSiO2)
64 support represents a significant enhancement in adsorbent materials by 

integrating the beneficial properties of alumina and silica. The incorporation of alumina enhances the 

hydrothermal and chemical stability of the material, while silica reinforces the structural integrity and 

mechanical strength.64,65 Additionally, the pore expansion of supports not only increases the surface 

area available for amine loading but also promotes rapid diffusion of CO2 molecules to the active 

sites, thereby optimizing the adsorption kinetics.60,63,66 These attributes make PE-AlSiO2 

exceptionally effective for industrial CO2 capture applications, where robustness and efficiency are 

paramount.  

1.3.2 Synthesis  

Silica supports are synthesized using surfactants as structure-directing agents.67 Specifically, cationic 

surfactants are used for MCM-41 synthesis68, while block copolymers are used for SBA-1569 (Figure 

1.4). These surfactants facilitate the orderly arrangement of mesopores by forming micelles around 

which the silica source, typically tetraethyl orthosilicate (TEOS), condenses to form the mesoporous 
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framework. The synthesis is performed under carefully controlled acidic or basic conditions, enabling 

the precise tailoring of pore characteristics. Following the initial mixing, the resultant mixtures are 

aged at controlled temperatures, allowing for the development of well-defined mesostructures. Post-

aging, the particles are separated through filtration, dried and subsequently calcined at ca. 500 °C. 

This calcination step is crucial as it removes the organic templates, leaving behind a pure silica 

structure.67 For the synthesis of pore-expanded PE-AlSiO2, a similar methodology is used but is 

augmented by the inclusion of an alumina source, such as aluminum isopropoxide, alongside the 

silica source. An expanding agent, such as dimethylhexadecylamine (DMHA), is introduced prior to 

the aging process to increase the pore size, followed by a final calcination step.64 

 

Figure 1.4. Schematic for synthesis of SBA-15 mesoporous silica using a Pluronic P123 surfactant, 

followed by amine grafting. Reprinted from ref.70 with permission from © 2024 Springer Nature. 

Following the synthesis and calcination of mesoporous supports, the subsequent step in 

developing amine-based adsorbents involves the immobilization of amine functional groups onto 

these structured supports. This is typically achieved through two principal methods: grafting66 and 

impregnation71,72 (Figure 1.5). Both techniques are designed to enhance the interaction between CO2 

and the adsorbent by securely anchoring amine groups to the robust silica framework. Grafting 
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involves the covalent bonding of amine-containing silanes to the surface of a porous support, creating 

strong chemical bonds that enhance both thermal stability and adsorption kinetics. A range of silanes, 

such as aminopropyltrimethoxysilane (APTMS),40,47,61,73–77 N-[3-

(trimethoxysilyl)propyl]ethylenediamine (TMPEDA),78–80 and 2-[2-(3-

trimethoxysilylpropylamino)ethylamino]ethylamine (TRI),50,51,60,61 are used as grafting agents to 

functionalize solid supports. As illustrated by Hiyoshi et al.,81 TRI, is particularly advantageous due 

to its high amine density, which significantly enhances CO2 capture capacity. Furthermore, TRI-

grafted SBA-15 demonstrates stable performance over multiple adsorption-desorption cycles, making 

them suitable for practical CO2 capture applications. 

In contrast, impregnation leverages non-covalent interactions, such as hydrogen bonding, to 

immobilize polyamines on the support. This approach is known for achieving high CO2 adsorption 

capacities due to the substantial amine density of the polyamines. Polyethyleneimine 

(PEI),34,37,44,46,79,82–95, is particularly favored due to its availability in wide range of molecular weights, 

high amine content, and cost-effectiveness, making it economically viable choice.96 Additionally, 

PEI's highly branched molecular structure enhances its van der Waals interactions with the support, 

thereby improving its stability over multiple regeneration cycles. Conversely, smaller polyamines 

like tetraethylenepentamine (TEPA),34,36,44,46,49,54,57,77,87,92,97–106 diethylenetriamine (DETA),37,44,46,107 

ethylenediamine (EDA),44,45,47,54,57,58 pentaethylenehexamine (PEHA),38,39,52,57,106,108–110 

triethylenetetramine (TETA),44,47,106,111 are used for their high amine loading and rapid kinetics, 

which enhance the overall CO2 adsorption efficiency. However, these smaller polyamines tend to 

undergo higher leaching, primarily due to their weaker van der Waals interactions with the support.112  

Both grafting and impregnation techniques have been rigorously explored to optimize CO2 

capture performance. While grafting ensures robust chemical stability and functional integrity under 

operational conditions, impregnation methods, offer the flexibility to achieve high amine content and 

superior adsorption capacities.31,96,113  
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Figure 1.5. Schematic representation of amine-based adsorbents with (a) physical impregnation and 

(b) covalent grafting. 

1.3.3 CO2-Amine Chemistry 

Once amine-functionalized silica adsorbents are synthesized, a thorough understanding of their CO2 

adsorption mechanisms is critical to further enhance their efficacy.112,114 Specifically, these 

adsorbents show selective chemical bonding between the amine groups and CO2 molecules, which 

interact differently under dry and wet conditions.96 Under dry conditions, each CO2 molecule can 

react with either two primary amines, two secondary amines, or one primary and one secondary amine 

to form ammonium carbamate. This interaction is illustrated by chemical Eq. 1.1. In contrast, wet 

conditions modify the reaction pathway, where a single amine group reacts with CO2 and water to 

yield bicarbonate along with carbamate (Eq. 1.2).115–117 

 

          Tertiary amines show distinct CO2 adsorption behavior compared to primary and secondary 

amines, due to their different amine structures. Unlike primary and secondary amines, tertiary amines 

lack a hydrogen atom next to nitrogen, which is essential for the direct formation of carbamates under 

  
Eq. 1.1 

 
Eq. 1.2 
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dry conditions. Consequently, they do not readily form carbamates under moisture-free conditions. 

Nonetheless, in the presence of water vapor, water molecules provide a proton that transforms the 

tertiary amine into an ammonium ion, thus facilitating the capture of CO2 through bicarbonate 

formation (Eq. 1.3).118 The reaction can be represented as follows:  

          Such insights into the interaction dynamics of amine-functionalized silica adsorbents under 

different environmental conditions are pivotal for tailoring these materials to specific industrial 

applications, thereby optimizing their performance in CO2 capture systems. 

1.3.4 Advantages  

Amine-functionalized adsorbents offer considerable advantages for CO2 capture, primarily due to 

their high selectivity, which arises from specific chemical interactions between the amine groups and 

CO2 molecules. This selectivity enables efficient CO2 removal from various gas streams.31 

Additionally, these adsorbents exhibit a high adsorption capacity, significantly enhancing the overall 

efficacy of the CO2 capture process.63,119 Additionally, the regeneration process for amine-

functionalized adsorbents generally requires less energy than traditional amine scrubbing 

technologies, thereby enhancing overall energy efficiency.30,31 Notably, these adsorbents can be 

regenerated and reused multiple times without a significant loss of capacity.120,121 Furthermore, the 

regeneration energy122–124 and kinetics125 of these adsorbents can be effectively modulated to optimize 

performance and economic viability. Moreover, these materials not only retain their performance in 

humid conditions, but their stability also increases in the presence of water vapor.126,127 This 

characteristic is particularly beneficial for applications within flue gas environments, where water is 

a ubiquitous component,128,129 and stability to moisture is essential. Collectively, these advantages 

(Figure 1.6) underscore the potential of amine-functionalized adsorbents as an efficient solution for 

overcoming challenges associated with CO2 capture, thereby contributing to the reduction of CO2 

emissions.  

 
Eq. 1.3 
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Figure 1.6. Advantages of amine-containing solid adsorbents. 

1.3.5 Limitations and Research Gaps  

While amine-functionalized adsorbents offer significant advantages for CO2 capture, their 

performance is substantially influenced by the presence of sulfur dioxide (SO2), oxygen, and water 

vapor in the feed gas. These components interact with the amines in complex ways that can either 

impede or promote the CO2 uptake of the adsorbent, depending on the specific conditions.15,114  

1.3.5.1 SO2 Poisoning 

A major limitation of amine-based adsorbents for CO2 capture is their susceptibility to SO2 

poisoning130–132, which is commonly present in industrial flue gases129,133. SO2 reacts with primary 

(1°) and secondary (2°) amines to form zwitterion (Eq. 1.4)15,134, which remain stable at the typical 

regeneration temperatures used for CO2. Consequently, 1° and 2° amines get irreversibly poisoned 

by SO2, hindering their ability to capture CO2 effectively in subsequent cycles.130,131,135 For example, 

when supported PEI and APTMS were exposed to SO2 concentration as low as 20 ppm in a gas stream 
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containing 10% CO2 balanced with N2, there was a marked reduction in their CO2 adsorption capacity 

(Figure 1.7). Notably, there was approximately 40% decrease in CO2 uptake for both the adsorbents 

after just a single adsorption cycle. This degradation exacerbates overtime, with the adsorbents 

experiencing up to ca. 70% loss in CO2 uptake after four regeneration cycles. Moreover, SO2 uptake 

also decreased significantly during these cycles.130 These observations highlight the high 

vulnerability of amine-functionalized adsorbents to even trace concentrations of SO2 resulting in 

significant decrease in CO2 uptake and durability of the adsorbent. This significantly hinders their 

use in industrial carbon capture applications. 

 

 

Figure 1.7. CO2 and SO2 uptake of supported (a) PEI and (b) APTMS over regeneration cycles. 

Reprinted from ref.130 with permission from © 2024 American Chemical Society. 

One strategy to prevent this deactivation involves the removal of SO2 from exhaust gas prior to 

the CO2 adsorption stage. Traditional methods like Wet Flue Gas Desulfurization (WFGD) using 

calcium carbonate, are widely used due to their cost-effectiveness and high efficiency at removing 

high levels of SO2.
136,137 However, this method not only produce low-value by-products such as 

calcium sulfate but also faces challenges in reducing SO2 concentrations below 500 ppm, which, in 

 
Eq. 1.4 
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turn, leads to increased operational costs.138,139 To tackle these limitations, solid-supported adsorbents 

like MOFs,140,141 porous polymers,142–144 and zeolites,145,146 have gained significant attention due to 

their non-corrosive nature and inherently low energy demands for regeneration. Despite their 

potential, the practical deployment of these materials is often restricted by high production costs and 

limited selectivity.147–149 As an alternative, researchers used tertiary amine adsorbents, which can 

interact with SO2 (even under dry conditions) due to higher acidity of SO2 compared to CO2, without 

reacting with CO2.
130,150–158 For example, Tailor et al.156 grafted N,N-dimethylpropyl amine onto 

pore-expanded MCM-41 (TER-PE-MCM-41), which showed exceptional selectivity. This was 

demonstrated by an immediate CO2 breakthrough observed when the material was exposed to a gas 

mixture containing 0.1% SO2/N2 and 20% CO2/He with the same flow rate, under both dry and humid 

conditions. This finding led to further investigations into alternative tertiary amine systems, such as 

methylated PEI155,157 (Figure 1.8), which have been used to selectively adsorb SO2 from mixed gas 

streams composed of SO2, CO2, and N2. These materials demonstrated significant potential for deep 

desulfurization of flue gas due to their low reactivity with CO2 (Figure 1.9a), strong affinity for SO2, 

and robust stability across multiple regeneration cycles (Figure 1.9b). Nevertheless, the methods used 

in these studies for synthesizing tertiary amines are complex and involve multi-step processes. 

Moreover, the concentrations of SO2 used in these studies substantially exceed 20 ppm, raising 

concerns regarding the deactivation of the amines. In fact, to the best of our knowledge, none of the 

studies in literature focused on the removal of SO2 concentrations below 50 ppm. This gap highlights 

the critical need for further research to adapt these innovative materials for typical environmental 

conditions and to streamline their production processes, thereby facilitating industrial applications. 
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Figure 1.8. Schematic representation of the methylation of polyethylenimine (PEI) to produce 

methylated PEI with tertiary amine functionalities. Reprinted from ref.157 with permission from © 

2021 Elsevier. 

 

Figure 1.9. (a) Breakthrough curves for TER-PE-MCM-41 in a gas mixture of 0.05% SO2, 10% CO2, 

49.95% N2, and 40% He; (b) Regeneration cycles for SO2 adsorption (0.1% SO2 in N2) at 40 °C and 

regeneration at 130 °C. Reprinted from ref.156 with permission from © 2014 Elsevier. 

1.3.5.2 Oxidative Degradation 

Another significant shortcoming of amine-based adsorbents is their vulnerability to oxidative 

degradation. In a typical cycle of CO2 adsorption at ambient temperature and CO2 desorption at 

elevated temperature (typically at 100 °C or above), these adsorbents are very susceptible to oxidative 

degradation either during the adsorption when oxygen is present in the feed gas, or during the cooling 

stage following desorption, where air is used as a cost-effective coolant. The visible evidence of 

oxidatively degraded adsorbents is the vivid brown color. It is worth mentioning that, during 

adsorption, the presence of water vapor (H2O) and CO2, along with a lower partial pressure of O2 and 
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low temperature, significantly reduces the risk of degradation. This stabilizing effect arises primarily 

from the fast formation of ammonium carbamate and bicarbonate when CO2 reacts with the amines, 

effectively protecting them from oxidative degradation. Furthermore, water enhances the oxidative 

stability of the adsorbents through hydrogen bonding with the amine groups.159–161 

Two main parameters that control the rate of amine oxidation are the temperature and the 

oxygen concentration. Oxidative degradation accelerates significantly when flowing air (21% O2/N2) 

is used to cool the adsorbent following the regeneration step, to bring it to the starting point of the 

adsorption-desorption cycle. The fact that the adsorbent temperature as its highest, i.e. about 110 °C, 

when the material is exposed to air, exacerbates the oxidation process. As demonstrated by Yogo et 

al.,162 for TEPA loaded mesoporous silica foam (MF), higher loss of CO2 uptake was observed at 

higher partial pressure of oxygen or temperature regardless of the TEPA loading on the support, as 

illustrated in Figure 1.10. For example, for 60% TEPA impregnated MF, increasing the partial 

pressure of O2 from 5% (relevant to the typical oxygen content in the feed gas) to 21% O2/N2 at 100 

°C for 18 h resulted in loss of CO2 uptake capacity by 27% and 85%, respectively. Further 

corroborating these results, similar trends were observed in PEI impregnated   adsorbents.159,163 

Moreover, the pronounced effect of temperature on oxidative instability was evident, as exposure of 

the adsorbent to O2 at 80 °C and 100 °C resulted in decrease in CO2 uptake capacity by 38 and 88%, 

respectively.162 This trend aligns with findings reported in numerous research papers, which suggest 

that oxidation at higher temperatures leads to more severe degradation of adsorbents.159,162–165 

Empirical studies, such as those by Heydari-Gorji and Sayari159, further reinforce these observations. 

They reported the complete oxidative deactivation of PEI-impregnated mesoporous silica when 

exposed to dry air at 120 °C for 30 h, culminating in a total loss of CO2 uptake capacity.  

These findings underpin the importance of addressing oxidative degradation of amines, which 

significantly undermines the performance of the adsorbent over extended periods. Otherwise, the 

need for frequent replacements of the adsorbents not only escalates operational costs but also 
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negatively impacts the economic viability and sustainability of using amine-based adsorbents in 

industrial applications166,167. Therefore, mitigating this degradation is essential for maintaining 

efficiency and reducing the lifecycle costs of carbon capture. 

 

Figure 1.10. Effect of (a) temperature and (b) partial pressure of oxygen on CO2 adsorption capacity 

retention of TEPA-loaded MF. Adapted from ref.162 with permission from © 2019 American 

Chemical Society. 

To counter these adverse effects, several strategies have been explored, including the 

integration of metal chelators, based on the working hypothesis that transition metal ion initiate and/or 

catalyze the degradation process.160,168,169 Another effective strategy is the use of sterically hindered 

amines.164 This substitution prevents alpha-hydrogen abstraction, which is believed to be the initial 

stage of the whole oxidative degradation process, thus enhancing oxidation stability of the 

adsorbent.170 Furthermore, the incorporation of hydroxyl-rich additives has gained attention for its 

protective effects against oxidation.160,171,172 Of these, hydroxyl-rich additives have proven 

particularly effective in enhancing the stability of amine adsorbents against oxidative 

degradation.160,170,171,173 A widely accepted mechanism says that the presence of hydroxyl groups can 

facilitate hydrogen bonding with amines, creating a protective barrier that shields the adsorbents from 

oxidative degradation.170  
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In this context, Chuang and coworkers171 used polyvinyl alcohol (PVA) as a support for PEI to 

investigate its potential for enhancing the oxidative stability. The experimental methodology was 

systematically divided into different stages, starting with pretreatment of the adsorbent. This was 

followed by the adsorption of CO2, which was performed at 40 °C for 10 min under 15% CO2 

balanced in air. Subsequently, argon was purged to remove adsorbed gases, followed by temperature-

programmed desorption (TPD). Then a degradation test was performed at 130 °C for 30 minutes using 

15% CO2 in air, with the process concluding with a cooling phase. In these adsorption-desorption 

cycles, PEI-PVA material showed enhanced oxidation stability compared to PEI impregnated silica 

support (Figure 1.11), which was attributed to hydrogen bonds between amines of PEI and hydroxyl 

groups of PVA in PEI-PVA adsorbent. However, it is important to note that the conditions used 

during the degradation stage do not mimic the air-cooling process of practical operations, thereby 

limiting the direct applicability of these results. Furthermore, the CO2 adsorption capacity of PVA-

PEI (1.31 mmol/g) was 35% less than the silica-supported PEI (2.01 mmol/g). This highlights a 

common compromise in enhancing the oxidation stability of an adsorbent, which is often achieved at 

the expense of a reduced CO2 uptake capacity. 

