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Abstract 
 
The rising concentration of atmospheric CO₂ poses a serious threat to 
global ecosystems, requiring the development of sustainable and efficient 
carbon capture and storage (CCS) strategies. This thesis investigates the 
potential of choline-based amino acid ionic liquids (ChoAAILs) as 
environmentally friendly solvents for CO₂ capture and mineral dissolution 
processes. Two ionic liquids—choline prolinate ([Cho][Pro]) and choline 
lysinate ([Cho][Lys])—were synthesized via metathesis reactions and 
characterized through ATR-IR, TGA-IR, XRD, and Raman spectroscopy. 
Experimental analyses revealed that [Cho][Lys] significantly enhanced the 
dissolution of olivine (Mg₂SiO₄) and facilitated the formation of magnesium 
carbonate hydrates under mild carbonation conditions (25–50 °C, 1–5 bar 
CO₂). X-ray diffraction confirmed the precipitation of carbonate phases, 
while Raman spectra highlighted vibrational shifts associated with CO₂ 
uptake. TGA-IR analyses indicated thermal stability for both ILs up to 
approximately 185°. These findings suggest the suitability of ChoAAILs for 
CCS applications under relatively low-energy conditions. 
In addition, computational simulations using HyperChem were conducted 
to evaluate the reaction kinetics. The activation energy for olivine 
dissolution was reduced from 25.21 to 11.81 kcal/mol upon CO₂ 
introduction, confirming its catalytic role in enhancing mineral reactivity. 
Overall, the study demonstrates that choline-based amino acid ionic 
liquids, especially [Cho][Lys], represent promising alternatives to 
conventional solvents due to their low toxicity, biodegradability, and 
tunable physicochemical properties. The synergy between ILs and CO₂ 
opens new opportunities for scalable mineral carbonation routes, aligning 
with green chemistry principles and offering potential for integration into 
industrial CCS technologies. 
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Chapter 1 
 
 
 
 

Introduction 
 

1.1 CO₂ problem 
 
Human society today faces an escalating challenge: the steady and 
persistent accumulation of carbon in the Earth's atmosphere. This issue 
stems largely from the continuous burning of fossil fuels, widespread 
deforestation, industrial activities, and other human-driven processes that 
release vast amounts of carbon dioxide. Unlike sudden disasters, this build-
up happens gradually, quietly altering the balance of the natural world. 
Rising atmospheric CO₂ levels have far-reaching impacts, disrupting 
rainfall patterns, warming oceans, and reshaping the landscapes we 
inhabit. These changes are interconnected, revealing how no part of the 
planet exists in isolation. What happens in one area can quickly ripple 
across others, much like the steady increase in atmospheric CO₂ affects 
ecosystems and societies globally. 
One of the most visible consequences is the progressive warming of the 
planet. Carbon dioxide traps heat by preventing infrared radiation from 
escaping into space, leading to a continuous rise in land and ocean 
temperatures. The oceans are now absorbing heat more rapidly than in the 
past, causing them to expand and accelerating the melting of polar ice caps. 
Together, these effects contribute to more aggressive coastal erosion and 
flooding. Places once considered safe from the sea are now slowly being 
reclaimed by advancing waters, reshaping familiar coastlines and forcing 
long-established communities to abandon their homes. 
This warming also drives more intense rainfall and storms. Warmer air 
holds more moisture, which fuels stronger hurricanes, typhoons, and 
extreme weather events. These storms not only cause widespread 
destruction to infrastructure but also erode natural coastal defenses, such 
as mangroves, salt marshes, and wetlands. These fragile ecosystems act as 
buffers, softening the impact of waves and storms and offering critical 
protection to inland regions. As these natural barriers are lost, coastal 
communities become increasingly vulnerable to the twin threats of 
flooding and erosion. The collapse of these ecosystems also puts the 
livelihoods and food security of dependent populations at risk. As 
temperatures continue to rise, many regions are experiencing longer, more 
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intense heatwaves. This heat influences rainfall patterns, causing some 
areas to suffer prolonged droughts while others face severe flooding. In 
places where occasional rain once supported agriculture, long dry spells 
now crack the soil and leave fields barren. Conversely, heavy downpours 
in other regions wash away the fertile topsoil essential for farming. This 
unpredictable combination of drought and deluge is destabilizing food 
production systems, with too little water in some areas and destructive 
excess in others. Although higher CO₂ levels can sometimes promote faster 
plant growth, this advantage often comes with a trade-off: reduced 
nutritional quality of the crops. Many agricultural zones now face a 
precarious balance, as crops struggle to survive under extreme heat, 
damaging droughts, and sudden floods that strip the land of its vital 
nutrients. 
In the face of these shifting environmental pressures, agriculture 
worldwide is becoming increasingly unreliable, threatening both food 
availability and long-term sustainability. While CO₂-driven growth might 
seem beneficial on the surface, the harsher growing conditions, lower food 
quality, and frequent disruptions are painting a far more complex and 
concerning picture for the future of global food security [1]. 
Water is fundamental to all life, yet it too is deeply affected by the growing 
impacts of climate change. The natural balance that governs how water 
moves—from lakes and rivers to underground aquifers—is being steadily 
disrupted by the warming of the planet. In many parts of the world, people 
now face two opposite but equally difficult problems: some regions suffer 
from prolonged droughts and shrinking water supplies, while others are 
overwhelmed by sudden, heavy rainfall that leads to destructive flooding. 
This growing unpredictability makes it harder for communities to plan for 
the future and severely complicates agricultural activities, which are 
essential for feeding the global population. In addition, crucial freshwater 
sources like glaciers and mountain snowpacks are retreating at alarming 
rates. As these natural water reservoirs melt, millions of people find 
themselves with less and less dependable access to water, particularly 
during dry seasons when these reserves were once critical safety nets. 
The rising concentration of carbon dioxide contributes to a broad array of 
worsening problems, affecting nearly all forms of life on Earth. Every living 
organism depends on the stability of its surroundings, and as this stability 
weakens, biodiversity itself is placed at risk. In the oceans, coral reefs—
vital, vibrant ecosystems teeming with life—are among the most 
vulnerable. As waters warm, these reefs lose their color and their capacity 
to support marine species. On land, the story is much the same: forests, 
especially tropical and subtropical ones, are increasingly threatened by 
relentless droughts and widespread, persistent wildfires. As these habitats 
shrink and become fragmented, many species struggle to survive, some 
nearing extinction. The loss of biodiversity is not merely a loss of nature’s 
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beauty, it also strips away the essential services ecosystems provide, from 
purifying water and supporting agriculture through pollination to 
regulating climate patterns. 
The wide, ranging consequences we now face, rising seas, stronger storms, 
shifting rainfall patterns, collapsing crops, vanishing water sources, and 
the ongoing disappearance of countless species and habitats—are all 
interconnected, tied to the relentless emission of CO₂ into the atmosphere. 
This creates a complex chain of reactions where one issue fuels another, 
forming feedback loops that are increasingly difficult to break. Human-
driven practices, especially those tied to energy generation, food 
production, and land management, are pushing natural systems toward 
dangerous tipping points. Without significant changes, these practices will 
prove unsustainable, threatening the long-term balance upon which both 
nature and human societies depend [2]. 
Successfully tackling these pressing challenges requires more than just 
surface-level solutions; it demands a thorough understanding of their 
underlying causes. While cutting back on carbon dioxide emissions is a 
critical step, it is not enough on its own. Alongside efforts to limit future 
emissions, it is equally important to develop strategies that help us adapt 
to the changes already unfolding around us. The shifts in climate and 
environment are well underway, and addressing them calls for flexible, 
forward-thinking approaches. Although many of the necessary 
technologies are still emerging and far from being fully realized, they offer 
promising possibilities. These innovations could play a key role in easing 
the impact of climate change while supporting the gradual healing and 
restoration of ecosystems. 
 