 

Figure 1.11. Comparison of decline in CO2 uptake of PEI supported silica and PVA adsorbents over 

time. Reprinted from ref.171 with permission from © 2017 American Chemical Society. 

In another highly relevant study by Choi et al.,160 their findings indicated the occurrence of 

similar limitations. Their strategy for enhancing oxidative stability involved the use of chelators to 
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bind metal ions and simultaneously the functionalization of PEI with epoxides (1,2-butylene oxide, 

shown in Figure 1.12), which is essentially grafting of the protective hydroxyl group to amine. It is 

important to note that although this method indeed led to significant improvement in oxidation 

resistance, it also succumbed to the drastic decrease in CO2 uptake capacity, by approximately 54.6%. 

This decrease in CO2 uptake capacity was primarily attributed to the transformation of more CO2-

reactive primary amines into less reactive secondary and tertiary amines. It is worth commenting that 

the simulated flue gas employed by Choi et al: 3% O2, 15% CO2, and 10% H2O, was considerably 

mild and thus far from the situation typically encountered in the realistic air-cooling process of 

adsorbents, where atmospheric oxygen is 21% and the stabilizing effects of CO2 and H2O are absent.  

 

Figure 1.12. Schematic illustration use of metal chelators and functionalization of PEI with epoxy 

butane to enhance oxidative stability and reduce metal poisoning in adsorbents. Reprinted from 

ref.160, according to Creative Commons Attribution 4.0 International (CC BY 4.0). 

Meanwhile, a growing body of research on enhancing the oxidative stability of amine-based 

adsorbents reveals that the incorporation of hydroxyl-containing additives, either through 

functionalization or use as support, can improve their resistance to oxidation.160,170,171,173 However, 

this advancement also highlights the persistent challenges that impede the practical deployment of 
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these materials. A critical bottleneck is that while the addition or functionalization of PEI with 

hydroxyl groups does enhance oxidative stability, it frequently results in a diminished CO2 capture 

capacity. This reduction underscores the crucial need to develop adsorbents that maintain both high 

oxidative stability and high CO2 uptake capacity, pointing to the essential balance required between 

durability and performance. Moreover, the experimental conditions used in these studies often do not 

correspond to the severe environments typically encountered during the air cooling of adsorbents in 

industrial settings. Additionally, there is a lack of consistency in experimental conditions across 

different studies, which complicates direct comparisons of various methodologies, such as hydroxyl 

group impregnation and functionalization. This inconsistency hinders a comprehensive evaluation of 

the relative effectiveness of each approach, creating significant barriers to progress in the field.  

1.3.5.3 RH - Pore Size – CO2 Uptake Relationships 

Having explored the effect of SO2 and O2 on amine-based adsorbents, it is equally important to 

consider the impact of other components on adsorbent performance. Interestingly, in contrast to the 

detrimental effects of SO2 and O2 on CO2 uptake and lifetime of the adsorbent, water vapor—a 

ubiquitous component of flue gas not only enhances CO2 uptake114 but also increase the stability of 

the adsorbent against urea formation.126 Researchers propose that the water can act as a lubricant, 

improving the mobility of amine polymers and allowing better access to active sites.174,175 

Additionally, the presence of water enables the formation of bicarbonate, changing the CO2–amine 

chemistry from a 1:2 to a 1:1 stoichiometry. This change allows each CO2 molecule to interact with 

one amine molecule instead of two, significantly enhancing the adsorption capacity.61,115,176–178 

Nevertheless, in some cases, excessively high RH levels can reduce efficiency.114  

Given its positive impact, researchers investigated the effect of RH on CO2 uptake and found 

that the adsorbent achieve maximum uptake at a specific RH.174,179,180 As illustrated in Figure 1.13a, 

lysine (MOF-808-Lys) and tris(3-aminopropyl)amine (MOF-808-TAPA), covalently bonded 

separately to MOF-808, showed an increase in CO2 uptake as the RH increases from 0% to 50%. 



20 

 

Notably, MOF-808-TAPA showed a significant enhancement in CO2 uptake, rising from 0.454 

mmol/g at 0% RH to 0.872 mmol/g at 50% RH when exposed to a 400 ppm CO2 in N2 gas stream at 

25 ℃.178 Similarly, Figure 1.13b demonstrates that CO2 uptake of a PEI impregnated adsorbent 

increases with RH, reaching its maximum at 30% RH, and then decreases thereafter. Nonetheless, 

H2O uptake continues to rise with increasing RH. This indicates that at higher relative humidity, more 

pores are occupied by water molecules, thereby limiting the availability of sites for CO2 adsorption.174 

Furthermore, Figure 1.14 shows increase in CO2 uptake by 16, 22, and 74% at RH levels of 27, 61, 

and 74%, respectively, compared to dry conditions for APTMS grafted pore-expanded MCM-41 

support (MONO-PE-MCM-41). Interestingly, there was dramatic increase in CO2 uptake at 74% RH, 

which was attributed to water capillary condensation.61  

 

Figure 1.13. CO2 and H2O uptake as a function of RH for (a) polyimide COF at 25 °C and (b) PEI 

impregnated single-walled zeolite at 30 °C. (a) Reprinted from ref.178 with permission from American 

Chemical Society (2024). (b) Reprinted from ref.174, according to Creative Commons Attribution 4.0 

International (CC BY 4.0). 
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Figure 1.14. H2O adsorption isotherm for MONO-PE-MCM-41 at 25 ℃. Reprinted from ref.61 with 

permission from © 2008 American Chemical Society. 

Consequently, to achieve optimal CO2 adsorption, the RH of the feed gas should be adjusted to 

align with the adsorbent’s optimal RH. However, these adjustments may not always be economically 

feasible. A more practical strategy may lie in tuning the adsorbent itself. For example, MONO-PE-

MCM-41 showed a dramatic increase in CO2 uptake at the partial pressure of water capillary 

condensation.61 Given the strong dependence of capillary condensation on pore size, strategically 

tailoring the pore size of amine-containing adsorbents can offer a means to align the water capillary 

condensation pressure with the  water vapor partial pressure of the feed gas, thereby facilitating 

optimal CO2 adsorption. Exploring this interplay between pore size, relative humidity, and CO2 

uptake offers valuable insights for developing adsorbents capable of maximizing CO2 capture 

efficiency without requiring energy-intensive humidity control. Nonetheless, to the best of our 

knowledge, such correlations have not been documented in existing literature. This knowledge gap is 

critical, as understanding these relationships not only enhances CO2 capture efficiency but also 

improves economic feasibility, both of which are essential for achieving effective carbon mitigation. 

Given that current CO2 capture efforts do not align with the scale required to meet global mitigation 

targets181, bridging this gap is crucial in advancing industrial carbon capture efforts in line with the 

goals set under the Paris Agreement182. 
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 1.4. Thesis Structure 

This thesis addresses key challenges in optimizing amine-based adsorbents for CO2 capture, focusing 

on the effects of SO2, O2, and water vapor. By mitigating adverse interactions and leveraging 

beneficial ones, this work aims to enhance CO2 uptake. The research is structured around three 

primary challenges: SO2 poisoning, oxidative degradation, and the need to maximize CO2 uptake by 

tailoring adsorbent properties to specific RH conditions (Figure 1.15). Each challenge is 

systematically investigated to develop solutions that directly or indirectly improve CO2 uptake under 

industrially relevant conditions. The dissertation is organized into five chapters, beginning with an 

introduction that outlines the research scope and significance, followed by chapters addressing each 

challenge with proposed solutions, and concluding with findings and future directions for advancing 

carbon capture technologies. 

Chapter 1: Introduction 

This chapter provides the necessary background and foundation for the research presented in this 

thesis. It is divided into two main parts: 

Part 1: Background, Challenges and Research Gap 

This section discusses the urgency of addressing CO2 emissions and the role of amine-containing 

solid adsorbents as a promising CCS solution. It includes the synthesis, support materials, and CO2–

amine interactions critical for optimizing adsorbent performance. Additionally, it highlights the key 

advantages of amine-based adsorbents, along with the primary challenges limiting their long-term 

stability and efficiency. These challenges define the existing research gap, emphasizing the need for 

innovative strategies to enhance adsorbent performance and durability. 
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Part 2: Instrumentation and Analysis 

This section outlines the key analytical techniques used to characterize the synthesized adsorbents, 

including spectroscopic, thermal, and breakthrough analysis. It explains their role in assessing 

material structure, stability, and CO2 uptake, while also addressing important considerations for data 

interpretation. 

Chapter 2: SO2 Poisoning 

This chapter focuses on mitigating SO2 poisoning in amine-based adsorbents by developing tertiary 

amine-functionalized materials with high SO2 selectivity. These adsorbents act as preliminary filters, 

removing SO2 and optimizing conditions for efficient CO2 capture. The study focuses on a simple 

preparation method to develop effective adsorbents for low SO2 concentrations, with potential 

industrial applications. 

Chapter 3: Oxidative Degradation 

This chapter addresses oxidative degradation in amine-based adsorbents, which reduces CO2 uptake 

and lifespan. It explores enhancing oxidation stability using hydroxyl-containing additives like HES 

to preserve CO2 capacity and improve resistance under accelerated oxidation conditions, particularly 

relevant during the cooling phase following adsorbent regeneration. 

Chapter 4: Pore Size - RH - CO2 Uptake Relationships 

In this chapter, the relationship between pore size, RH, and CO2 uptake is explored. By synthesizing 

supports with different pore sizes, this work aims to determine how these variables interact and 

influence CO2 uptake through phenomenon such as water capillary condensation. The objective is to 

tailor the pore structure to optimize the adsorbent design for flue gas with specific RH levels, 

enhancing CO2 uptake efficiency. 
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Chapter 5: Conclusions and Future Directions 

The final chapter summarizes the research findings across all areas studied, emphasizing their 

contribution to advancing CO2 capture technologies. It discusses the limitations of current studies, 

highlights potential improvements, and outlines directions for future research to further enhance 

amine-based solid adsorbents for carbon capture. 

 

Figure 1.15. Schematic showing the limitations of amine-based adsorbents and the main objective of 

this study. 
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Part 2: Instrumentation and Analysis 

1.6. Introduction 

A range of analytical techniques were used to thoroughly characterize the adsorbent materials and assess 

their performance. Nuclear Magnetic Resonance (NMR) Spectroscopy offered vital insights into the 

molecular structure and dynamics of PEI, crucial for determining the functionalization and 

quantification of amines, as well as for identifying functional groups associated with oxidation. Infrared 

Spectroscopy (IR) complements this by probing molecular vibrations to confirm the presence and 

modifications of functional groups, particularly useful for monitoring changes during amine 

functionalization and oxidation. Nitrogen adsorption analysis was crucial in determining the porosity 

and textural properties of the materials, offering essential data on their adsorptive capabilities. 

Thermogravimetric Analysis (TGA) was used to measure CO2 uptake under dry conditions, determine 

the nitrogen content, and evaluate the thermal stability of the materials. Dynamic Vapor Sorption (DVS) 

measured CO2 uptake under humid conditions and water adsorption capacity of the adsorbents. This 

analysis facilitated detailed investigations into the relationships between CO2 uptake, pore size, and 

relative humidity (RH) within the adsorbent materials. Finally, dynamic column breakthrough 

experiments using Mass Spectrometry (MS) provided detailed insights into CO2 adsorption under 

humid conditions, as well as the identification of fragments formed during amine oxidation. In all, the 

analytical techniques significantly enhanced understanding of the adsorbent’s properties. A detailed 

description of analytical tools and techniques are presented in the following sections. 

1.7. NMR Spectroscopy 

1.7.1. Principle 

NMR spectroscopy is a powerful analytical technique that provides detailed information about the 

local chemical environment of molecules, thereby revealing structural changes within a molecule 

subject to chemical reaction or noncovalent molecular interaction. At the core of NMR spectroscopy 
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lies the intrinsic property of nuclear spin, which is characterized by the spin quantum number (I). 

Only nuclei with a nonzero spin (I ≠ 0) show magnetic properties and can interact with an external 

magnetic field, making them NMR active. Examples include 1H (proton) and 13C (carbon-13), both 

of which possess a spin of I = 1/2. Put in an oversimplified analogue, these nuclei act like tiny bar 

magnets and once placed in an external magnetic field (B0), they either align parallelly or anti-

parallelly along the B0 vector, with a population governed by the Boltzmann distribution. As shown 

in Figure 1.16, at thermal equilibrium, the lower-energy state is slightly more populated, making this 

distribution more stable since systems naturally favor lower energy configurations. For an individual 

nuclear spin, it precess around the B0 vector. The precession frequency is known as the Larmor 

frequency and is given by the equation: 

𝜈0 =
𝛾

𝑚
𝐵0

2ᴨ
 

where: 

• 𝜈0 is the Larmor frequency,  

• 𝛾𝑚 is the gyromagnetic ratio.  

  To generate an NMR signal, a radiofrequency (RF) pulse matching the Larmor frequency is 

applied perpendicular to B0. This pulse provides energy to the nuclei, causing some of them to jump 

from the lower-energy state to the higher-energy state. In returning to the Boltzmann equilibrium, 

which is also known as relaxation, the collective precession of the ensemble of tiny nuclei magnets 

induces an electrical response in detection circuit of a coil shape sitting next to the NMR tube in 

which the sample of interest is contained. Since the intrinsic frequency of the circuit is tuned by a 

combination of capacitor and inductance, exactly to the Larmor frequency of the nuclei of interest 

(e.g. 1H and 13C), this process is in resonance condition. 
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  As a result of this relaxation of excited nuclear spins to Boltzmann equilibrium, the induced 

electrical signal known as the free induction decay (FID) is recorded by the NMR spectrometer, 

which is essentially a voltage response as function of time. Upon Fourier transform, the time-domain 

signal is converted to a frequency domain spectrum, which conveniently can be used to reveal subtle 

changes in chemical environment of molecules, particularly the breaking and formation of chemical 

bonds including covalent and non-covalent ones. This results in variations in chemical shift, 

multiplicity, and coupling constants, providing detailed insights into molecular structure and 

dynamics.182,183 

 

Figure 1.16. Schematic of NMR for a nucleus with spin quantum number I=1/2, illustrating the 

energy level transitions between α and β states. The diagram depicts thermal equilibrium, excitation 

at the resonance frequency, and relaxation back to equilibrium. Adapted from ref.183 with permission 

from © 2025 Toray Research Centre. 

1.7.2. Selection of NMR Technique and Solvent 

In this study, the Bruker Avance III HD (AVIII) 600 MHz spectrometer was chosen over the AVIII 

400 MHz and AVII 300 MHz models due to its superior capabilities. Equipped with a cryogenic 

probe, the AVIII 600 MHz spectrometer provides enhanced resolution and sensitivity, crucial for the 
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detailed structural analysis of polymers such as PEI. Its higher operating frequency enhances the 

resolution of closely overlapping NMR peaks, enabling a precise and detailed characterization of the 

chemical environment within PEI. Furthermore, cryogenic probe suppresses thermal noise, 

significantly speeding up the analysis process while ensuring both the reliability and accuracy of the 

results. Furthermore, liquid-state NMR spectroscopy was selected over solid-state NMR for its 

superior resolution and signal-to-noise ratio, enhanced by increased molecular motion in the liquid 

phase. Selecting an appropriate solvent is crucial in liquid-state NMR, as it must be chemically inert 

toward the analyte and capable of efficiently dissolving the targeted sample to ensure a homogeneous 

solution for satisfactory spectral resolution. For example, deuterium oxide (D2O) was chosen for 

PEI-impregnated samples as the solvent because it extracts and dissolves PEI completely, and the 

solvent peak does not overlap with the regions of interest. 

1.7.3. Analysis 

1H NMR is widely favored for analyses in NMR spectroscopy due to the high natural abundance of 

1H, which constitutes approximately 99.98% of naturally occurring hydrogen isotopes. This 

abundance coupled with the high gyromagnetic ratio of hydrogen makes 1H NMR highly sensitive, 

allowing for the rapid acquisition of high-quality spectra with excellent signal-to-noise ratios. Such 

attributes make it ideal for detecting even trace amounts of material and obtaining detailed 

information about molecular structure quickly. However, 1H NMR has its limitations, particularly 

when analyzing compounds like PEI where the molecular structure can result in complex spectra. In 

case of PEI, 1H NMR spectra of the amines often show extensive peak overlap (Figure 1.17) due to 

the similarity in the chemical environments of hydrogen atoms within the various amine groups 

(primary, secondary, and tertiary). This overlapping complicates the clear identification and 

quantification of each amine type, thus obscuring critical details necessary for a thorough analysis. 
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Figure 1.17. 1H NMR of PEI 

    To overcome these challenges, 13C NMR (Carbon-13) characterization is also performed. 