1.2 Olivine and dissolution 
 
This introduction provides a broad overview of olivine’s reactivity in 
aqueous environments. Olivine stands out as one of the most extensively 
studied multi-oxide silicate minerals, having been explored under a wider 
range of scientific conditions than most comparable minerals. 
Interestingly, much of the literature in this area shares a common starting 
point, frequently building on similar foundational studies [3]. Although it 
may seem expected, the observation of consistent corrosion features on 
naturally weathered olivines from various geological origins suggests that 
the mineral tends to weather in a remarkably uniform manner, regardless 
of the specific conditions of its formation or recrystallization. This indicates 
that olivine’s reactivity appears to follow consistent trends across different 
experimental setups, a characteristic that sets it apart from many other 
minerals, whose dissolution behaviors often show greater variability [4]. 
Another key reason for investigating olivine’s dissolution is the relative 
simplicity of its structure. Olivine is composed of isolated SiO44- tetrahedra 
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connected by divalent metal cations, forming a straightforward crystalline 
framework. This makes its dissolution mechanisms less complex than 
those of other naturally occurring silicates with more intricate bonding 
networks [5]. Unlike minerals that form extensive silicate sheets or 
networks, olivine does not develop large leached layers during dissolution 
because its structure lacks Si-O-Si linkages. This structural feature also 
supports its relatively fast dissolution at ambient temperatures in aqueous 
environments. As a result, earlier studies typically focused on olivine 
dissolution under highly undersaturated conditions, minimizing the risk 
that solution chemistry would approach equilibrium and thereby slow the 
reaction rates. This suggests that a targeted investigation of olivine’s 
behavior at room temperature could offer broader insights into the 
dissolution mechanisms of silicate minerals more generally [3]. 
Recent research [6], [7] has expanded this understanding by analyzing 
available datasets to develop predictive models for forsterite dissolution 
rates based on variables such as pH and temperature. These studies also 
emphasize the importance of other less tightly controlled factors, including 
surface area variations and the influence of microbial activity, which can 
significantly affect dissolution behavior. 
The crystalline structure of a mineral is central to its chemical reactivity, as 
it dictates which atomic bonds must be broken during dissolution and 
determines the surface features that interact with the surrounding 
solution. Olivine’s structure consists of SiO44- tetrahedral anions combined 
with divalent metal cations Me²⁺ in a 1:2 ratio. These cations are arranged 
in continuous octahedral chains along the c-axis, a key feature of olivine’s 
framework [8], [9]. A simplified view of the olivine structure along the a-
axis is provided in Figure 1. Each silicon atom is covalently bonded to four 
oxygen atoms, and these oxygen atoms carry a partial negative charge. The 
divalent metal cations are ionically bonded to the oxygen atoms of the 
silicate tetrahedra, but the structure lacks bridging Si-O-Si bonds typically 
found in other silicate minerals. Within the lattice, cations occupy two 
distinct octahedral sites, labeled M1 and M2. The M2 site is generally larger 
and more structurally stable than the M1 site [3]. 
The specific metal cation present in the framework defines the type of 
olivine. For example, when manganese predominates, the mineral is 
known as tephroite; with iron, it is fayalite; and with magnesium, it is 
forsterite. The most abundant olivine on Earth is a magnesium-rich variety 
that typically contains about 10% Fe²⁺ within its structure. Because of its 
prevalence, much of the scientific work focuses on this forsterite-dominant 
composition. 
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Figure 1: “Projections of the of olivine (𝑀𝑒2𝑆𝑖𝑂4) structure down the a axis of the 
orthorhombic unit cell (dashed line). (a) Arrangement of two levels of the isolated 𝑆𝑖𝑂4 
tetrahedra aligned along the b and c axes and pointing alternately up and down along c; 𝑀1 
and 𝑀2 cations are represented by yellow and orange colors, respectively. (b) Geometric 
distribution and connection of 𝑀1 and 𝑀2 octahedra relative to the 𝑆𝑖𝑂4 tetrahedra on a 
single level of the unit cell” [3]. 

 
A primary factor governing the dissolution behavior of silicate minerals in 
aqueous environments is the nature of the atomic bonds that define their 
internal structure, particularly the silicon-oxygen framework and the types 
of metal-oxygen interactions present within the mineral lattice [5], [16], 
[17]. In the case of forsterite, the structure is composed of isolated silicon-
oxygen tetrahedra that are connected through magnesium cations. This 
arrangement allows olivine to dissolve primarily through the disruption of 
the ionic bonds between magnesium and oxygen, which subsequently 
releases the silicate anions (SiO₄⁴⁻) into solution. Because olivine’s 
structure lacks strong covalent silicon-oxygen-silicon (Si-O-Si) linkages 
and is instead dominated by relatively weak ionic metal-oxygen bonds, it is 
classified among silicate minerals that dissolve rapidly in aqueous 
conditions [18]. 
The dissolution behavior of olivine is notably different from that of other 
multi-oxide silicates, which typically require the sequential breaking of 
several metal-oxygen bonds during dissolution. In such minerals, these 
bonds tend to break stepwise, often through proton-mediated exchange 
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reactions that depend on the specific reactivity of each metal site under the 
given environmental conditions [5]. Consequently, the way olivine 
dissolves cannot be viewed as fully representative of the broader family of 
multi-oxide silicate minerals. However, studying its relatively simple 
dissolution pathway provides valuable insights that contribute to a more 
comprehensive understanding of silicate dissolution as a whole. 
Experimental observations show that as the pH increases, the rate of 
forsterite dissolution consistently decreases—a trend commonly observed 
across magnesium silicates [10], [11]. Temperature also plays a critical role 
in regulating mineral dissolution rates, which typically follow a pattern 
described by the Arrhenius relationship. This equation, grounded in 
transition state theory, indicates that the logarithm of the rate constant, 
kkk, which represents the concentration rate of the activated complex 
controlling the reaction, generally varies in a near-linear fashion with the 
inverse of temperature [17]. This temperature dependence helps explain 
how and why dissolution rates accelerate or decelerate under different 
thermal conditions. 
 

k = A0ⅇ−
Ea
RT                                                                                                                               (1) 

 
Ea denotes the activation energy, while A0 refers to a temperature 
invariant pre-exponential factor. It is noteworthy that the rate constant is 
related to r+ the forward dissolution rate using the expression: 
 

r+ = kK ∏ ai
ni

i

                                                             (2) 

 
In which ni is the stoichiometric number of moles of the ith species is 
involved in the process that leads to 1 mol of this activated or precursor 
complex, whereas K represents the equilibrium constant for the reaction 
that leads to the activated or precursor complex. However, the 
temperature dependence of reaction rates has been described by many 
applications of the Arrhenius equation like so: 
 

r = A0
′ ⅇ−

Ea
′

RT                                                                                                                               (3) 
 
Ea

′  is the apparent activation energy; A0
′  is a temperature-independent pre-

exponential component [12]. Hence, it is the temperature fluctuation of the 
concentration of the activated or predecessor component that makes Ea 
different from Ea