Although 13C is naturally less abundant (about 1.1% of carbon) and has a lower sensitivity due to its 

smaller gyromagnetic ratio compared to 1H, it offers several advantages. The 13C NMR spectra 

provide a greater range of chemical shifts, which results from the broader variation in the chemical 

environments surrounding carbon atoms in organic molecules. This wider chemical shift range 

generally leads to less overlap in the spectra, making 13C NMR particularly useful for distinguishing 

structurally similar groups within a molecule. In PEI, 13C NMR analysis enables the clear 

differentiation and quantification of primary, secondary, and tertiary amines. Each type of amine 

carbon resonates at distinct chemical shifts, allowing for precise integration and ratio determination 

of the amine types within the sample.  

         Furthermore, optimization of relaxation delay is a critical factor in obtaining quantitative NMR 

data. The relaxation delay, which allows nuclei to fully return to thermal equilibrium between scans, 

was meticulously adjusted to ensure reliable quantification of amine groups in PEI. A 90 s relaxation 

delay was selected to allow full relaxation of the nuclei, thereby enabling precise quantification. 

Moreover, to accurately quantify primary, secondary, and tertiary amines in PEI using 13C NMR, it 

is crucial to use inverse-gated decoupling. This technique reduces interference from the Nuclear 

Overhauser Effect (NOE)—a phenomenon in which dipolar interactions between nearby nuclear 
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spins enhance or reduce signal intensities, thereby changing peak intensities and leading to 

inaccuracies in quantitative analysis. By using inverse-gated decoupling, we ensure that 13C signals 

are recorded without enhancements from nearby proton spins, thereby improving the accuracy and 

reproducibility of our data. This method is essential for precise quantification and clear analysis of 

the amine ratio in PEI. Following spectral acquisition and optimization, a formula from the literature 

was applied to calculate the ratios of primary, secondary, and tertiary amines. This formula uses 

integrated peak intensities (A) for calculation, as shown in Eq. 1.5 below. 

1.8. IR Spectroscopy  

IR spectroscopy relies on infrared laser to probe molecular vibrations and hence the functional 

groups present in the targeted samples, providing detailed insights into their chemical composition 

and structural attributes. This technique is based on the principle that molecular bonds absorb 

infrared light at specific frequencies that correspond to the energy gaps between quantized 

vibrational and rotational states. These frequencies are unique to each type of bond within a 

molecule, resulting in distinctive absorption patterns that reflect the molecular structure.184 In the 

study of amine-functionalized materials, IR spectroscopy is essential for confirming the presence 

and modifications of functional groups.  

     The presence of amine groups is typically indicated by characteristic vibrational bands in 

infrared spectroscopy, with C–H stretching and bending observed around 281172 and 1458 cm-1, 

respectively, and N–H stretching and bending around 3297172 and 1567 cm-1,185 respectively. 

Functionalization involving hydroxyl groups is evidenced by an increase in the intensity of the 

hydroxyl absorption band ~3350 cm-1 and a simultaneous decrease in the intensity of the N-H 

bending band.186 Similarly, introduction of new functional groups is indicated by new band in the 

               Primary: Secondary: Tertiary = (
𝐴𝑎+𝐴𝑏

1
) : (

𝐴𝑐+𝐴𝑑+𝐴𝑒

2
) : (

𝐴𝑓+𝐴𝑔+𝐴ℎ

3
)   Eq. 1.5 
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spectrum. Furthermore, the technique is highly effective in monitoring the oxidation of amines, 

which leads to the formation of amides and/or imines. These compounds exhibit a distinctive 

absorption band around 1670 cm-1, corresponding to the C=O stretching vibration in amides or C=N 

stretching in imines, a band that is not present in non-oxidized samples.72 The appearance of this 

band in an IR spectrum thus serves as a clear indicator of the oxidative degradation of amines. 

1.9. Nitrogen Adsorption Analysis 

Nitrogen adsorption analysis at liquid nitrogen temperature, is an indispensable, non-destructive 

analytical technique for characterizing the porosity of material. This method uses nitrogen as the 

adsorptive medium, sometime argon, providing precise quantification of critical parameters 

including pore size distribution, total pore volume, and surface area, all under rigorously controlled 

experimental conditions. 

1.9.1. Principle 

The underlying mechanism of this technique is physisorption, driven predominantly by van der 

Waals interactions, which are sufficiently gentle to preserve the material's structural integrity during 

analysis. The initial phase involves the formation of a nitrogen monolayer on the accessible internal 

surfaces of the material, directly correlating with the surface area. As pressure increases, nitrogen 

molecules fill the pores through capillary condensation, crucial for determining the pore volume and 

distribution, depicted through an adsorption isotherm. 

1.9.2. Experimental Procedure 

1.9.2.1. Sample Preparation and Pretreatment 

A specific amount of the material was placed in a sample holder and subjected to vacuum 

pretreatment at a temperature selected based on the thermal stability of the material, ranging from 
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50 to 300 °C, to eliminate any pre-adsorbed species. Accurate mass measurement post-treatment 

ensures precision in subsequent adsorption data.  

1.9.2.2. Adsorption and Desorption Measurement 

The prepared sample is exposed to a known volume of adsorbate (Vi) at an initial pressure (Pi) and 

temperature (Ti). The initial number of adsorbate molecules (ni) are calculated using the ideal gas 

law. Then, the system is allowed to reach thermodynamic equilibrium at a constant temperature. 

After equilibrium, the final volume (Vf), pressure (Pf), and temperature (Tf) are recorded. The 

number of molecules adsorbed per gram of material at Pf is calculated using the ideal gas law, making 

corrections for any temperature variations within different sections of the setup. This procedure is 

repeated multiple times to gather a set of data across a broad range of pressures. This data collection 

is crucial for obtaining an adsorption isotherm. Subsequently, a known amount of adsorbate is 

systematically removed from the sample under controlled conditions to obtain the desorption 

isotherm. 

1.9.2.3. Physical Adsorption Isotherms and Pore Size 

The adsorption isotherm represents the amount of nitrogen adsorbed vs. relative pressure (P/P0) at 

standard temperature and pressure (STP). Here, P0 is the saturation pressure of the nitrogen at the 

adsorption temperature. When experiments are performed at the normal boiling point of the 

adsorbate, the value of P/P0 ranges from 0 to 1, allowing for a comprehensive evaluation of 

adsorption behavior. The resulting isotherms provide key insights into the material’s pore structure, 

surface interactions, and adsorption mechanism. Based on these characteristics, the International 

Union of Pure and Applied Chemistry (IUPAC) classifies physical adsorption isotherms into six 

types (Figure 1.18): 

• Type I Isotherm: Typical for microporous materials, this isotherm shows a steep initial uptake 

at very low relative pressures (P/P0 < 0.05), indicating rapid pore filling. Once the micropores 
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are saturated, the adsorption plateaus, reflecting a monolayer formation on high surface area 

materials with well-defined pore structures. Type I(a) isotherms indicate predominantly narrow 

micropores (<1 nm), while Type I(b) isotherms are associated with a broader pore distribution, 

including wider micropores and narrow mesopores (up to ~2.5 nm). 

• Type II Isotherm: Common in non-porous or macroporous materials, this isotherm has an 

inflection point that signifies the completion of monolayer coverage and the commencement of 

multilayer adsorption. 

• Type III Isotherm: This isotherm is convex to the pressure axis and often indicates weaker 

adsorbate-adsorbent interactions and is commonly observed in vapor adsorption processes. 

• Type IV Isotherm: Characteristic of mesoporous materials, featuring a hysteresis loop due to 

capillary condensation occurring in the mesopores, indicating that the adsorption and desorption 

processes do not coincide and are therefore not reversible over some range of pressures. In Type 

IV(a), hysteresis occurs when pore widths exceed a critical value (~4 nm), which depends on 

the adsorption system and temperature. For materials with narrower mesopores, Type IV(b) 

isotherms are observed and are generally reversible. 

• Type V Isotherm: Similar to Type IV but typically involves weaker adsorbate-adsorbent 

interactions and a more pronounced hysteresis loop due to delayed desorption.  

• Type VI Isotherm: This rare isotherm shows stepwise multilayer adsorption on highly uniform, 

non-porous surfaces. 
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Figure 1.18. Classification of physical adsorption isotherms according to IUPAC. Reprinted from 

ref.187 with permission from © 2015 IUPAC & De Gruyter. 

         Expanding on the classification of isotherms, Type IV isotherms provide valuable insights into 

adsorption behavior of mesoporous materials. The adsorption process progresses through different 

stages, each reflecting specific interactions between the adsorbate and the porous material. These 

stages are shown in Figure 1.19 and are outlined below:  

• Stage 0-A: This initial stage involves the adsorption of a monolayer of the adsorbate onto the 

surface and the filling of any micropores present within the material. This occurs at very low 

pressures. 

• Stage A-B: Following monolayer formation, multilayer adsorption begins. Unlike the orderly 

layer-by-layer adsorption seen in some other isotherms, this stage in a Type IV isotherm can 

involve more complex multilayer adsorption patterns. 
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• Stage B-C: This stage is crucial for understanding mesoporosity and involves capillary 

condensation occurring within the mesopores. The sharp increase in adsorbed volume observed 

in this stage results from a gas-to-liquid condensation process, which is facilitated by the 

mesopore structure conforming to the Kelvin equation (Eq. 1.6). Notably, a sharper hysteresis 

loop in this stage suggests a narrower pore size distribution. 

• Stage C-D: Finally, as the relative pressure increases closer to one, regular multilayer adsorption 

continues on the surface. 

 

Figure 1.19. Type IV adsorption isotherm illustrating the stages of gas adsorption in mesoporous 

materials. Adapted from ref.188, according to Creative Commons Attribution 4.0 International (CC 

BY 4.0). 

In this equation: 

• P/P0 denotes the relative partial pressure of the adsorbate, 

• 𝛾𝑠 is the surface tension of the liquid, 

• 𝑣𝑚 represents the molar volume of the condensing liquid, 

• r stands for the radius of curvature of the meniscus in the pore, 

• R is the universal gas constant, 

• T refers to the absolute temperature. 

ln
𝑃

𝑃0
= −

2𝛾𝑠𝑣𝑚

𝑟𝑅𝑇
 Eq. 1.6 
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    Kelvin equation is used to measure pore size of the material. It relates the radius of the pores 

to the pressure at which capillary condensation occurs, providing a method to calculate the pore size 

by analyzing the meniscus curvature within a pore. The Barret, Joyner, and Halenda (BJH) method 

uses Kelvin equation to calculate pore size distributions. This method assumes an open-ended 

cylindrical pore model and accounts for the multilayer adsorption.189 

1.9.2.4. Total Pore Volume 

The total pore volume of a material is calculated by determining the volume of nitrogen adsorbed at 

a relative pressure (P/P0) close to 1, measured at STP. This measured volume is then converted to its 

liquid equivalent using a conversion factor, typically 0.00156 cm³/g for nitrogen. According to the 

Gurvitsch rule, this liquid volume is assumed to be independent of the adsorbate type. 

1.9.2.5. Surface Area 

Brunauer-Emmett-Teller (BET) model is widely used to calculate the surface area of materials. This 

model extends the simple Langmuir theory to allow for multilayer adsorption, making it applicable 

to a broader range of conditions, particularly under higher pressures where multilayer adsorption is 

significant. The BET equation (Eq. 1.7) applies to the linear portion of the isotherm, typically in the 

relative pressure range of 0.05 to 0.35, and is given as follows:  

where, n represents the quantity of molecules adsorbed at equilibrium pressure P, 

nm indicates the total molecules that form a complete monolayer, 

c is a material-dependent constant. 

         By plotting the BET equation in its linear form, nm is determined. Using Avogadro's number 

(NA) and the established cross-sectional area of a nitrogen molecule (σ), which is 16 Å2, the total 

𝑃

𝑛(𝑃0 − 𝑃)
=

1

𝑛𝑚𝑐
+

𝑐 − 1

𝑛𝑚𝑐

𝑃

𝑃0
 Eq. 1.7 
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surface area of the material is calculated using the formula S=NAnmσ. 

1.9.2.6. Critical Details and Precautions 

Maintaining accurate control over temperature and pressure is crucial to circumvent data 

misinterpretation. Rigorous calibration of equipment and thorough pretreatment of samples are 

imperative to avert analytical errors that could skew interpretations of pore structure and size. 

1.10. Thermogravimetric Analysis (TGA) 

TGA is a gravimetric technique to determine the adsorption capacity, equilibration time, the impact 

of temperature on adsorption and desorption kinetics, decomposition temperature, and organic 

content of a material and the material's recyclability. In this method, the sample is placed in a pan, 

which is suspended from an electronic microbalance and adjacent to a thermocouple. This setup 

enables simultaneous monitoring of mass changes in the sample in response to controlled 

temperature variations. To calculate the amount of CO2 adsorbed, the sample is initially pretreated 

to eliminate moisture and any residual solvents. The sample is cooled to the desired adsorption 

temperature before being exposed to a CO2 gas mixture until equilibrium is achieved, or for a 

predetermined period if kinetic measurements are required. The resulting increase in weight, 

recorded in milligrams, is converted to a percentage of the original weight. This value is then used 

to express the amount of CO2 adsorbed in millimoles per gram of adsorbent, calculated using the 

following equation (Eq. 1.8)190: 

where weight gain (%) = (Final weight (%) – Initial weight (%))/ Initial weight (%) during the 

adsorption stage and MW𝐶𝑂2
 is molecular weight of CO2. 

CO2(ads) =
Weight gain (%)

MW𝐶𝑂2

×  10 Eq. 1.8 
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    To determine the organic content in an adsorbent, weight loss is measured from the onset of 

decomposition of organics to their complete breakdown. For amine-based silica adsorbents, 

decomposition begins at ca. 200 °C and continues up to 700 °C. At 700 °C, the sample is maintained 

under flowing air for ca. 30 minutes to decompose any residual carbonaceous materials, while the 

silica remains stable.191 The organic content is calculated by measuring weight loss beyond 200 °C 

and applying the following formula (Eq. 1.9): 

1.11. Dynamic Vapor Gravimetric Sorption (DVS) 

DVS is an analytical technique used to quantify the adsorption and desorption of dry or humid gases. 

Its working principle is similar to TGA in that it involves precise weighing of a sample to determine 

changes in mass.192 It is especially useful to obtain water adsorption isotherms, which involve 

flowing a carrier gas at a predetermined RH over the sample. Figure 1.20 illustrates the experimental 

setup of the DVS Carbon instrument used to perform H2O and CO2 uptake measurements of the 

adsorbents, as described in detail in Chapter 4. The instrument is equipped with a high-precision 

microbalance, with a minimum resolution of 0.01 µg, which continuously monitors the mass change 

of the sample within a temperature-controlled environment. A reference pan ensures the accurate 

determination of mass changes solely attributed to adsorption phenomena. The gas streams, regulated 

by mass flow controllers (MFCs), pass through solvent reservoirs to achieve the desired humidity 

levels, which are monitored by integrated RH sensors. During the experiments, two water reservoirs 

were used to regulate humidity during different stages of the experiment. Reservoir A was used to 

humidify nitrogen gas, which was subsequently used to pre-humidify the adsorbent. Reservoir B was 

used to humidify a CO2 gas stream before mixing it with the humidified nitrogen, yielding a 5% 

CO2/N2 gas mixture at the same RH as the pre-humidified sample. The total flow rate of the gas 

mixture delivered to the adsorbent was maintained at 100 mL/min.  

Organic Content (%)  =  
Weight loss at 700 ℃ −  Weight loss at 200 ℃

Weight loss at 200 ℃
×  100 Eq. 1.9 
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         To ensure the reliability and precision of data obtained via gravimetric analysis like TGA and 

DVS, it is imperative to implement several precautionary measures. The sensitivity of DVS 

measurements to vibrations necessitates a stable experimental environment to mitigate any potential 

fluctuations in recorded mass. The regular calibration of mass and temperature are essential to 

maintain the accuracy of measurements.  

         Analytical techniques such as DVS and TGA offer substantial advantages in characterizing 

sorption behaviors, notably their ability to operate effectively with minimal sample sizes, typically 

as small as 10 mg. However, while these techniques proficiently measure the total mass changes 

associated with the adsorption processes, they do not possess the intrinsic ability to discriminate 

between different adsorbed species, such as CO2 and H2O. To circumvent this limitation, a common 

approach involves pre-humidifying the sample with water, followed by the introduction of CO2 under 

the assumption of non-competitive adsorption between the two gases. While this assumption is 

generally valid, it may not hold in all cases, particularly when the adsorption sites show a preference 

for one molecule over the other. In such scenarios, these instruments are coupled with a mass 

spectrometer or FTIR.114,193 

Important to Note:  

It is important to note that in flue gas compositions, water content is typically expressed as volume 

percent (e.g., 6–18 vol %, as shown in Table 1.1), representing post-combustion conditions. 