′ . 
The only factor on which the dissolving rates of forsterite in aqueous 
solutions with an activity of H2O around one and containing only Mg, Si, and 
simple inorganic acids depend is pH. The constant pH dissolution rates of 
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forsterite would be given by Equation 3 in such a way that the logarithm of 
dissolution rates would show as a straight line with respect to temperature, 
on the assumption that the dissolution system was temperature separated 
and that the enthalpy of the activated complex formation reaction was 
roughly constant [3]. 
According to Chen and Brantley, dissolving rates of forsterite were 
determined using values of 65 °C and 2 < pH < 5. They proposed that the 
apparent activation energy is pH dependent and dependent upon 
temperature on the change in rates with pH after using their results in 
comparison with equivalent rates at 25 °C. As their results showed, 
forsterite dissolution activation energy was increased from 84 kJ/mol to 
125 kJ/mol when the pH decreased from 5 to 0 [3]. 
For the investigation about surface area, an equivalent geometrical 
interface dimension, or that of a homogenous geometric object such as a 
sphere or a cube having the same dimension as mineral grains, can 
constitute the most basic surface area that is used for describing mineral 
reactivity. One possible alternative is to couple Brunauer, Emmett, and 
Teller methods with the surface areas determined from inert gas 
adsorption techniques [13]. This is good because the adsorbing element, 
such as Kr or N2, has a dimension comparable to that of H2O, making this 
very suitable to replace water when describing mineral surface interaction. 
The roughness measure is the ratio of BET surface area to that of the 
geometric surface area and shows how different the actual surface area is 
from that of a smooth geometric shape of the same dimension. The 
roughness attributes of olivine, primarily those employed in most 
experimental investigations, are generally low and vary from 3 to 10 
because of the absence of an internal surface region in olivine [14]. 
Finally, the relationship between biomass as a microbial species and the 
rates of forsterite dissolution is under extensive research. According to 
[15], the dissolution rates of Aheim forsterite are not actually affected by 
the presence of inactive Synechococcus cyanobacteria. While inactive 
bacteria have been found to do almost nothing in reducing forsterite 
dissolution rates, other studies demonstrate that active microbes 
penetrate the dissolution rates of solid forsterite. The researchers 
explained the inhibition by stating that organic substances coating the 
olivine surface reduce the area of the mineral directly exposed to the 
reactive aqueous fluid. Further evidence for the interpretation comes from 
the findings of [16] that the surfaces of forsterite exposed to the aerobic 
gram-negative bacteria Pseudomonas reactants rapidly developed a 
biofilm-like substance that greatly decreased over time dissolution rates at 
ambient CO2 partial pressures. Similarly, protobacteria and fungi, mainly 
Trichocomaceae, were found to lower the dissolving rate of forsterite by an 
order of magnitude [26]. The microorganisms specifically populated the 
reactive spots on the olivine surface, reducing the overall dissolving rates, 
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according to visualization of the mineral exteriors conducted after this 
nearly five-year investigation. Microorganisms prefer to inhabit these 
areas because they tend to be places from which they are able to collect 
valuable nutrients from the dissolving olivine. 
 

1.3 Sustainable ionic liquid applications 

Ionic liquids are those salts which have their melting temperature below 
100 °C [19],[20]. They consist of both an anion and a cation, such as 
pyridinium, imidazolium or ammonium, that merge to create very versatile 
and tailor-made systems. A few of the main cations and anions that are 
predominantly used in ILs are presented in Figure 2. 

 

 

Figure 2: “Some common cations and anions used in Ils” [21]. 

Compared to conventional solvents, ionic liquids (ILs) exhibit 
exceptionally low vapor pressures, significantly reducing the risk of 
atmospheric pollution. This characteristic is largely attributed to the strong 
electrostatic forces between their large, asymmetric cations and anions, 
which effectively limit their ability to vaporize. As a result, ILs offer clear 
advantages in processes where minimizing environmental impact and 
operational hazards is critical, particularly in high-temperature reactions 
or open-system processes where the evaporation of traditional solvents 
could pose safety risks. 
These unique properties position ionic liquids as promising alternatives to 
standard solvents in both industrial and laboratory applications, where 
efficiency and environmental sustainability are increasingly prioritized 
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[22], [23]. ILs stand out for their distinctive physicochemical features, such 
as extremely low volatility, excellent thermal stability, and broad solubility 
ranges for both organic and inorganic compounds, as summarized in Table 
1. 
 

Table 1:  General Properties of Ionic Liquids [24]. 

Properties of Ionic Liquids 
Vapour 
pressure 

Generally negligible vapour pressure under normal 
conditions (non-volatile) 

Flammability 
Usually non-flammable, but some ILs are used as 
propellants 

Number of 
solvents 

>106 (very high in number) 

Tuneability 
“Designer solvents” with flexibility of combining cations 
and anions 

Viscosity Generally high of order 20-97,000 mPa.s 
Density In the range of 0.8-3.3 g.cm-3 

Refractive 
Index 

In the range of 1.3-2.2 

Electrical 
conductivity 

Electrically conducting with conductivity up to 120 
mS.cm-1 

Thermal 
stability 

Generally high thermal stability 

 
The distinctive combination of cations and anions in ionic liquids (ILs) 
gives rise to a variety of solvation behaviors, which are closely tied to their 
unique physicochemical properties. These behaviors show considerable 
variability depending on temperature fluctuations, the specific IL 
composition, and whether co-solvents are present. Together, these factors 
influence the complex web of intermolecular forces at play, particularly the 
formation and disruption of hydrogen bonds [25], [22]. 
Thanks to their highly adaptable solubility profiles, ILs have found broad 
application in green chemistry, including gas separation, liquid-liquid 
extraction, and as alternative solvents for both chemical and enzymatic 
processes. Their ability to dissolve a wide spectrum of both polar and non-
polar molecules makes them especially valuable in industrial processes as 
well as laboratory-scale research [27]. 
Ionic liquids can be broadly categorized based on their chemical structure 
and intended applications: 

 Room Temperature Ionic Liquids (RTILs): These ILs remain 
liquid at or near ambient temperatures and are among the most 
widely studied. Their low melting points, high chemical stability, 
and broad solubility make them attractive for many uses. RTILs 
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typically feature cations such as imidazolium, pyridinium, or 
quaternary ammonium groups [28]. 

 Protic Ionic Liquids (PILs): PILs are characterized by extensive 
hydrogen bonding networks that improve ionic conductivity, 
making them particularly useful in electrochemical systems [29]. 

 Task-Specific Ionic Liquids (TSILs): These are tailored ILs 
designed with specific functional groups attached to either the 
cation or the anion to customize their properties for particular 
applications, such as catalysis, separation processes, or 
electrochemistry [30]. 

 Bio-Based Ionic Liquids (BBILs): Formulated from renewable, 
naturally derived, or biocompatible materials, BBILs serve as more 
sustainable alternatives to conventional ILs. Amino acid-based ionic 
liquids, for instance, use deprotonated amino acids as anions and 
cations like choline, aiming for low toxicity and biodegradability 
[31]. 

Designing new ILs requires careful selection and pairing of cations and 
anions, typically achieved through several established synthesis methods 
[32], [33]: 

 Neutralization: Combining a strong acid with a weak base can yield 
ILs, especially PILs, through proton transfer reactions [34]. 

 Ion Exchange (Metathesis): This method produces halide-free ILs 
by reacting a primary IL with a metal salt, often involving silver or 
alkali metals [34]. 

 Direct Synthesis: Choline hydroxide is commonly reacted with 
acids or amino acids to produce choline-based ILs, often under 
controlled conditions that support biodegradability [21]. 

 Quaternization: This process involves alkylating nitrogen-
containing molecules to create quaternary ammonium cations, 
which are then combined with suitable anions to form the desired 
IL [35]. 

Choline-based ionic liquids (ChILs) represent a particularly promising 
class of green solvents. Derived from choline—a quaternary ammonium 
compound sourced from renewable feedstocks—ChILs align well with 
sustainability goals due to their low toxicity, biodegradability, and efficient, 
low-waste synthesis routes [21]. Choline itself is a critical nutrient 
essential for human metabolism and has been recognized by the US 
Institute of Medicine as a dietary requirement. It plays important 
physiological roles in lipid metabolism, cell membrane signaling, and 
neurotransmitter synthesis, particularly acetylcholine. 
Phosphatidylcholine, a key phospholipid in biological membranes, is one of 
choline’s most vital derivatives. Since endogenous synthesis via 
phosphatidylethanolamine methylation is insufficient to meet daily needs, 
dietary intake of choline is essential for human health [37]. 
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Amino acids used in IL synthesis are naturally occurring building blocks of 
proteins. α-Amino acids, distinguished by their central carbon bearing both 
an amino (-NH₂) and a carboxyl (-COOH) group, typically appear as white 
crystalline solids that dissolve well in water but poorly in alcohol. All α-
amino acids, except glycine (which is achiral), exhibit optical activity due 
to their chiral centers [38]. 
Biocompatibility and biodegradability assessments of choline- and amino 
acid-based ILs have produced promising results [39],[40],[41],[42]. Bio-
derived ILs made from amino acids not only contribute to sustainability but 
also offer catalytic versatility, with functional groups that can fine-tune 
acidity, chirality, and reactivity. These amino acid-based ILs (AAILs) 
provide greener alternatives to traditional volatile organic solvents and 
have demonstrated superior performance in several catalytic reactions 
[43]. 
One of the most notable applications of these ILs is in CO₂ capture. AAILs 
effectively absorb CO₂ by forming carbamate species, combining the 
chemical reactivity of amino acids with the stability of ILs. This approach 
offers a more environmentally friendly pathway for post-combustion CO₂ 
capture, in line with green chemistry principles. Given their low toxicity, 
biodegradability, and efficient CO₂ absorption, ILs provide a scalable, 
sustainable alternative to traditional amine-based solvents [44],[45]. 
Among these, choline lysinate is particularly promising for industrial CO₂ 
capture applications. Post-combustion CO₂ capture (PCC) has the 
advantage of being compatible with existing industrial setups and typically 
relies on chemical absorption processes. Historically, PCC has employed 
aqueous amines such as monoethanolamine (MEA), methyldiethanolamine 
(MDEA), and triethylamine (TEA). However, these conventional solvents 
are associated with high energy demands, corrosion issues, and 
susceptibility to oxidative degradation [46], [47]. 
The CO₂ capture efficiency of ILs, particularly Choline-Amino Acid Ionic 
Liquids (ChoAAILs), depends heavily on the reactivity of their functional 
groups toward carbon dioxide. ChoAAILs are promising as biocompatible, 
highly efficient CO₂ absorbers, thanks to their amine-containing anions, 
which readily form stable carbamate adducts. Adding water as a co-solvent 
can further enhance CO₂ capture by reducing viscosity and improving gas 
diffusion, as water weakens hydrogen bonding networks and facilitates 
proton transfer pathways that accelerate absorption kinetics [48]. 
One of the key limitations of ILs in gas capture is their inherently high 
viscosity, which restricts the diffusion of CO₂ and slows the absorption 
process. Dilution with suitable co-solvents can reduce viscosity and 
improve both absorption capacity and mass transport [49], [50]. 
Dimethyl sulfoxide (DMSO) has been widely used to address viscosity 
issues due to its high boiling point (189 °C), polar aprotic nature, and 
favorable solubility characteristics. DMSO significantly lowers IL viscosity 
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and enhances CO₂ absorption rates. However, DMSO can decompose at 
elevated temperatures, producing degradation products such as sulfuric 
acid and other acidic compounds that can accelerate further decomposition 
through autocatalytic reactions [51]. 
Ethylene glycol offers a safer, biodegradable, and more IL-compatible 
alternative to DMSO. Its low volatility and favorable environmental profile 
make it a suitable co-solvent for CO₂ capture processes, contributing to 
more sustainable and efficient system designs [52], [53]. 
 