However, here the water content of the gas phase is often referred to in terms of relative humidity 

(RH). RH is defined as the ratio of the actual partial pressure of water vapor to the saturation vapor 

pressure of water at a given temperature. Unlike volume percent, RH inherently incorporates the 

temperature dependence of water vapor saturation, thereby providing a more relevant measure for 

adsorption studies involving humidity.  
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Figure 1.20. Schematic of the DVS Carbon setup used for humidity-controlled gas adsorption 

measurements. Printed with permission from Surface Measurement Systems, Limited. 

1.12. Column Breakthrough Analysis – Mass Spectrometry 

Column breakthrough analysis is used to analyze the separation and quantification of gases in a 

multicomponent gas mixture as it moves through an adsorbent. This process starts by loading an 

adsorbent into a column and then passing the gas mixture through it under controlled conditions. 

Initially, as the gas mixture enters the column, the adsorbent selectively adsorbs the target gas while 

allowing the carrier gas to pass to the detector. Over time, as the adsorbent approaches saturation, 

the adsorbate breaks through the column and starts getting detected, indicating the onset of the 

breakthrough. Continuous monitoring of the eluted gas is essential and is typically performed using 

techniques such as mass spectrometry or a thermal conductivity detector (TCD). This monitoring 

helps in obtaining a breakthrough curve by plotting the ratio of the outlet concentration to the inlet 

concentration against time, as illustrated in Figure 1.21. The breakthrough point is identified when 

the adsorbate concentration at the column outlet exceeds 5-10% of the feed gas stream concentration. 
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  As the adsorption process continues, the concentration of the adsorbate in the column 

progressively increases until it approaches the inlet concentration. At this stage, typically when the 

outlet concentration reaches 90-95% of the inlet concentration, the column is considered fully 

saturated, marking the endpoint of the process. Another critical aspect of this analysis is determining 

the "dead time," which is the time taken by the adsorbates to travel from the source to the column 

outlet and all the way up to the detector when column is not packed with adsorbent. This is often 

measured using non-adsorptive gas like helium. A common approach to account for dead volume 

effects is to perform a blank run under the same flow, pressure, and temperature conditions as the 

actual experiment, substituting the adsorption column with a low-volume tube or connector. The 

resulting blank curve is then subtracted point-by-point from the breakthrough profile obtained with 

the adsorbent, allowing accurate determination of the adsorption capacity from the corrected data 

(Figure 1.21).194 This approach assumes that the total system response is a linear sum of the blank 

and column contributions. However, this assumption becomes invalid at high adsorbate 

concentrations, where the adsorption process significantly alters the outlet flow rate, making the 

linear additivity approximation unreliable.195 

Important to Note:  

1.  To reduce the pressure-drop across the column, the adsorbent is typically pelletized before it is 

loaded. Alternatively, in industrial applications, adsorbents are densified into different structured 

adsorbents such as monoliths, beads, etc. to reduce pressure drop while operating at higher flow 

rates.196–198 

2. In the experimental setup, a carrier gas is systematically introduced alongside the feed gas to ensure 

a stable flow through the detector. This technique is followed generally to ensure repeatability of the 

results in adsorption studies. 

3. Due to the slow formation of bicarbonate, the adsorption experiments are performed for long time 

to ensure prolonged contact time during the adsorption of humid CO2. 
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Figure 1.21. Schematic representation of stepwise blank response correction. Reprinted from ref.194 

with permission from © 2021 Springer Nature. 
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CHAPTER 2 GLYCIDOL-MODIFIED PEI: 

A HIGHLY SELECTIVE ADSORBENT FOR SO2 IN THE PRESENCE OF 

CO2 

 

2.1. Abstract  

Amine-containing CO2 adsorbents are highly sensitive to the presence of SO2 in the feed gas, even 

in minute amounts. It is thus necessary to remove SO2 quantitatively prior to CO2 capture. To this 

end, we developed a silica-supported polyethylenimine (GD-PEI/S) adsorbent containing only 

tertiary amines via quantitative glycidol functionalization. The novel material was characterized by 

infra-red (IR) and nuclear magnetic resonance (NMR) spectroscopy, and by thermogravimetric 

analysis (TGA). In the presence of a gas mixture containing 5 ppm SO2 and more than 2x104 higher 

concentration of CO2, the GD-PEI/S material adsorbed SO2 quantitatively until near saturation, 

with no CO2 uptake, indicating that the adsorbent exhibits 100% SO2 selectivity versus CO2, even 

in the presence of very high CO2/SO2 ratios. Furthermore, the SO2 uptake of the adsorbent almost 

doubled in the presence of humidity, possibly due to increased diffusion of SO2. Under recycling 

conditions, GD-PEI/S showed good reversibility in the presence of both dry and humid SO2 at low 

and high SO2 concentration.  
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2.2. Introduction 

As the main contributor to the greenhouse gas effect, CO2 plays a predominant role in global 

warming.1 The National Oceanic and Atmospheric Administration (NOAA) reported increasing 

levels of CO2 in the atmosphere reaching 422 ppm in 2024.2 Rising levels of CO2 in the atmosphere 

were correlated with the increase in earth’s temperature.3 CO2 capture and sequestration from flue 

gas and directly from air, is recognized as a key strategy for reducing CO2 emissions, from 

stationary and distributed sources.4,5  

Regarding CO2 capture, solid amine adsorbents received significant attention due to their 

excellent selectivity, high adsorption capacity and low energy regeneration.6–8 Nevertheless, there 

are challenges in using solid amine adsorbents, including the deleterious effect of harmful acidic 

gas impurities, such as SOx and NOx, that may occur in flue gas. Such species do not only cause 

environmental and health issues but are detrimental to CO2 capture due to their strongly competitive 

adsorption.9 Notice that, due to the potential health risks and environmental impact associated with 

elevated concentrations of SO2 in the atmosphere10, limits are imposed on sulfur emissions from 

large power facilities. Typical mandatory limits for SO2 in exhaust gases are set to 120 ppm in the 

US, 75 to 300 ppm in China, and 50 to 250 ppm in Europe.11 However, no matter how low the 

residual SO2 content in the feed gas, amines in CO2 adsorbents will be irreversibly deactivated.12–

14 For example, Jones and co-workers14 reported that when PEI-impregnated silica support was 

exposed to a mixture of 20 ppm SO2, 10% CO2 balance N2 at 35 °C, adsorbent lost 41% of CO2 

uptake after first cycle of adsorption. Therefore, before adsorbing CO2 on amine-containing 

materials, it is crucial to remove SO2 quantitatively from the feed gas.  

Although there are numerous technologies for flue gas desulfurization, particularly liquid 

phase scrubbing15, work on selective removal of traces of SO2 in the presence of much higher CO2 

partial pressures is more pertinent for carbon capture over amine-containing adsorbents. More 

specifically, meeting this objective using adsorption would be easier to streamline with processes 

of CO2 capture by adsorption. Many candidate materials were proposed for SO2 removal, including 
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metal organic frameworks (MOFs),16,17 zeolites,18,19 porous polymers20–22 and activated 

carbons.23,24 Nonetheless, they have limitations, for example, activated carbons showed very 

limited selectivity and efficiency25 in the presence of O2 and H2O, as they deactivated, producing 

H2SO4
26. A number of MOFs with SO2 vs CO2 selectivity between 28 and 44 were reported in the 

literature.27–29 However, not only such selectivities are not high enough, but the SO2 concentration 

used was somewhat high (≥ 2000 ppm). 

Adsorbents containing only tertiary amines seem to be the most selective for SO2 vs CO2. 

Tertiary amines adsorb SO2 readily, but do not interact with CO2, at least under dry condition.14,30–

39 For instance, when Tailor and Sayari32 exposed propyldiethanolamine grafted on a pore-

expanded MCM-41 support to a 50:50 mixture of 0.1% SO2 balance N2 and 20% CO2 balance He 

at room temperature, they found that the presence of CO2 had no effect on the adsorbent's ability 

to adsorb SO2. Also, adsorbent could be fully regenerated after 11 adsorption-desorption cycles, 

which indicates high stability of material against heat and SO2.  

However, achieving complete functionalization of PEI protic amines into tertiary amines was 

found to be either difficult33, or tedious30,35,36,38. Moreover, the majority of reported studies focused 

on removing high levels of SO2 in gas mixtures30–32,35,36 and to the best of our knowledge, none of 

the studies dealt with SO2 concentrations below 50 ppm. Furthermore, in some cases, the working 

capacity of the adsorbent was found to decrease significantly in the presence of humid SO2.
32  

The objective of this work was to develop a novel polytertiary amine adsorbent to selectively 

and quantitatively remove SO2 at concentrations as low as 5 ppm in the presence of typical flue gas 

CO2 concentration of 10-15%. To this end, complete functionalization of PEI with GD was 

achieved as shown in Scheme 2.1. In addition to its straightforward preparation, the glycidol-

functionalized amine adsorbent exhibited stable working capacity in the presence of both dry and 

humid SO2 at low and high SO2 concentration. It is noteworthy that in addition to tertiary amines 

being highly selective to SO2 adsorption, it was reported that the occurrence of hydroxyethylene 

groups decreases the energy for regeneration and increases the reversibility of the adsorbent.33,40 
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Scheme 2.1. Schematic of synthesis of GD-PEI. 

2.3. Experimental Section 

2.3.1. Materials  

Polyethylenimine (PEI, Mw 1200), glycidol (GD, 96%), fumed silica (Cab-O-Sil, M5), 

tetramethylammonium hydroxide (TMAOH, 25 wt% solution), cetyltrimethylammonium bromide 

(CTAB, 98%), N,N-dimethyldodecyl amine (DMDA, 97%), tetraethyl orthosilicate (TEOS, 98%) 

and deuterium oxide (D2O, 99.9 %) were obtained from Sigma-Aldrich. Sodium aluminate 

(NaAlO2, 92%) was obtained from Strem Chemicals. Anhydrous methanol (99.8%) and ammonia 

solution (30 wt%) were obtained from Fischer. Chemicals were used as obtained. Ultrahigh purity 

(99.999%) nitrogen, 15% or 20% CO2 in nitrogen and gas cylinders containing 20, 100 and 1000 

ppm SO2 in N2, were purchased from Messer Canada.  

2.3.2. Preparation of GD-PEI 

Pore-expanded aluminosilica (PE-AlSiO2) support was prepared as reported elsewhere,41 and 

further details are included in the Supplementary Information (Figure A2.1). Functionalization of 

primary and secondary amines of PEI with GD was carried out as reported by Fan et al.42 with 

slight modification. Briefly, 2 g of PEI (44 mmol of N) was dissolved in 20 mL of anhydrous 

methanol under nitrogen atmosphere. Then, 3.55 g (47.96 mmol) of GD was added dropwise, and 

the solution was stirred for 4 h. After removing excess of methanol using a rotary evaporator, the 

product was precipitated with acetone, then separated and dried in a vacuum oven at 70 °C, 
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overnight. The functionalized PEI, designated GD-PEI was impregnated onto PE-AlSiO2 as 

follows. The obtained GD-PEI compound was dissolved in 30 mL of anhydrous methanol and 

stirred until complete dissolution. After that, 5.5 g of PE-AlSiO2 was slowly added into the solution 

and the mixture stirred until the solvent evaporated. The final material was dried in an oven at 80 

°C for 3 h and referred to as GD-PEI/S. 0.5 g of PEI was dissolved in 15 mL of methanol. After 

that, 0.5 g of PE-AlSiO2 was added and mixture was stirred overnight followed by evaporation of 

solvent in oven at 70 °C for 6 h to obtain PEI/S. The overall loading of PEI/S and GD-PEI/S was 

fixed to 50 wt% with respect to adsorbent.  

2.3.3. Characterization 

The pore structure of PE-AlSiO2 was investigated by N2 adsorption measurements at −196 °C using 

a 3Flex instrument (Micromeritics). The sample was pretreated in flowing N2 at 120 °C for 4 h. 

The specific surface area was determined using the Brunauer-Emmett-Teller (BET) method at 

relative pressures ranging from 0.06 to 0.2. The total pore volume was measured at P/P0 = 0.99, 

whereas the pore size distribution was calculated using the Kruk-Jaroniec-Sayari method.43 

PEI and GD-PEI were dissolved in D2O and their 13C nuclear magnetic resonance (NMR) 

spectra were obtained using an AVIII 600 spectrometer set to 45° pulse, 40 scans, 90 second 

relaxation delay and an acquisition time of 0.999 second. Inverse-gated proton decoupling was used 

to avoid the nuclear Overhauser effect. Fourier transform infrared spectroscopy (FTIR) spectra 

were obtained using a Cary 630 FTIR instrument by Agilent.  

2.3.4. Adsorption Measurements 

SO2 adsorption measurements were carried out in a fixed bed reactor as shown in Figure 2.1. In a 

typical experiment, 0.5-1 g of sample was loaded into a 1 cm long stainless steel column with 0.42 

cm inner diameter, and placed in a temperature-controlled oven. The material was pretreated under 

N2 (40 mL/min) at 110 °C for 2 h. After cooling to 23 °C, it was exposed to SO2 in N2 gas mixture 

(40 mL/min) with different compositions. As for experiments under humid condition, N2 was 
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bubbled through a water saturator placed in a thermostatic bath maintained at 20 °C, then combined 

with the SO2 containing N2. The gas mixture exiting from the column was constantly analyzed by 

a MKS Cirrus 3 mass spectrometer (MS), and breakthrough curves were obtained using MS data 

obtained for 64 amu. The SO2 adsorption capacity (mmol/g) of GD-PEI/S at different partial 

pressures, was calculated using Eq. 2.1: 

q = 
C0Ftq

m
 

                                           Eq. 2.1 

 

where C0 is the inlet concentration of SO2, F is the flowrate of the gas mixture, m is the mass of the 

adsorbent and tq is the stoichiometric time, which was evaluated from the column breakthrough 

curve using Eq. 2.2: 

tq= ∫ (1 - 
CA

C0

)

∞

0

dt 
                                       Eq. 2.2 

 

where CA represents the downstream concentration of SO2. 

 

 

Figure 2.1. Schematic of the column breakthrough setup. 
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         The CO2 uptake and organic content of GD-PEI/S were measured using a thermogravimetric 

analyzer (TGA 550, TA Instruments). The sample (ca. 20 mg) was pretreated under N2 for 60 min 

at 110 °C, followed by cooling to 25 °C, and then the gas stream was switched to 15% CO2 balance 

N2 for 30 min. After removal of adsorbed CO2, if any, at 110 °C for 10 min under flowing N2, the 

adsorbent was cooled down to 75 °C, and the gas stream was switched to 15% CO2/N2 for 30 min. 

Then, the temperature was increased to 700 °C at a rate of 10 °C min−1 under flowing N2, before 

switching the gas to air for 25 min. The organic content was determined as the weight loss of the 

material beyond 200 °C.  

2.4. Results and Discussion 

2.4.1. Characterization of the adsorbent 

The surface area, pore volume and average pore size of PE-AlSiO2 were found to be 818 m2/g, 1.66 

cm3/g and 8.13 nm. According to IUPAC nomenclature, the nitrogen adsorption-desorption 

isotherm of the support (Figure 2.2) belongs to Type IV, with an H1 hysteresis loop, indicating that 

the support is mesoporous. This is further confirmed by the pore size distribution shown in Figure 

2.3, where the majority of pores fall within the range of 3-15 nm, with a maximum at 7 nm. The 

total polymer content of GD-PEI/S was 55 wt% with respect to the weight of the adsorbent (Figure 

A2.2).  
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Figure 2.2. N2 adsorption-desorption isotherm. 

 

Figure 2.3. Pore size distribution of PE-AlSiO2. 

The FTIR spectra in Figure 2.4 showed that the band at 1567 cm-1 in PEI/S corresponding to N-

H bending44 disappeared completely upon functionalization with GD. Moreover, the higher 

intensity hydroxyl band at 3347 cm-1 in GD-PEI/S compared to PEI/S is consistent with the 

significant increase of hydroxyl groups. Functionalization of PEI with GD was further confirmed 

using 13C NMR measurements as shown in Figure 2.5. The carbon peaks were assigned as outlined 

in the literature.45,46 Using the intensity of NMR peaks of carbon atoms adjacent to primary, 

secondary and tertiary amines in PEI, the percentage of such amines was found to be 36:37:27. 
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Upon functionalization of PEI with GD, the NMR peaks corresponding to carbons neighboring 

primary and secondary amines disappeared, and new peaks attributable to carbons neighboring 

tertiary amines and to added GD, developed (Scheme 2.1). This finding confirmed the 

incorporation of GD with complete conversion of primary and secondary amines into tertiary 

amines.  

 

Figure 2.4. FT-IR spectra of PEI/S and GD-PEI/S. 
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Figure 2.5. 13C NMR spectra of PEI and GD-PEI. 

2.4.2. SO2 adsorption isotherm 

Figure 2.6 shows the SO2 uptake of GD-PEI/S at 23 °C at different concentrations. The different 

gas compositions were achieved by diluting premixed 20, 100 or 1000 ppm SO2/N2 with pure N2, 

at different flowrates, while maintaining the overall flowrate at 40 mL/min. The shape of this 

isotherm is consistent with chemisorption.  At low concentrations, the adsorption capacity rises 

steeply with increasing concentration, indicating the high sensitivity of tertiary amine groups 

toward SO2. The uptake reaches a plateau at ca. 1000 ppm SO2, presumably because most of the 

accessible adsorption sites are occupied. The actual SO2 uptakes versus partial pressure are listed 

in Table A2.1. The breakthrough curves of GD-PEI/S under different partial of SO2 are shown in 

Figure A2.3. 
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Figure 2.6. SO2 adsorption isotherms for GD-PEI/S.  