1.4 Scope of the Thesis 
 
This thesis explores the potential of choline-based amino acid ionic liquids 
(ChoAAILs) as sustainable and environmentally friendly solvents for 
enhancing mineral dissolution and supporting CO₂ capture processes. The 
work specifically focuses on the synthesis, characterization, and 
application of two ionic liquids: choline prolinate ([Cho][Pro]) and choline 
lysinate ([Cho][Lys]). The aim is to investigate their role in promoting the 
dissolution of olivine, a magnesium-rich silicate mineral, and to assess their 
efficiency in facilitating subsequent carbonation reactions under mild 
conditions. 
The study is structured to address both the chemical and process 
perspectives of CO₂ capture through mineral carbonation. The first part is 
dedicated to the synthesis and thorough characterization of the selected 
ionic liquids. Techniques such as ATR-IR, TGA-IR, X-ray diffraction (XRD), 
and Raman spectroscopy are employed to confirm their structural 
integrity, thermal stability, and chemical behavior. 
A key objective of this thesis is to assess the dissolution kinetics of olivine 
in the presence of [Cho][Lys] aqueous solutions, with and without CO₂ 
bubbling, across different experimental setups. The impact of CO₂ 
introduction on olivine dissolution rates is examined under controlled 
laboratory conditions, considering variations in temperature, CO₂ 
pressure, and reaction duration. Special attention is given to 
understanding the role of ionic liquid composition and the synergistic 
effects of added chloride ions. 
Furthermore, this work integrates computational simulations using 
HyperChem to evaluate the energy profiles of the dissolution reactions, 
offering a complementary theoretical insight. The activation energies are 
calculated for both standard dissolution and carbonation-assisted 
scenarios, enabling a deeper understanding of the catalytic influence of CO₂ 
in enhancing mineral reactivity. 
The scope of the thesis extends beyond fundamental dissolution studies. It 
also seeks to demonstrate the viability of choline-based ILs as low-toxicity, 
biodegradable, and tunable alternatives to conventional solvents in carbon 
capture and storage (CCS) strategies. By coupling experimental 
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observations with simulation results, this work aims to contribute valuable 
knowledge toward the development of scalable and energy-efficient CO₂ 
sequestration pathways that leverage the abundance of natural silicate 
minerals. 
Ultimately, this research aspires to provide a sustainable framework for 
integrating ionic liquids into mineral carbonation processes, aligning with 
green chemistry principles and paving the way for their potential 
application in industrial carbon management systems. 
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Chapter 2 
 
 
 
 

Experimental 
 
To advance the promising potential of ionic liquids in sustainable solvent 
research, this experimental work focuses specifically on the synthesis and 
application of choline-based ionic liquids (ILs) derived from biologically 
relevant building blocks. Choline’s inherent structural compatibility, low 
toxicity, and minimal environmental footprint make it an ideal candidate 
for the design of task-specific ILs aimed at improving mineral dissolution 
and supporting carbon capture processes. 
Among the most promising candidates are amino acid-derived ILs such as 
choline prolinate ([Cho][Pro]) and choline lysinate ([Cho][Lys]). These ILs 
represent a significant step toward the development of non-toxic, 
biodegradable, and environmentally friendly solvents. Their low toxicity, 
biocompatibility, and highly tunable physicochemical properties make 
them particularly suitable for applications including CO₂ capture, biomass 
processing, and catalysis. 
Lysinate is the anionic form of lysine, an essential amino acid for the human 
body. In chemical terms, lysinate is the conjugate base of lysine, formed 
when the carboxyl group (-COOH) loses a proton, resulting in the 
negatively charged carboxylate (-COO⁻). The molecular formula of lysine is 
C₆H₁₄N₂O₂, and upon deprotonation, it becomes C₆H₁₃N₂O₂⁻. This anionic 
form is stable under physiological pH conditions and readily forms salts 
with metal ions or organic cations. 
Similarly, prolinate is derived from proline, a naturally occurring non-
essential amino acid. Like lysinate, prolinate is formed by the 
deprotonation of the carboxyl group, yielding the anion C₅H₈NO₂⁻ from the 
original proline molecule, which has the formula C₅H₉NO₂. What sets 
proline apart from most amino acids is its distinctive cyclic structure: its 
side chain forms a ring that reconnects to the amine nitrogen, giving 
proline a rigid, conformationally restricted geometry. This unique 
structure plays a critical role in protein folding and stability, particularly in 
collagen. 
Both lysinate and prolinate serve as key anions capable of forming ionic 
liquids with choline. Beyond their chemical roles, these amino acid-based 
anions contribute to the biocompatibility and biodegradability of the 
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resulting ILs, aligning with green chemistry principles and supporting 
sustainable solvent design. 
The synthesis of [Cho][Pro] and [Cho][Lys] is relatively straightforward 
and consistent with environmentally responsible practices. In this study, 
the ILs were prepared by reacting either proline or lysine with potassium 
hydroxide in ethanol to form their respective potassium salts. These 
intermediates were then combined with choline chloride to yield the target 
ILs. The subsequent steps, including neutralization, solvent purification, 
and rotary evaporation, followed green chemistry protocols to maximize 
efficiency and minimize waste. The resulting products were viscous ionic 
liquids with distinct solvation characteristics. 
Detailed synthesis procedures for [Cho][Pro] and [Cho][Lys] are provided 
in the following section, together with the chemical characterization 
protocols employed to verify their structural, thermal, and rheological 
properties. These analyses aim to confirm the suitability of these ILs for a 
wide range of applications, particularly in green chemistry, 
electrochemical processes, and biotechnology. 
 

2.1 Synthesis 
 
For the synthesis of [Cho][Pro], 10.72 g (0.19 mol) of potassium hydroxide 
(KOH in pellets supplied by Sigma-Aldrich, purity 99%) was added to 50 
ml of methanol (supplied by Sigma-Aldrich, purity ≥99.8%) in a round-
bottom flask (the scale has an instrumental error of ±0.001). Once the KOH 
is fully dissolved, proline (0.17 mol (Figure 3), supplied by Biosynth, is 
gradually added. After complete dissolution, the mixture is left overnight 
at room temperature under stirring (see Figure 4). 
 

 
 

Figure 3: Chemical Structure of Proline(left) and Choline Chloride(right) [21]. 
 

 
Deprotonation of Proline by KOH: 
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The next day, 0.17 mole of Choline Chloride (ChoCl (Figure 3), supplied by 
Biosynth, purity 99%), is added, and the mixture is left to mix for 2 hours 
(see Figure 4). 

 
 

Figure 4: Magnetic stirrer for stirring, producing mixture of [Cho][Pro]. 

 
A solid precipitate of potassium chloride is formed. This precipitation is 
separated by centrifugation (4200 rpm for 5 min). [Cho][Pro] was 
produced by rotary evaporation to remove the methanol (see Figure 5). 
The boiling point for methanol, which should be set, is easily accessible 
from Table 2.  Also, this table is useful for understanding which solvents 
are miscible or immiscible together. 
 

Table 2: Solvent miscibility table. 
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Figure 5: Rotary evaporator for heating [Cho][Pro], [Cho][Lys] and distilation of solvent. 

 
This device used a chiller (see Figure 6) for producing -6°C to be sure that 
all solvent seperates from the main solution. 
 

 
 

Figure 6: Chiller for producing below zero temperature for distilation of solvent. 

 
A solution of acetonitrile (supplied by Carlo Erba) and ethanol (9:1 v/v) 
was added to purify the produced [Cho][Pro] from residual inorganic salts, 
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which are removed by centrifugation (4200 rpm, 5 min). The solvent is 
evaporated by rotary evaporation, producing a transparent solution of 
[Cho][Pro] (see Figure 5). 
 
Metathesis with Choline Chloride: 
 

 
 

Table 3: Amount of components to synthesize [Cho][Pro]. 

 
 equivalents MW (g/mol) Mole Quantity V (ml) 
Proline 1 115.13 0.17 20 g - 
Choline Chloride 1 139.62 0.17 24.25 g - 
KOH 1.1 56.10 0.19 10.72 g - 
Methanol - - - - 50 

 
The choline lisinate [Cho][Lys] was synthesized via ionic metathesis, 
following a previously reported method for [Cho][Pro]. For the synthesis 
of [Cho][Lys], 8.44 g (0.15 mol) of potassium hydroxide (KOH in pellets 
supplied by Sigma-Aldrich, purity 99%) was added to 50 ml of methanol 
(supplied by Sigma-Aldrich, purity ≥99.8%) in a round-bottom flask (the 
scale has an instrumental error of ±0.001). Once the KOH is fully dissolved, 
lysine (0.13 mol (Figure 7), supplied by Sigma-Aldrich, purity ≥97%), is 
gradually added. After complete dissolution, the mixture is left overnight 
at room temperature under stirring (see Figure 8). 
 