2.4.3. Selectivity towards SO2 versus CO2 

Figure 2.7 depicts the column-breakthrough data over GD-PEI/S in the presence of 5 to 50 ppm 

SO2 in 10% or 11% CO2, as indicated. The gas compositions were achieved by mixing different 

concentrations of SO2 in N2 with 15% or 20% premixed CO2 in N2, while maintaining the overall 

flowrate at 40 mL/min. Column breakthrough curves showed that CO2 comes out of the column 

within few seconds of passing the gas mixture. Furthermore, regardless of the presence of CO2, the 

SO2 uptake (Figure A2.4), breakthrough time, and equilibrium time remained the same at any given 

SO2 concentration. This is consistent with TGA measurements (Figure A2.5), which showed that 

the CO2 uptake of GD-PEI/S was only 0.08 and 0.01 mmol/g at 25 and 75°C, respectively. These 

results indicate that no CO2 was chemisorbed by GD-PEI/S, which is in line with the fact that under 

dry conditions, only protic amines interact with CO2 to afford ammonium carbamate.47  

 



68 

 

 

Figure 2.7. Breakthrough curves of GD-PEI/S in the presence of different concentrations of SO2 

with and without CO2. 

2.4.4. Stability of the adsorbent under cyclic conditions 

To investigate the stability of SO2 working capacity over GD-PEI/S or the lack thereof, a series of 

SO2 adsorption-desorption was carried out, with adsorption at 23 °C in the presence of dry 100 

ppm SO2 in N2, and desorption at 110 °C in N2. SO2 uptake of GD-PEI/S decreased by 7 and 5% 

during the first and second cycles, then remained stable thereafter (Figure 2.8). Moreover, 

breakthrough and equilibrium times remained the same after the second adsorption cycle, as seen 

in Figure A2.6. Zhu et al.38 observed a similar trend and attributed the decrease in SO2 uptake 

during the first cycle to the adsorption of SO2 onto basic sites that were not completely regenerated.  
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Figure 2.8. Regeneration cycles of GD-PEI/S under dry 100 ppm SO2 balance N2. 

Adsorption-desorption cycles were also performed under dry and humid 500 ppm SO2 balance 

N2 as shown in Figure A2.7 and 2.9 respectively. In the absence of moisture, the adsorbent lost 

17% SO2 uptake after the first two regeneration cycles, and it remained almost stable in subsequent 

cycles. However, adsorbent deactivated more in 500 ppm SO2 in N2 than 100 ppm SO2 in N2. This 

could be a result of elevated SO2 concentration, which increases the interaction of SO2 with 

adsorption sites and subsequently the likelihood of their deactivation. In agreement with other 

studies,30–32 SO2 adsorption capacity of GD-PEI/S increased by 64% under humid (42% RH) 500 

ppm SO2 in N2, from 0.55 to 0.90 mmol/g, which may be because water can act as a lubricant, 

reducing the diffusion resistance for incoming SO2. Tailor et al.30 proposed that this improvement 

may be due to the formation of ammonium bisulfite salt48,49 in humid environment as shown in 

equation 3. Overall, the decrease in SO2 uptake before stabilization was similar under dry and wet 

conditions i.e. ~ 23%. The corresponding breakthrough curves are shown in Figure A2.8.  
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Figure 2.9. Working capacity over GD-PEI/S of humid 500 ppm SO2 in N2. D1 and D2 indicate 

data under dry condition before and after experiment in humid condition. 

2.5. Conclusions 

GD-PEI/S was synthesized by converting all protic amines in PEI into tertiary amines using 

glycidol functionalization, followed by impregnation onto pore-expanded AlSiO2. The adsorbent 

showed SO2 capacity of 0.29 mmol/g when exposed to 5 ppm SO2/N2, with a positive correlation 

with increasing SO2 concentration. The selectivity of the adsorbent towards SO2 was investigated 

in the presence of different concentrations of SO2 in CO2/N2 mixtures. GD-PEI/S was found to be 

100% selective for SO2 at concentration as low as 5 ppm in the presence of 11% CO2, corresponding 

to CO2/SO2 ratio of 22,000. The presence of only tertiary amines with no interaction with CO2 is 

at the origin of the high selectivity toward SO2 versus CO2. Moreover, the adsorbent showed more 

than two times increase in SO2 uptake under humid conditions. The adsorbent was also found to be 

stable during adsorption-desorption cycling in the presence of dry and wet SO2/N2 mixtures. 

Therefore, GD-PEI/S may be used as a filter for extensive desulfurization before CO2 capture on 

amine-containing adsorbents.  

 

             Eq. 2.3 
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Appendix A2 Supplementary Information for Chapter 2 

Preparation and Characterization of PE-AlSiO2 Support 

 

Figure A2.1 27Al MAS NMR spectra of PE-AlSiO2. 

TGA data 

 

Figure A2.2. TGA graph for decomposition of organic material in GD-PEI/S. 
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SO2 uptake of GD-PEI/S 

Table A2.1: SO2 uptake of GD-PEI/S when exposed to various concentrations of SO2. 

Concentration 

(ppm) 

5 10 25 50 100 500 1000 

SO2 uptake 

(mmol/g) 

0.29 0.32 0.34 0.38 0.47 0.55 0.59 

 

 

Figure A2.3. Breakthrough curves of GD-PEI/S under different concentrations of SO2 in N2. 

Selectivity of adsorbent towards SO2 versus CO2 

 

Figure A2.4. SO2 uptake of GD-PEI/S under different concentrations of SO2 with and without CO2. 



77 

 

 

 

Figure A2.5. TGA graph for CO2 uptake measurements for GD-PEI/S at 25 °C and 75 °C. 

Stability of adsorbent under cyclic conditions 

 

Figure A2.6. Column breakthrough curves of GD-PEI/S for regeneration cycles under dry 100 ppm 

SO2 balanced N2. 
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Figure A2.7. Regeneration cycles of GD-PEI/S under dry 500 ppm SO2 balanced in N2. 

 

 

Figure A2.8. (a) Column breakthrough curves for regeneration cycles of GD-PEI/S under (a) dry 

and (b) humid 500 ppm SO2 balanced in N2. 
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CHAPTER 3 ENHANCING OXIDATION STABILITY OF AMINE-

CONTAINING CO2 ADSORBENTS USING HYDROXYETHYL STARCH 

 

3.1. Abstract 

Amine-based adsorbents are widely used for CO2 capture. However, one of the biggest hurdles for 

their further development is their limited oxidation stability. Moreover, methods developed to 

improve the oxidation stability often lead to significant decrease in their CO2 uptake. Here, we 

investigated the effect of hydroxyethyl starch (HES) on the CO2 uptake and oxidation stability of 

impregnated polyethylenimine (PEI) adsorbents. Performance of HES-PEI co-impregnated 

materials was evaluated under different oxidation conditions using CO2 uptake measurements, and 

mass spectrometry. The effect of HES was compared with other hydroxyl-containing additives such 

as PVA and PEG, as well as to epoxide functionalization of PEI (EB-PEI). The oxidation stability 

of PEI upon addition of HES was found to be comparable to EB-PEI containing adsorbent; 

however, its CO2 uptake, based on PEI, was twice as high. In addition, oxidation stability of 

supported HES-PEI was significantly higher than unmodified PEI as well as PVA-PEI and PEG-

PEI co-impregnated adsorbents.  
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3.2.Introduction 

    Carbon dioxide is a major heat-trapping gas. Although, it is not the most potent greenhouse 

gas (GHG), because of its exceedingly high emissions, anthropogenic CO2 is the largest contributor 

to global warming.1 According to the National Oceanic and Atmospheric Administration (NOAA)2, 

the concentration of CO2 in air reached the alarming level of 424 ppm in 2023. The resulting global 

warming has been correlated with increased risks for people, economies, and ecosystems, including 

rising sea level and extreme weather events.3 Mitigating such effects requires immediate and 

effective measures to reduce GHG emissions.4 Among a wide range of strategies, carbon capture 

from large point sources and directly from the atmosphere is recognized as a key technology for 

large-scale reduction of CO2 emissions.5 

    Supported amines have garnered substantial attention due to their ability to adsorb CO2 

selectively and reversibly31 and to their lower energy requirements compared to amine solutions.7,8 

This makes such materials economically viable for large-scale CO2 capture, as evidenced by many 

commercial and near-commercial operations throughout the world.9 Because polyethylenimine 

(PEI) is affordable, readily available in different molecular weights, and has a high amine content, 

impregnated PEI materials are among the most popular CO2 adsorbents.10 However, one of the 

most intractable drawbacks of amine-based adsorbents is their high propensity to oxidative 

degradation.11–14 In a typical temperature swing adsorption-desorption cycle, the material is 

exposed to a CO2-rich gas stream, commonly at 25-50 °C, then regenerated at ca. 110 °C, before it 

is cooled to the adsorption temperature. To reduce cost, it is desirable that the cooling step takes 

place in flowing air. However, repetitive exposure of amines to air (21% O2) at the highest 

temperature of the process, leads to its gradual oxidative deactivation.12–16 Amine oxidation may 

also occur during the adsorption stage as many feed gases contain different levels of oxygen. 

Nonetheless, this possibility is quite remote since the oxygen content of most feed gases is typically 

below 10%, and the adsorption temperature is the lowest in the cycle, i.e., typically below 50 °C. 

Moreover, the presence of CO2 strongly prevents the amine oxidation.13,17 In direct air capture, 
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although the adsorbent is exposed to high oxygen partial pressure (21% O2/N2), adsorption is also 

carried out at ambient temperature.  

    The high vulnerability of branched PEI to oxidation has been vastly documented.13–16,18–21 As 

illustrated in the following examples, there is ample evidence that the extent of amine oxidative 

deactivation is directly dependent on the temperature and time of exposure as well as the oxygen 

partial pressure. Heydari-Gorji and Sayari13 found that in the presence of dry air at 120 °C for 30 

h, the deterioration of PEI-impregnated mesoporous silica was quantitative, with 100% loss of CO2 

uptake. Choi and coworkers reported that 50% PEI-impregnated silica lost 81% of its working 

capacity when exposed to 20% O2/N2 at 120 °C for 24 h.18 Jones’ group found that 35% PEI 

impregnated on SBA-15 lost 58% amine efficiency upon exposure to air at 120 °C for only 4.5 h.15 

Moreover, the structure of amines was found to play a crucial role in determining their relative 

oxidation stability. Branched PEI (BPEI) with different types of amine groups (primary, secondary, 

tertiary), was found to be more prone to oxidation than linear PEI (LPEI), consisting of only 

secondary amines.16 Likewise, adsorbents containing ethylenediamine units are less stable toward 

oxidation than materials containing amines with propylene22–25 and butylene26 linkages. Sterically 

hindered amines with fewer alpha-hydrogen atoms, also exhibit higher oxidation stability.27 

Furthermore, it was found that isolated primary amines such as grafted propylamine10,11 and 

impregnated polyallylamine (PAA)19 are particularly stable against oxidation. Upon exposure to 

air at 110 °C for 20 h, PAA lost only 8% of CO2 uptake, whereas BPEI lost 70%.19 Likewise, when 

exposed to air at 120 °C for 30 h, grafted propylamine lost only 7.5% of CO2 uptake; however, 

grafted triamine (with primary and secondary amines) lost 94% under the same conditions.12 The 

effect of the two recurrent components in feed gases, namely CO2 and H2O, on amine oxidation 

was also scrutinized. Heydari-Gorji and Sayari13 investigated the oxidation of PEI-impregnated 

SBA-15 over a 30 h period, in the presence of different CO2/O2/N2 gas mixtures containing 1-20% 

CO2, 10.5-17% O2, balance N2 at temperatures ranging from 50 to 120 °C. They found that the loss 

in CO2 uptake decreased significantly as the CO2 content of the feed gas increased, presumably due 
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to the faster formation of ammonium carbamate compared to amine oxidation. In contrast, Guta et 

al.28 reported that under DAC conditions (0.04% CO2), CO2 accelerated amine oxidation. It was 

hypothesized that the formation of bound CO2 species such as carbamic acids, catalyzes C-N 

cleavage, thus enhancing the amine oxidative degradation. Likewise, depending on the actual 

conditions, the presence of water vapor was reported to either exacerbate the oxidative 

deactivation15,28 or enhance the sorbent stability against oxidation.13,17,29 

    Using a combination of NMR and FTIR spectroscopy, along with solvent extraction and CO2 

uptake measurements, Sayari’s group16,30,31 and Carneiro et al.15 identified several imine, amide and 

formamide containing fragments in air-oxidized adsorbents. Moreover, different low molecular 

weight compound, such as NH3, H2O and hydrocarbon fragments were detected in the gas 

phase.30,32 These findings provided clear indication that the formation of unsaturated fragments 

within the oxidized adsorbents involves the abstraction of hydrogen from the alpha position with 

respect to nitrogen atoms. Similar to amine solutions,33,34 the oxidation of supported amines is 

widely believed to follow a radical mechanism.15,20,23,28,30 The occurrence of radical species was 

recently confirmed by electron paramagnetic resonance measurements.30 

    Owing to the importance of the oxidative degradation of amine-containing materials, many 

studies focussed on mitigating its adverse effect through different strategies. This includes the use 

of specific amines with increased oxidation stability such as isolated primary amines,11,12,19 

polyamines with propylene or butylene linkers between amines as opposed to ethylene,22–26,31 and 

amines with fewer alpha-hydrogen atoms,27 as well as addition of oxidation inhibitors, 

oxygen/radical scavengers and chelators.17,36 Interestingly, occurrence of hydrogen bonding 

through addition of hydroxyl-containing polymers (HCP), such as polyethylene glycol (PEG)37, 

polyvinyl alcohol (PVA)30,38 or through direct functionalization of PEI with epoxides17,18,21 was 

particularly rewarding. The beneficial effect of hydrogen bonding toward the oxidation stability of 

amine-based adsorbents was confirmed by NMR and computational studies.30,39 Further 

improvement was achieved by addition of chelators, presumably to sequester iron impurities in 
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commercial PEI that may accelerate the generation of radical species.17,40 1,2-epoxybutane-

functionalized PEI (EB-PEI) was found to be significantly stable at 110 °C in the presence of 3% 

O2, 15% CO2, 10% H2O in N2.
17 However, even after adding 4 wt% chelators, the material degraded 

under air at 110 °C.21 

    Though, none of the adsorbents reported in the literature was stable enough under conditions 

relevant to the adsorbent cooling stage, addition of hydroxyl groups seems to be the most effective 

method to enhance the oxidation stability of amine-based materials.17,30,38,39 So far, direct hydroxyl 

incorporation through PEI reaction with epoxides was found to be particularly promising.17,18,21,41 

However, not only epoxide functionalization requires additional preparation steps, but it also 

transforms primary amines, into less active secondary amines, leading to lower amine efficiency 

and higher than expected decrease in CO2 uptake, based on the reduced amine content upon epoxide 

functionalization. For example, Min et al.17 found that under the same conditions, 50%(EB-

PEI)/SiO2 adsorbed 1.84 mmol CO2/g, versus 4.05 mmol/g for 50%PEI/SiO2, corresponding to 

54.6% decrease, whereas the actual decrease in PEI content was only 37.5%. 

    As far as hydroxyl-containing polymers are concerned, hydroxyethyl starch (HES), a highly 

stable polymer with abundant hydroxyl and ether groups for hydrogen bonding with amine groups, 

provides a straightforward rational to investigate its effect on the oxidation stability of supported 

PEI, if any. The oxidation stability of HES-PEI co-impregnated material was compared to 

supported EB-PEI and other HCP-PEI containing CO2 adsorbents, under conditions pertinent to 

the cooling stage using air. Accelerated oxidation experiments were carried out in flowing air at 

ca. 110 °C. 
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3.3. Experimental  

3.3.1. Materials 

Polyethylenimine (PEI, Mw 1200), hydroxyethyl starch (HES), soluble starch (Starch), 

tetramethylammonium hydroxide (TMAOH, 25 wt% solution), poly(vinyl alcohol) (PVA, 

Mw  89,000 Da, 99+% hydrolyzed), polyethylene glycol (PEG, Mw  200 Da), tetraethyl 

orthosilicate (TEOS, 98%), fumed silica (Cab-O-Sil, M5), cetyltrimethylammonium bromide 

(CTAB, 98%), N,N-dimethyldodecyl amine (DMDA, 97%) and deuterium oxide (D2O, 99.9%) 

were obtained from Sigma-Aldrich and 1,2-epoxy butane (EB, 99%) from Thermo Scientific. 

Sodium aluminate (NaAlO2, 92%) was purchased from Strem Chemicals. Methanol (99%) and 

ammonia solution (28 wt%) were obtained from Fischer. Chloroform-d (CDCl3, 99.9% D) was 

purchased from Cambridge Isotope Laboratories. All chemicals were used without further 

purification. Ultrahigh purity (99.999%) nitrogen, carbon-free air (21% O2), 15% CO2 in nitrogen 

gas cylinders were purchased from Messer Canada. 