 
 

Figure 7: Chemical Structure of Lysine [21]. 

 
Deprotonation of Lysine by KOH: 
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The next day, 0.13 mole of Choline Chloride (ChoCl (Figure 3), supplied by 
Biosynth, purity 99%) is added, and the mixture is left to mix for 2 hours 
(see Figure 8). 
 

 
 

Figure 8: Device for stirring, producing mixture of [Cho][Lys]. 

 
A solid precipitate of potassium chloride is formed. This precipitation is 
separated by centrifugation (4200 rpm for 5 min). [Cho][Lys] was 
produced by rotary evaporation to remove the methanol (see Figure 5).  
A solution of acetonitrile (supplied by Carlo Erba) and ethanol (9:1 v/v) 
was added to purify the produced [Cho][Pro] from residual inorganic salts, 
which are removed by centrifugation (4200 rpm, 5 min). The solvent is 
evaporated by rotary evaporation, producing a transparent solution of 
[Cho][Pro]. 
 
Metathesis with Choline Chloride: 
 

 
 

Table 4: Amount of components to synthesize [Cho][Lys]. 

 
 equivalents MW (g/mol) Mole Quantity V (ml) 
Lysine 1 146.19 0.13 20 g - 
Choline Chloride 1 139.62 0.13 19.10 g - 
KOH 1.1 56.10 0.15 8.44 g - 
Methanol - - - - 50 
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2.2 Olivine and dissolution 
 
This experimental study investigates the dissolution behavior of olivine 
(Mg₂SiO₄) in the presence of an ionic liquid (IL)-based aqueous medium 
under varying carbonation conditions. The next goal is evaluating its 
potential for carbon dioxide (CO₂) capture and sequestration. The 
approach centers on using a cholinium-lysinate IL, which is composed of 
the cholinium cation and the deprotonated lysine anion. The reason behind 
choosing this IL was its sustainability, biocompatibility, and its ability to 
complex effectively with magnesium ions (Mg²⁺), the main reactive species 
in olivine. By performing dissolution of Mg²⁺ from olivine into solution, the 
IL increases subsequent carbonation reactions and as a potential result, 
improving the total CO₂ mineralization in effective way. 
To evaluate the dissolution kinetics and carbonation behavior, the IL is 
used at a concentration of 50 wt% in water. Sodium chloride (NaCl) is 
added to each IL solution in a molar ratio equivalent to the cholinium cation 
concentration, based on preliminary hypotheses regarding synergistic 
effects of chloride ions on Mg²⁺ solubilization. Experiments are conducted 
both under condition without CO₂ insufflation and conditions with 
continuous CO₂ bubbling. It performed across a range of operational 
parameters, including reaction temperature, exposure time, and system 
pressure. This allows for a comprehensive analysis of the influence of 
carbonation environments on olivine dissolution and carbonate 
precipitation. 
The procedure begins with the preparation of aqueous IL solutions. A 50 
wt% cholinium-lysinate solution is prepared using water, resulting in a 
total solution mass of 10 grams. For each solution, the molar amount of 
cholinium is calculated based on the approximate molecular weight of 
cholinium-lysinate (249.35 g/mol). Sodium chloride is then added in a 1:1 
molar ratio with respect to the cholinium cation. The solution is stirred 
thoroughly until the salt dissolves completely. 
Olivine granules are prepared by washing with deionized water followed by 
drying at ambient conditions (see Figure 9).  
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Figure 9: Olivine stones. 

The granules are weighed carefully and the moles number of magnesium 
in the added olivine is equal to the half of cholinium moles present in the 
solution. the olivine mass required is precisely calculated to maintain 
stoichiometric balance with the IL by knowing olivine’s approximate 
composition (Mg₂SiO₄) and molecular weight (140.69 g/mol), and 
assuming Mg content of 34.6 wt%. 
When all of them prepared, the olivine granules are added to the IL-water-
NaCl solution. Four experimental conditions are examined to assess the 
role of carbonation: 
 Control experiments, conducted in the absence of CO₂ to establish 

baseline dissolution behavior. 
 Carbonation condition 1, involving continuous CO₂ bubbling for 30 

minutes at room temperature and ambient pressure (see Figure 10). 
 Carbonation condition 2, in which CO₂ is insufflated continuously 

overnight at 50 °C under ambient pressure (see Figure 10). 
 Carbonation condition 3, where the reaction is sustained for one week at 

50 °C under a pressurized CO₂ environment of 5 bar using Tecno Delta 
thermostatized room. 
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Figure 10: CO2 insufflation. 

At the end of the experiment, the liquid and solid phases of each sample are 
separated. They analyzed for dissolved Mg²⁺ concentration using 
appropriate spectroscopic methods, which provide a quantitative measure 
of the olivine dissolution extent. The solid residue is subjected to structural 
and morphological analysis using X-ray diffraction (XRD) to identify 
crystalline phases, particularly carbonates, and Raman Spectroscopy to 
observe surface features and evidence of mineral transformation. 
The primary goal of this experiment is to clarify the success of cholinium-
lysinate IL, in conjunction with chloride ions and under varying CO