3.3.2. Material Preparation 

Pore-expanded aluminosilica (PE-AlSiO2)
42 was used as support throughout this investigation. 

Details about the preparation, characterization and properties of PE-AlSiO2 may be found in the 

Supplementary Information (Figure A3.1 and Table A3.1). To impregnate PEI on PE-AlSiO2, 0.4 

g of PEI was dissolved in 15 mL methanol under stirring. Thereafter, 0.5 g of PE-AlSiO2 was 

slowly added, and the mixture was stirred overnight, while the solvent evaporated. The resulting 

material was further dried in a vacuum oven at 80 °C for 2 h. It will be referred to as PEI/S. As for 

HCP-PEI co-impregnated materials, 0.20 g of HCP was added in 50 mL of water and heated at 80 

°C for 15 min. Then, the temperature was increased to 110 °C and the solution stirred for 5 more 

minutes (Solution A). In another beaker, 0.34 g of PEI was added in 20 mL of H2O and stirred till 

complete dissolution (Solution B). Solution A was then added to solution B dropwise and 0.5 g of 

PE-AlSiO2 was added into it. The resultant mixture was stirred at room temperature overnight and 
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further dried at 80 °C for 24 h. The adsorbent was designated as HCP-PEI/S. 1,2-epoxybutane-

functionalized PEI (EB-PEI/S) was prepared as reported elsewhere with slight modification.17 In a 

typical synthesis, 6 g of EB was added dropwise to 30 g of methanolic solution of PEI (10 g PEI + 

20 g methanol). EB to nitrogen in PEI was 0.37. The mixture was stirred for 12 h at room 

temperature and thereafter impregnated on 15 g of PE-AlSiO2 support. 

3.3.3. Material Characterization 

All materials were characterized by 1H and 13C NMR spectroscopy. Quantification of amines in 

unsupported PEI and EB-PEI was carried out using suspensions in CDCl3. As for Nuclear Magnetic 

Resonance (NMR) measurements for impregnated materials, D2O extraction was used. 13C NMR 

spectra were collected on a AVIII 600 spectrometer using the following conditions, a 45-degree 

pulse, 90 second relaxation delay, a 0.99 second acquisition time, and 520 transients. To prevent 

the nuclear Overhauser effect, all 13C NMR spectra used for quantitative analysis were recorded 

using inverse-gated proton decoupling. For 1H NMR, relaxation delay of 2 second was used and 32 

scans were performed. FTIR spectra (4000–400 cm–1) of samples were recorded using an Agilent 

Technologies Cary 630 FTIR.  

3.3.4. Oxidation Experiments 

Oxidation of the adsorbents was carried out in a packed-bed column as shown in Figure 3.1. A 14 

cm long stainless-steel column with an inner diameter of 1.1 cm was filled with 0.4-0.5 g of 

adsorbent pellets sized between 20 and 40 mesh. The column was then placed in a temperature-

controlled oven, and the adsorbent was pretreated under flowing nitrogen (80 mL/min) at 100 °C 

for 60 min. Thereafter, the gas was switched to flowing air (40 mL/min) at ca. 110 °C for different 

time intervals. After each oxidation step, the oven was cooled to room temperature and a sample 

was collected for CO2 uptake measurements using a thermogravimetric analyzer (Q550 TGA, TA 

Instruments). 20–30 mg samples were preheated under flowing nitrogen for 60 min at 110 °C, then 

cooled to 75 °C, before switching the gas stream to 15% CO2 in N2 for 60 min. Volatile compounds 
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formed during oxidation were investigated by mass spectrometry using a MKS Cirrus 3 instrument. 

The organic content of fresh and oxidized materials was determined by combustion using TGA. 

Typically, the sample was pretreated under flowing nitrogen for 1 h at 110 °C, then heated to 700 

°C at a rate of 10 °C min−1, followed by exposure to air at 700 °C for 20 minutes to eliminate any 

remaining carbonaceous species. The organic content was calculated as the weight loss beyond 200 

°C. CO2 adsorption-desorption cycles were performed using TGA. CO2 adsorption was carried out 

at 75 °C under flowing 15% CO2 in N2 for 1 h, and desorption under nitrogen at 110 °C for 20 min. 

The H2O uptake of materials was performed using gravimetric sorption analyzer (DVS Carbon, 

Surface Measurement Systems). 

 

Figure 3.1. Schematic of oxidation experiments in column breakthrough. 

3.4. Results and Discussion 

3.4.1. Characterization of Adsorbents 

The HES-PEI material showed all the 1H NMR signals, corresponding to HES as well as PEI 

(Figure 3.2a), confirming the co-impregnation of both polymers. The corresponding IR spectra 

shown in Figure 3.2b also exhibited a combination of bands attributable to PEI and HES. 13C NMR 

data for unsupported PEI and EB-PEI (Figure A3.2), confirmed the successful epoxide 
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functionalization of PEI. The percentage of primary, secondary and tertiary amines calculated as 

reported by Choi’s group,18 was 36:36:28 for pristine PEI and 11:58:31 for EB-PEI. This is 

consistent with Min et al.’s findings17,18 who reported a composition of 36:37:27 and 10:56:34 for 

PEI and 0.37EB-PEI (equivalent to our EB-PEI), respectively. 

 

 

Figure 3.2. (a) 1H NMR data for PEI, HES and HES-PEI; (b) corresponding IR spectra. 

3.4.2. Effect of HES on the Oxidation Stability of PEI 

PEI/S and HES-PEI/S were exposed to flowing air at two different temperatures, 100 °C and 108 

°C, and their oxidative degradation was monitored over time by CO2 uptake measurements at 75 

°C as shown in Figure 3.3. The oxidative degradation of PEI versus time showed a sigmoidal curve 

with an induction period, followed by fast-deactivation, then a final stage with much slower 

degradation as the material approached complete deactivation. These oxidation stages are 

consistent with the proposed radical reaction mechanism for supported15,28 and dissolved43 amines. 

Briefly, the induction period corresponds to the radical initiation stage in which abstraction of alpha 

hydrogen with respect to amine groups takes place, leading to the generation of carbon-centred 

radicals. Another probable radical initiation reported by Rochelle and co-workers for aqueous 

amine groups, corresponds to the abstraction of electrons from amine groups, which rearrange to 

provide carbon-centred radicals as shown in Scheme 3.1.33,34 This event may be triggered by traces 

(a) (b) 
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of transition metals that could occur in commercial PEI,17,21,40 the alumina support15 or from the 

reactor material.28 In this stage, the extent of deactivation remained limited; however, in the 

following radical propagation step, the adsorbent undergoes rapid oxidation.15,28 Amines are 

converted to imine/amide as demonstrated by Sayari and co-workers,16,30,31 and Jones’ group,15 

while the polymer chain undergoes partial decomposition, giving rise to low molecular weight 

species, such as water, ammonia and others.15,30,32  

  After co-impregnation of HES and PEI, the CO2 uptake with respect to PEI decreased from 

3.9 to 3.7 mmol/g PEI (1.7 mmol/g adsorbent to 1.2 mmol/g adsorbent), whereas the oxidation 

stability of PEI was greatly enhanced (Figure 3.3). For example, after exposure to air at 100 °C for 

48 h, the decrease in CO2 uptake for PEI/S was 53%, whereas the HES-PEI/S deactivation under 

the same condition was only 7%. The higher oxidation stability of HES-PEI/S compared to PEI/S 

was further supported by FTIR measurements as shown in Figure 3.4. The intensity of the 

imine/amide band at 1650 cm-1 was higher for PEI/S than HES-PEI/S at different oxidation 

durations (24 and 48 h). This improvement may be attributed to the formation of hydrogen bonds 

between amine and the HES hydroxyl groups (Scheme 3.2), which may decrease the availability 

of the lone pair of nitrogen. In addition, HES-PEI showed increased viscosity compared to pristine 

PEI, which decreases the polymer chain mobility. This may in turn, decrease the rate of oxygen 

diffusion, and retard the initiation of radicals, thus enhancing the oxidation stability of the 

adsorbent. This is in agreement with earlier statements reported in the literature.24,26,38,39 Other 

researchers reported that hydrogen bonds increase the oxidation stability of adsorbents, by acting 

as a barrier for radical propagation.30 Furthermore, numerous studies showed that the overall 

degradation of amines is largely dependent on the oxidation rate during the induction 

period.33,34,44,45 Therefore, slowing down the radical initiation can play a crucial role in determining 

the overall stability of adsorbent. 
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Figure 3.3. Percentage loss of CO2 uptake for PEI/S and HES-PEI/S after exposure to air at 100 

(open symbols) and 108 °C (closed symbols) for different periods of time. 

 

Scheme 3.1 Schematic mechanism for oxidative degradation of PEI.15,30,33,34 
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Scheme 3.2. Hydrogen bonding between HES and PEI. 

.  

Figure 3.4. IR spectra of PEI/S and HES-PEI/S when oxidized to air at 108 °C for 24 and 48 h.  

3.4.3.  Loss of Organic Content During Oxidation  

During the oxidation of PEI, the formation of species containing C=O and/or C=N unsaturation is 

accompanied by the release of volatile compounds such as H2O, NH3 and CO2.
30,32 As a result, both 

the CO2 uptake and organic content of the adsorbent decreases; however, the decrease in CO2 

uptake is far greater than the decrease in organic content15,32 (Figure 3.3 and Figure 3.5a). To 

investigate the reason, oxidized PEI/S, HES-PEI/S were examined using 1HNMR and volatile 
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compounds formed during oxidation were analyzed by mass spectrometry. In agreement with Pang 

et al.22, 1HNMR of oxidized samples showed peaks between 8.0-8.5 ppm (Figure 3.5b), indicative 

of the formation of (-CH=N-) and/or (CH(=O)NH-). This reflects the insertion of oxygen (increase 

in the weight of polymer) and the formation of less basic groups. Furthermore, the intensity and 

area of MS peaks of the main fragments increased as follows H2O
+ > NH3

+ > CO2
+
 > 53 ~ 80 (m/z) 

(Figure 3.6a and b). The decrease in intensity of fragments with m/z < 50, like H2O
+, NH3

+ and CO2
+
 

was consistent with that reported by Racicot et al.,32 whereas among the fragments with m/z > 50 

reported by Yan and Sayari30, only fragments with m/z = 53 and 80 were detected. This indicates 

that the loss of organic content was mostly due to the production of H2O and ammonia as opposed 

to species generated by the backbone cleavage of PEI. Consequently, during oxidation, PEI has 

fewer amines, therefore reduced CO2 uptake. Notice that the observed organic loss is a combination 

of the actual organic loss and the oxygen addition. Nevertheless, the decrease in CO2 uptake of 

PEI/S is significantly higher than the decrease of organic content. 

         Similar to PEI/S, HES-PEI/S lost more CO2 uptake during oxidation than its organic content. 

Also, the intensity of MS fragments produced during oxidation of HES-PEI/S followed the same 

trend as PEI/S. However, the partial pressure of fragments produced by HES-PEI/S was much 

lower than PEI/S, which strongly supports the improved oxidation stability upon addition of HES.  

 

 

Figure 3.5. (a) Loss of organic content (%) for PEI/S and HES-PEI/S upon exposure to air at 100 

 (b) (a) 
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and 108 °C; (b) 1H NMR spectra of PEI/S and HES-PEI/S after 24 h oxidation. 

 

Figure 3.6. Partial pressure of different degradation fragments of PEI/S and HES-PEI/S with (a) 

m/z < 50 and (b) m/z > 50 during exposure to air at 108 °C. 

3.4.4. Importance of Hydroxyl Species 

Oxidative deactivation of PEI and PEI co-impregnated with non-modified, and hydroxyethyl-

modified starch upon exposure to air at 110 °C for 24 h, as measured by CO2 uptake at 75 °C is 

shown in Figure 3.7. It is clearly seen that starch co-impregnated PEI oxidized more rapidly than 

HES-containing counterpart. Moreover, during air exposure at 110 °C for 24 h, the HES-containing 

material showed a weight loss of 0.6%, compared to 3.2% for the starch-containing material, 

indicative of higher degradation of Starch-PEI/S. Starch contains only hydroxyl and 

hydroxymethylene groups attached directly to the glucose ring, with limited mobility. The 

associated steric hindrance may lead to inefficient interaction with PEI. Thus, it has hardly any 

effect compared to pristine PEI. In contrast, HES contains longer chains terminated with higher 

mobility hydroxyl groups.  It is believed that the latter form hydrogen bonds with amine groups 

more readily and more efficiently. In agreement with other reports,37–39 it is inferred that the higher 

resistance to oxidative degradation upon HES addition, is associated with the efficient formation 

of hydrogen bonding with amine groups. Short of direct evidence, the current comparison between 

the effect of starch and HES on the oxidation resistance of PEI provides the strongest support to 

the contention that hydrogen bonding plays a key role in enhancing the oxidation resistance of PEI.  

    (a)    (b) 
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Figure 3.7. Percentage loss of CO2 uptake at 75 °C for PEI/S, Starch-PEI/S and HES-PEI/S 

exposed to air at 110 °C for 24 h. 

3.4.5. Effect of HES versus Epoxy Functionalization and Stability Analysis of HES 

The oxidation stability of PEI/S, EB-PEI/S and HES-PEI/S was compared by exposing the 

adsorbents at 108 °C under air for 67 h. Figure 3.8 shows that the oxidation stability of HES-PEI/S 

was comparable to EB-PEI/S. However, the CO2 uptake of EB-PEI/S (1.8 mmol/g PEI; 0.6 mmol/g 

adsorbent) was 51% lower than HES-PEI/S (3.7 mmol/g PEI; 1.2 mmol/g adsorbent). This 

significant difference can be attributed to the conversion of primary amines to secondary and 

tertiary amines upon functionalization of PEI with EB. In contrast, the integrity of PEI in HES-

PEI/S is preserved, and hence the CO2 uptake of HES-PEI/S is comparable to PEI/S.  
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Figure 3.8. Percentage loss in CO2 uptake of PEI, HES-PEI/S and EB-PEI/S after exposure to air 

at 108 °C for different time intervals. CO2 adsorption was carried at 75 °C. 

        CO2 adsorption-desorption measurements were performed on HES-PEI/S to evaluate its 

stability and regenerability. As shown in Figure 3.9, CO2 uptake of HES-PEI/S was stable over 25 

cycles, indicating that the stability of supported PEI was not affected by HES addition. Although 

cycling experiments were carried out under dry conditions, there was no loss in CO2 uptake, 

indicating that the material was resistant to urea formation. 

 

Figure 3.9. Cyclic CO2 adsorption-desorption on HES-PEI/S. 
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3.4.6. Effect of HES Versus Other Hydroxyl-containing Polymers  

The effect of HES on the oxidation stability of PEI was also compared to two hydroxyl-containing 

polymers, namely PVA and PEG. As shown in Figure 3.10, the trend of oxidation stability was as 

follows HES-PEI/S > PVA-PEI/S > PEI/S > PEG-PEI/S. The higher oxidation stability of PVA-

PEI/S in comparison to PEI/S is in agreement with other studies.30,38 However, oxidation stability 

of PVA-PEI/S is less compared to HES-PEI/S, likely due to its higher hydrophilicity and less 

favorable geometry. As shown in Figure A3.3, PVA-PEI/S exhibits greater H2O uptake at various 

relative humidities compared to HES-PEI/S, which can enhance the propagation of radicals like 

OH• and O2
•−, thereby reducing its oxidation stability. These findings are consistent with the study 

by Jones and colleagues15. Moreover, HES features longer chains ending in hydroxyl groups, which 

may serve as effective barriers against the diffusion of reactive oxygen species. On contrary, the 

vinyl hydroxyl groups directly attached to PVA may not provide the same level of protection. This 

is consistent with the findings of Yan and Sayari30, who found that the additives primarily enhance 

the oxidation stability of PEI by acting as tough barriers.  

 

 

Figure 3.10. Oxidation stability of adsorbents containing hydroxyl additive. CO2 adsorption was 

carried at 75 °C. 

 However, PEG-PEI/S was found to be less stable than PEI/S (Figure A3.4a). Srikanth and 
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Chuang37 investigated the effect of PEG (Mw = 200) on supported tetraethylenepentamine in 

flowing air at 100 °C. The fresh PEG-containing materials exhibited significantly higher CO2 

uptake, consistent with the surfactant effect reported in the literature.46 However, over time, the 

CO2 uptake decreased much faster than PEG-free material. Interpretation of this behavior is tedious 

since it is difficult to discriminate between the contribution of oxidative degradation and the effect 

of PEG evaporation. Notice that when treated under N2 and air at 110 °C for 24 h, the weight loss 

of PEG was 72% and 98% respectively, whereas PEI remains almost stable (Figure A3.4b and 

Table A3.1). Furthermore, in agreement with Payne et al.,47 13C NMR spectrum of PEG treated in 

air at 110 °C for 3.5 h showed two new peaks at 68.8 and 161.4 ppm, indicative of oxidation 

products (Figure 3.11), consistent with the fact that PEG generate radicals under such conditions.48 

Overall, our results demonstrate that regarding its effect on PEI’s oxidation stability, HES 

outperform other hydroxyl-containing additives.  

 

Figure 3.11. 13C NMR of fresh PEG and PEG oxidized under air at 110 °C for 3.5 h. 
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3.4. Conclusions  

Simple co-impregnation of PEI with hydroxyethyl starch was found to impart oxidation resistance 

comparable to that of PEI functionalized to the same level with 1,2-epoxybutane. The HES-

modified PEI was also found to be significantly more stable against oxidation than PEI co-

impregnated with other hydroxyl-containing polymers, such as PEG and PVA. The ability of the 

additive to form hydrogen bonding with PEI was often mentioned as the reason behind their 

stabilizing effect. Accordingly, it is surmised that HES forms hydrogen bonds with amine groups 

in PEI, slowing down the formation of imine/amide species and the radical initiation step.  

Additional benefits of HES addition compared to EB-functionalization include their much easier 

preparation procedure, and the preservation of the adsorptive properties of PEI. 
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Appendix A3 Supplementary Information for Chapter 3 

Preparation and Characterization of PE-AlSiO2 Support 

PE-AlSiO2 was synthesized using following method: In solution A, 40 grams of fumed silica and 

820 g of TMAOH was added in 800 g of water. In another beaker (solution B), 488 g of CTAB and 

157 g of NH3 solution was added in 4000 g of water. After 30 minutes of stirring, solution B was 

added in solution A under vigorous stirring. After a duration of 30 minutes, 37 grams of NaAlO2 

(sodium aluminate) was introduced, and the stirring process was sustained for an additional 30 

minutes. Thereafter fumed silica, specifically, Cab-O-Sil, was slowly added to the mixture. After 

stirring the solution for an hour, 460 mL of DMHA (dimethylhexadecylamine) was added to the 

mixture and stirring continued for an additional 30 minutes.  Next, the mixture was loaded in an 

autoclave and placed in a preheated oven at 70 °C for 3 days. Afterward, the autoclave was allowed 

to cool down to room temperature. The resulting material was separated through filtration, 

thoroughly washed with distilled water, and left to dry under ambient conditions. Finally, the 

material was calcination in a furnace, where it was heated under a flowing nitrogen at a rate of 1°C 

per minute upto 550 °C. It was then subjected to air treatment at 550 °C for 5 h to eliminate any 

remaining carbonaceous substances. The resultant support was then named as PE-AlSiO2. 

         The pore structure of PE-AlSiO2 was investigated by N2 adsorption measurements at −196 

°C using a 3Flex instrument (Micromeritics). The sample was pretreated in flowing N2 at 120 °C 

for 4 h. The specific surface area of all samples was determined using the Brunauer-Emmett-Teller 

(BET) method at relative pressures ranging from 0.06 to 0.2. The total pore volume was measured 

at P/P0 = 0.99. PE-AlSiO2 support has 818 m2/g surface area, 1.66 cm3/g pore volume and 8.13 nm 

pore size. 

The state of aluminum sites in PE-AlSiO2 was determined by 27Al MAS NMR of PE-AlSiO2 

support using a AVIII 400 spectrometer with a MAS probe of 4 mm triple resonance. Echo pulse 

sequence was used, and the sample was rotated at 10 kHz. Other parameters include a 1-second 

delay, 90-degree pulse at 3.6 db for 3 μs. Spectra (shown in Figure A3.1) was referenced to 0 ppm 
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NMR signal of 1M Al(NO3)3.  

 

Figure A3.1. 27Al MAS NMR spectra of PE-AlSiO2. 

Functionalization of PEI with EB 

 

Figure A3.2. 13C NMR spectra for (a) PEI (b) EB-PEI. 

 

(a)  EB-PEI  

(b) PEI  
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H2O uptake of PVA-PEI/S and HES-PEI/S 

 

Figure A3.3. H2O adsorption capacity of PVA-PEI/S and HES-PEI/S under different relative 

humidities. 

Thermal and Oxidative Stability of PEG 

 

Figure A3.4. (a) TGA curve of CO2 adsorption and oxidation for PEG-PEI/S and PEI/S (b) 

Thermal and oxidation stability of different additives; Additives were pretreated under nitrogen for 

30 min. Thereafter, for investigating thermal/oxidation stability, treated under N2/air at 110 °C for 

24 h and then temperature was increased to 700 °C. 

 

 

(a) (b) 
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Table A3.1. Weight loss (%) of different hydroxyl-containing additives under N2 and air at 110 °C 

for 24 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample            HES            PVA            PEI           PEG 

Weight loss (%) 

under air in 24 h 

              0               0             18             98 

Weight loss (%) 

under N2 in 24 h 

              0               0              3             72 
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CHAPTER 4 CO2 UPTAKE - RELATIVE HUMIDITY - PORE SIZE 

RELATIONSHIP: A NEW TOOL FOR THE DESIGN OF AMINE-

CONTAINING ADSORBENTS 

4.1. Abstract 

Optimization of amine-containing CO2 adsorbents, including CO2 uptake, adsorption and 

desorption kinetics, energy requirements, and material stability, is a recurrent theme since the 

inception of this field. The objective of this work is (1) to establish a relationship between CO2 

uptake in amine-containing adsorbents as a function of relative humidity (RH) of feed gas and 

material pore size, and (2) to use this relationship to design adsorbents that maximize CO2 uptake 

depending on RH. To this end, periodic mesoporous silicas with similar morphology and different 

pore sizes, ranging from 3 to 9.2 nm, are synthesized and grafted with comparable amounts of 

triaminosilane. All materials exhibit S-shaped water adsorption isotherms, with a steep rise as the 

water vapor reaches the capillary condensation pressure. All humid CO2 adsorption isotherms 

versus RH, show prominent maxima at vapor pressures corresponding to the water capillary 

condensation. The enhanced CO2 uptake at specific RHs is attributed to the occurrence of liquid-

like water at capillary condensation pressure, which facilitates the formation of ammonium 

bicarbonate. Hence, maximum CO2 uptake may be achieved using an adsorbent whose average 

pore size corresponds to the water capillary condensation at the feed gas RH. 
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4.2. Introduction 

Although it is not the most potent greenhouse gas (GHG), carbon dioxide stemming mostly from 

fossil fuel combustion, is the main contributor to the overall GHG effect and associated global 

warming.1,2 With worldwide CO2 emissions exceeding 40 gigatons a year, the CO2 concentration 

in the atmosphere reached the alarming level of 425 ppm in 2024.3 While the world is transitioning 

to more environment friendly sources of energy, carbon capture and sequestration has been 

recognized as the only single technology capable of alleviating the effect of GHGs to a significant 

extent. Therefore, extensive effort has been deployed over the last two to three decades to develop 

viable carbon capture technologies. Recent progress in this field has been reported in many 

authoritative reviews.4–6 Of particular interest, adsorption processes using a wide variety of 

materials, including zeolites, carbons, metal-organic frameworks (MOFs), covalent organic 

frameworks (COFs) and amine-containing materials7,8 are playing a leading role. Currently, many 

of these materials are being used at pilot and demonstration scale, toward commercial 

implementation.9,10 

         Material optimization is possibly the most recurrent topic in the CO2 adsorption literature. 

Key metrics include selectivity, adsorption and desorption kinetics, physical, chemical and 

mechanical stability, cost, energy requirements and process engineering.11–14 In particular, there has 

been considerable interest in investigating the effect of the most ubiquitous species, namely water 

vapor, on CO2 adsorption in the presence of a variety of materials. As discussed in a recent review15, 

water plays many different roles, depending on the nature of the adsorbents and the relative 

humidity. Among its desirable effects on amine-containing adsorbents, water often promotes CO2 

uptake by facilitating the formation of ammonium bicarbonate (CO2/N = 1) instead of carbamate 

(CO2/N = 0.5)16,17 or by enhancing CO2 diffusion through supported polyamines.18,19 It also plays 

a key role in stabilizing the adsorbent over time by preventing the formation of stable urea linkages 

at the expense of amine groups.20,21 In other instances, particularly at high RH, water may not only 

inhibit CO2 adsorption, but affects the integrity of the material, as observed for some MOFs.15,22,23 
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There is often an optimum water concentration corresponding to maximum CO2 uptake. The rising 

section is the result of cooperative mechanisms between both adsorbates, such as the occurrence of 

a more favorable surface chemistry,16,17,24,25 facilitated CO2 transport as water may lubricate 

polyamine chains,26,27 creation of additional CO2-binding sites by adsorbed water28 or other 

mechanisms.29 The declining CO2 uptake at higher RH is often associated with the available 

adsorption volume being occupied by water, with less and less room for CO2 adsorption.26,29,30 The 

optimum RH varied widely, depending on the nature of the adsorbent. It was found to be 10% for 

a polyimide COF,29 25% for a PEI impregnated single-walled zeolite.26 30% for a diamine 

appended MOF,30 and more than 74% for a propylamine grafted pore-expanded silica.17 

Interestingly, in the latter instance, as the RH increased from 0 to 27 and 61%, there was a modest 

increase in CO2 uptake by 16 and 22%, respectively compared to dry condition. However, further 

increase of RH to 74% was accompanied by as much as 60% increase in CO2 uptake. It was 

surmised that this sharp increase is related to the occurrence of water capillary condensation. 

Hence, it is hypothesized that for a feed gas with a particular water vapor content, the CO2 uptake 

of an amine-containing adsorbent could be maximized using a material with a specific pore size. It 

is further hypothesized that the optimum pore size should correspond to the capillary condensation 

of water at its partial pressure in the feed gas. Hence, the objective of this contribution is to establish 

empirical CO2 uptake – pore size – relative humidity relationships, so that for any feed gas with a 

given water content, amine-containing materials with maximum CO2 uptake may be designed 

systematically by adjusting the pore size accordingly.  

To reach this goal, we designed a series of adsorbents with, as much as possible, the same physical 

characteristics, but different pore sizes ranging from 3.0 to 9.2 nm. All materials were then grafted 

with 2-[2-(3-trimethoxysilylpropylamino)ethylamino]ethylamine (denoted TRI for triamine) to 

comparable loadings using 1 g triamine per gram silica. We also measured their water adsorption 

isotherms and their CO2 uptake in the presence of the full range of relative humidity.   
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         The support materials consisted mostly of SBA-15 ordered mesoporous silicas with rodlike 

morphology, and different pore sizes, prepared using a highly reproducible method reported 

earlier.31 The only variable to obtain materials with different pore sizes, was the synthesis 

temperature. Increasing the temperature from 40 to 115 °C led to materials with 5.2 to 9.2 nm pores. 

These are denoted SBA-15/t, where t indicates the synthesis temperature in °C. An additional 

material MCM-41/70 with an average pore size of 3.0 nm consisted of MCM-41 silica, synthesized 

at 70 °C. Admittedly, SBA-15 and MCM-41 silicas, even when partially protected by grafted 

amines, are not ideal materials in terms of long-term stability in the presence of high humidity feed 

gases.32,33 Nonetheless, we used such materials because of their highly periodical pore structure 

and the easy control of their pore size/volume and morphology.  

4.3. Experimental Section 

4.3.1. Materials 

Triblock copolymer Pluronic P123, tetramethylammonium hydroxide (TMAOH, 25 wt% solution), 

tetraethyl orthosilicate (TEOS, 98%), fumed silica (Cab-O-Sil, M5), cetyltrimethylammonium 

bromide (CTAB, 98%) and 2-[2-(3-trimethoxysilylpropylamino)ethylamino]ethylamine (TRI, 

97%) were purchased from Sigma-Aldrich. Ammonia solution (NH4OH, 30 wt%), pentane 

(99.6%), hydrochloric acid (HCl) and toluene (99.9%) were obtained from Fischer. All chemicals 

were used as obtained. Ultra-high purity (99.999%) N2 and CO2 gas cylinders were supplied by 

Messer. 

4.3.2. Material Synthesis 

SBA-15 silicas with different pore sizes were prepared at 40, 60, 80, and 115 °C using the method 

proposed by Sayari et al.31 Briefly, 4 g of Pluronic P123 was added in an aqueous solution of 120 

mL of HCl (2M) and 30 mL distilled H2O in a Teflon-lined container and stirred at 40 °C until 

complete dissolution. Then, 8.5 g of TEOS was added, and the solution was vigorously stirred for 

5 min. The solution was then maintained at 40°C for 20 h under static condition, and subsequently 
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heated in an autoclave for 40 h at the aforementioned temperatures. The final product was filtered, 

washed with distilled H2O and dried at room temperature, followed by calcination at 550 °C for 6 

h under air. Supports were designated as SBA-15/X, where X indicates the synthesis temperature. 

         MCM-41 silica was prepared as reported elsewhere34 using 1 SiO2:0.17 NH4OH:0.17 

CTAB:17 H2O:0.33 TMAOH composition. Typically, 1.8 g of Cab-O-Sil was added into 3 g of 

water in a Teflon-lined container followed by addition of 3.08 g of TMAOH under vigorous stirring. 

In another beaker, 1.83 g of CTAB was stirred with 3.28 g of distilled H2O until completely 

dissolved, and then 0.59 g of NH4OH was added into the solution. This solution was then added to 

the mixture containing Cab-O-Sil, and stirred for another 30 min. Subsequently, the mixture was 

heated at 70 °C for 72 h in an autoclave. Thereafter, the product was separated and calcined using 

the same procedure as mentioned above for the SBA-15 silicas. The obtained material was 

designated as MCM-41/70. 

4.3.3. Triamine (TRI) Grafting Procedure 

TRI was grafted on different silicas using the method proposed by Harlick and Sayari.35 Supports 

were dried at 130 °C for 3 h and then 1 g of support was dispersed in 30 mL of toluene followed 

by stirring for 1 h. The temperature of the solution was then increased to 110 °C, and 1 mL of TRI 

was added. The mixture was refluxed for 16 h and the product was separated by filtration, washed 

with toluene followed by pentane and dried at room temperature for 24 h. Grafted supports were 

designated as TRI/SBA-15/X or TRI/MCM-41/X depending on support used. Here, x refers to 

synthesis temperature. Due to small pore sizes of MCM-41/70 and SBA-15/40, these supports were 

also grafted with 0.4 mL of TRI per gram of support and referred as TRI/MCM-41/70-0.4 and 

TRI/SBA-15/40-0.4 respectively. 

4.3.4. Material Characterizations 

The pore structure of supports was determined by N2 adsorption measurements at −196 °C using a 

Surface Area and Pore Size Analyzer (Quantachrome NOVA 1200e). The samples were degassed 
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in flowing N2 at 120 °C for 5 h. The specific surface area was measured using the Brunauer-

Emmett-Teller (BET) method at relative pressures from 0.05 to 0.3. The total pore volume was 

recorded at P/P0 = 0.95, and the pore size distribution was determined using the Barrett, Joyner & 

Halenda (BJH) model. A JEOL JSM-7500F field emission scanning electron microscopy (SEM) 

operating at an accelerating voltage of 2 kV was used to obtain images of supports. 

4.3.5. Adsorption Measurements 

Water and CO2 uptake measurements of grafted materials under dry and humid conditions were 

performed using a gravimetric sorption analyzer (DVS Carbon, Surface Measurement Systems). 

Around 15 mg of sample was loaded in the pan, and the material was pretreated under flowing N2 

(100 mL/min) at 120 °C for 90 min to remove any adsorbed moisture and impurities. For water 

adsorption measurements, the temperature was maintained at 25 °C, and the sample was exposed 

to stepwise increases in relative humidity. At each RH level, the mass change was recorded once 

the sample mass stabilized. To measure CO2 uptake under dry conditions, the temperature was 

decreased to 25 °C, and gas was then switched to a mixture of 5% CO2 in N2 at a flow rate of 100 

mL/min till the adsorbent reached a steady state. Under humid conditions, the sample was pre-

humidified by bubbling N2 (100 mL/min) through a water saturator. After the material reached a 

steady state, the gas mixture was switched to humid 5% CO2 in N2 to measure the CO2 uptake. A 

constant RH was monitored throughout the pre-hydration and CO2 adsorption stages. Steady state 

was defined as a rate of mass change (dm/dt) less than 0.001% per min for 10 min under isothermal 

conditions. 

 Temperature programmed desorption and dynamic breakthrough measurements were 

performed using a breakthrough curve analyzer (mixSorb S series, 3P Instruments) connected to a 

mass spectrometer (MKS Cirrus 3 instrument). Approximately 0.5 g of sample was loaded into a 

stainless-steel column with an inner diameter of 0.5 cm and a length of 6 cm. CO2 adsorption 

measurements were carried out under both dry and humid conditions as described previously. 
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During CO2 desorption, the temperature was ramped up to 140 ºC at a rate of 10 ºC min-1, held at 

that temperature for 30 min and then gradually decreased to 25 ºC.  

  The organic content (%) of the materials was determined using thermogravimetric analyzer 

(Q550 TGA, TA Instruments). Samples were pretreated under flowing N2 at 120 °C for 30 min, 

then the temperature was increased to 700 °C at a rate of 10 °C min-1. The samples were exposed 

to flowing air for 15 min to remove any remaining carbonaceous material. The organic content was 

determined by measuring the weight loss (%) beyond 200 °C. 

4.4. Results and Discussion 

4.4.1. Morphology of Silica Supports 

Scanning electron microscopy (SEM) images for calcined SBA-15/t silicas are shown in Figure 

4.1a to 1d. Lower and higher magnification SEM Images for SBA-15/115 are depicted in Figure 

4.1e and 1f. Additional low-magnification images for SBA-15/t with t = 40, 60 and 80 °C in Figure 

A4.1. It is seen that all SBA-15/t silicas consisted of monodispersed and hexagonally facetted 

rodlike particles with a diameter of 0.40-0.45 µm and 1.1-1.5 µm in length (Figure 4.1a, b, c, d).31  

  

Figure 4.1. (a, b, c, d) High-magnification SEM images of SBA-15/40, SBA-15/60, SBA-15/80 
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and SBA-15/115 respectively. (e, f) Low- and high-magnification images of SBA-15/115 

respectively. 

4.4.2. Textural Properties of SBA-15 Silicas 

Nitrogen adsorption-desorption isotherms shown in Figure 4.2, were of Type IV according to the 

IUPAC classification,36 with H1 hysteresis loops and sharp capillary condensation, indicating the 

occurrence of mesopores with narrow size distributions. The nitrogen capillary condensation 

moved to higher pressures as the synthesis temperature increased, indicative of increasing average 

pore size. The corresponding textural properties and pore size distributions (PSDs) of supports are 

shown in Table 4.1 and Figure 4.3, respectively, which indicate the upward shift of the average 

pore sizes with increasing synthesis temperature. Furthermore, the narrow PSDs observed for all 

silica supports revealed the excellent uniformity and periodicity of the pore structure.  

 

Figure 4.2. (a) N2 adsorption-desorption isotherms for SBA-15/t and MCM-41/70 silicas. 
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Table 4.1. Structural properties of silica supports. 

a Synthesis temperature of silica supports. b BET (Brunauer, Emmett, and Teller) specific surface 

area. c Pore size. d Total pore volume calculated at P/P0 ca. 0.95.  

 

Figure 4.3. (a) N2 adsorption-desorption isotherms. (b) Pore size distributions for SBA-15/t and 

MCM-41/70 silicas. 

4.4.3. Carbon dioxide Uptake and Amine Efficiency  

All silica supports were grafted with the same relative amount of triamine (1 g per g), and the 

corresponding CO2 uptakes were measured at 25, 50 and 75 °C for 120 min using a 5% CO2/N2 

mixture flowing at 100 mL/min. It was established that the CO2 concentration of 5% corresponds 

to the onset of physisorption, while the chemisorption is almost complete.37 The data (Figure 4.4) 

showed that CO2 adsorption in the presence of TRI/SBA-15/t with t = 60, 80 and 115 °C was 

thermodynamically controlled, as the CO2 uptake and amine efficiency decreased at increasing 

Material 

Support 

T (°C)a SBET (m2/g) b w (nm)c Vtotal (cc/g)d 

MCM-41/70 70 1112 3.0 0.75 

SBA-15/40 40 949 5.2 0.57 

SBA-15/60 60 829 6.6 0.84 

SBA-15/80 80 718 7.0 0.87 

SBA-15/115 115 546 9.2 0.95 
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adsorption temperature, indicating the absence of diffusion resistance. In contrast, as shown in 

Figure A4.2, materials with smaller pore sizes, namely TRI/MCM-41/70 and TRI/SBA-15/40, 

showed higher CO2 uptake at 50 °C compared to 25 °C, indicating the occurrence of kinetically 

controlled adsorption. Hence, we decreased the amount of triamine in the grafting mixture of these 

two silicas to 0.4 g per g, to obtain the diffusion-free adsorption data shown in Figure 4.4 for 

TRI/MCM-41/70-0.4 and TRI/SBA-15/40-0.4. These materials were used for subsequent 

adsorption measurements. As shown in Table A4.1, the amine content of the adsorbents ranged 

from 4.06 to 5.51 mmol/g, with TRI/SBA-15/80 and TRI/SBA-15/115 showing similar organic 

contents. Furthermore, both CO2 uptake and amine efficiency showed positive correlations with 

the pore size. As mentioned by Lashaki and Sayari,38 this may be because amines are more 

accessible in adsorbents with larger pore size.  

 

Figure 4.4. (a) CO2 uptake and (b) amine efficiency of TRI grafted adsorbents at 25, 50 and 75 °C. 

4.4.4. Water and Carbon dioxide Adsorption Isotherms 

Water adsorption isotherms at 25 °C and relative humidities up to 90%, are shown in Figure 4.5. 

All materials exhibited S-shaped isotherms with capillary condensation occurring at higher RH as 

the pore size increased. The overall CO2 and water uptakes were measured for all adsorbents using 

5% CO2/N2 with different RHs from 0 to 90%. The humid CO2 uptake data shown in Figure 4.6, 

were calculated based on the weight gain of the adsorbent upon exposure to humid CO2 after pre-

   (a)      (b) 
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humidifying the material under the same water partial pressure, assuming that water uptake 

remains the same regardless of the presence of CO2. Figure A4.3 provides direct evidence of this 

contention as the column downstream water content was not affected by the presence of CO2, 

while maintaining the water partial pressure constant. This behavior was also confirmed by 

literature data.39–41 All samples showed striking dependence of CO2 uptake versus RH, with 

prominent maxima at the humidity level corresponding to the water capillary condensation. 

TRI/MCM-41/70-0.4, TRI/SBA-15/40-0.4, TRI/SBA-15/60, TRI/SBA-15/80 and TRI/SBA-

15/115 showed their highest CO2 uptake at 40, 65, 70, 75 and 80% RH, respectively. Figure A4.4 

compares CO2 uptake under dry and humid conditions at these RH values, underscoring the 

enhancement associated with water capillary condensation within the pores. Moreover, the graph 

shows that the RH at which water capillary condensation occurs and consequently adsorbent 

achieves maximum CO2 uptake increases systematically with pore size. The corresponding amine 

efficiency of the adsorbents at these water capillary condensation pressures are given in Table 

A4.1. Figure 4.7 showing both isotherms for the same adsorbent (TRI/SBA-15/115), indicates 

clearly that the maximum CO2 uptake achieved at RH of 80%, corresponding to the water capillary 

condensation pressure was about twice as high as the uptake at RHs below 60%. Likewise, the 

amine efficiency increased from 0.31 under dry conditions to 0.58 at RH of 80%. Numerous 

studies reported the formation of ammonium bicarbonate, with increased amine efficiency, upon 

adsorption of CO2 over amine-containing adsorbents under humid conditions17,42–45. It is surmised 

that the enhancement in CO2 uptake and amine efficiency observed in the current investigation is 

attributed to the formation of ammonium bicarbonate in the presence of moisture. This is further 

supported by the higher maximum CO2 desorption temperature observed under humid conditions 

compared to dry condition (Figure 5b), due to the greater stability of ammonium bicarbonate 

relative to carbamate, as reported in the literature.17,45,46 Additional data regarding water and CO2 

uptakes vs RH over the other adsorbents are shown in Figure A4.5. The sharp increase of CO2 

uptake at RHs corresponding to water capillary condensation seems to indicate that adsorbed 
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liquid-like water at such a pressure, has a stronger promotion effect on CO2 uptake than gas-like 

water, occurring at lower RH. However, as soon as the RH increases further, the pores are filled 

with water, and the CO2 uptake decreases sharply.  

 

Figure 4.5. H2O adsorption isotherms of TRI grafted adsorbents versus RH. Isotherms were shifted 

upward for clarity. 

 

Figure 4.6. CO2 adsorption isotherms of TRI grafted adsorbents versus RH. Isotherms were shifted 

upward for clarity. CO2 uptake (wt%) under dry condition (RH = 0) from bottom up was 2.7, 3.6, 

4.8, 6.3 and 7.4. 
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Figure 4.7. (a) H2O and humid CO2 adsorption isotherms versus RH. (b) Temperature-programmed 

desorption of CO2 over TRI/SBA-15/115. 

4.5. Conclusions 

A series of amine-functionalized CO2 adsorbents with comparable organic contents, were prepared 

using periodic mesoporous silicas with similar rodlike morphology and different pore sizes, ranging 

from 3 to 9.2 nm. Systematic measurements of water and humid CO2 adsorption isotherms were 

carried out for all adsorbents over a range of relative humidities from 0 to 90%. All water adsorption 

isotherms were S-shaped with significant increase at relative humidity corresponding to the water 

capillary condensation, which increases with the pore size. The CO2 uptake also increased by up to 

100% at the same pressure corresponding to the water capillary condition. Beyond such a water 

pressure, the CO2 uptake decreases precipitously. It was surmised that the dramatic increase in CO2 

uptake is due to improved promoting effect of liquid-like water at the capillary condensation 

pressure, favorable for the formation of ammonium bicarbonate, compared to gaseous water at 

lower pressures. The sharp decrease in CO2 uptake at higher water pressures is believed to be due 

to the shrinking space associated with the water filling the pores of the adsorbent. The CO2 uptake 

– RH – pore size relationship demonstrated here, may be used to design amine-containing materials 

with maximum uptake, by adjusting the pore size to correspond to the capillary condensation of 

water at the feed gas relative humidity. 

(b)  (a)  
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Appendix A4 Supplementary Information for Chapter 4 

 

SEM Images of Silica Supports 

 

Figure A4.1. Low-magnification SEM images of (a) SBA-15/40, (b) SBA-15/60, and (c) SBA-

15/80.  
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Adsorption of H2O and CO2 

   

Figure A4.2. CO2 uptake of TRI/MCM-41/70 and TRI/SBA-15/40 at 25, 50 and 75 °C. 

 

Figure A4.3. Dynamic breakthrough measurements for H2O and humid (80% RH) 5% CO2/N2 

mixture at 25 °C on TRI-SBA-15-115. In stage 1, adsorbent is pre-humid before it is exposed to 

humid CO2 in stage 2. In stage 3, activated material is directly exposed to humid CO2 gas stream. 

No roll-up effect for H2O was observed when CO2 was introduced (stage 2) to the pre-humidified 

adsorbent (stage 1), suggesting that CO2 does not displace the H2O. Moreover, H2O adsorption in 

stage 1 (10.4 mmol/g) and stage 3 (9.1 mmol/g) remains almost the same indicating that CO2 does 

not have a pronounced effect on the adsorption of H2O. 
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Figure A4.4. CO2 uptake for triamine-functionalized mesoporous adsorbents, under dry conditions 

(black) and under humid conditions at the RH corresponding to capillary condensation as indicated 

(red).  

 

 

Figure A4.5. H2O (open symbols) and CO2 (closed symbols) adsorption isotherms of (a) 

TRI/MCM-41/70-0.4, (b) TRI/SBA-15/40-0.4, (c) TRI/SBA-15/60, (d) TRI/SBA-15/80 versus 

relative humidity at 25 °C. 

 (a) (b) 

(c) (d) 
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Organic Content and Amine Efficiency 

Table A4.1. Organic content, nitrogen content and amine efficiency of adsorbents at 25 °C. 

CO2/N: Moles of CO2 captured per mol of nitrogen.  

 

 

 

 

 

 

 

Adsorbent 
Organic 

content 

 (wt%) 

Nitrogen 

content 

(mmol/g) 

CO2/N 

Dry condition At capillary 

condensation 

TRI/MCM-41/70-0.4 19.49 4.06 0.15 0.43 

TRI/SBA-15/40-0.4 19.81 4.13 0.19 0.50 

TRI/SBA-15/60 21.93 4.57 0.24 0.51 

TRI/SBA-15/80 25.27 5.27 0.27 0.55 

TRI/SBA-15/115 26.44 5.51 0.31 0.58 
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CHAPTER 5 CONCLUSIONS 

5.1. Summary of Contributions 

The rising level of atmospheric CO2 poses an environmental problem, necessitating the 

development of efficient and durable carbon capture technologies. Amine-based adsorbents have 

emerged as promising materials, but their large-scale deployment is hindered by challenges such 

as SO2 poisoning, oxidative degradation, and low CO2 uptake. This thesis systematically addresses 

these challenges by developing strategies to enhance or maintain CO2 adsorption capacity, while 

ensuring improved stability and performance of amine-functionalized adsorbents. 

         The first study of this thesis is focused on the mitigation of SO2 poisoning, a key issue that 

leads to irreversible deactivation of amine-based adsorbents, responsible for a sharp decrease in 

CO2 uptake. To address this, a tertiary amine-based adsorbent was synthesized using a 

straightforward methodology. IR and NMR analyses confirmed the complete functionalization of 

PEI with glycidol, ensuring the conversion of all amine groups to tertiary amines. Breakthrough 

experiments with a gas mixture containing 5 ppm SO2 and a CO2 concentration exceeding 20,000 

times that of SO2 demonstrated that GD-PEI/S is 100% selective for SO2. This selectivity was 

further supported by TGA analysis, which revealed negligible CO2 uptake under a 15% CO2/N2 gas 

stream. Moreover, the material was stable after both dry and humid regeneration cycles. These 

findings highlight its potential as a protective pretreatment filter for effectively removing SO2 

before CO2 adsorption. By selectively removing SO2, GD-PEI/S helps maintain the adsorption 

capacity of the primary CO2 adsorbents, thereby enhancing the overall efficiency and longevity of 

CO2 capture systems. This research offers a promising step forward for developing efficient gas 

separation technologies for industrial applications. 

        The second key challenge tackled in this thesis was the oxidative degradation of amine 

adsorbents, a critical limitation hindering their long-term industrial deployment by reducing CO2 
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uptake capacity and compromising operational longevity. To overcome this, HES-PEI/S was 

developed by co-impregnating HES and PEI on support. HES-PEI/S demonstrated oxidative 

stability comparable to supported epoxide-functionalized PEI (EB-PEI/S) while maintaining twice 

the CO2 uptake per unit PEI content. Comparative analysis with the state-of-the-art additives (PVA 

and PEG) confirmed that HES offers the best balance between CO2 capacity and oxidation 

resistance, making it a promising stabilizing additive for amine adsorbents. 

        The final study aimed at optimizing CO2 uptake of amine-adsorbents by investigating the 

relationship between relative humidity, pore size, and adsorption capacity. H2O and CO2 adsorption 

isotherms revealed a pore-size dependent enhancement in CO2 uptake at vapor pressures 

corresponding to the water capillary condensation, with CO2 capacity approximately twice as high 

as those observed under dry conditions. These findings provide critical insights for performance-

driven design of the adsorbent. For example, for a feed gas with a given RH, pore size of the 

adsorbent can be adjusted such that the RH of feed gas is same as the RH of water capillary 

condensation, thereby maximizing the CO2 uptake of the adsorbent. 

        Together, this thesis contributes to the advancement of amine-based CO2 adsorbents by 

addressing key limitations that decrease their adsorption efficiency. By preventing SO2 poisoning, 

improving oxidation resistance, and optimizing pore structure for enhanced CO2 uptake, this work 

provides valuable insights for the development of robust and high-performing adsorbents. The 

findings of this research contribute to overcoming major barriers in CO2 capture technology, 

bringing the field closer to achieving practical solutions for mitigating carbon emissions. 
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5.2. Limitations and Future Directions 

While this study provides valuable insights into the optimization of amine-functionalized 

adsorbents for CO₂ capture, certain limitations persist and require further investigation. 

Overcoming these limitations will contribute to the development of more efficient and durable 

adsorbents for practical applications. 

• The SO2 adsorption capacity of GD-PEI/S was lower compared to other adsorbents reported in 

the literature. This can be attributed to steric hindrance due to presence of bulky functional groups, 

which could limit accessibility of SO2 to amine groups. Future studies should explore less sterically 

hindered amines or functional groups, which may enhance SO2 uptake while maintaining high 

selectivity. 

• Another aspect that requires further investigation is the adsorption kinetic of CO2 in amine 

adsorbents where hydroxyl-containing additives are incorporated. Although hydroxyl groups have 

demonstrated beneficial effects in improving oxidation stability, their impact on CO2 adsorption 

kinetics remain inconsistent, with some cases exhibiting slower adsorption rates. A systematic 

study on different types of hydroxyl-functionalized additives and their impact on adsorption 

kinetics is necessary to better understand this effect. Furthermore, since different hydroxyl groups 

may interact differently with PEI, their role in influencing oxidation stability of amines should be 

explored in greater depth. 

• Additionally, an important but often overlooked factor is the stability of additives used to 

enhance oxidative resistance of the amines. The long-term stability of these additives is crucial, as 

their degradation over multiple adsorption-desorption cycles could limit their effectiveness. Future 

research should focus on evaluating the stability of potential additives prior to their incorporation 

into amine-functionalized adsorbents to improve oxidation stability. 

• Adjusting parameters such as water content and triamine concentration during amine grafting 

on the support can influence the resulting pore size of the adsorbent, potentially establishing a 
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correlation between the pore size of the grafted material—rather than the bare support—CO2 

uptake, and the relative humidity (RH) of the feed gas. However, accurately determining the true 

pore size of grafted adsorbents remains challenging, as conventional models primarily measure the 

empty pore spaces and do not account for the spatial distribution of grafted amines. Future research 

should focus on developing advanced characterization techniques and exploring the impact of pore 

structure on adsorption performance under different synthesis conditions. 


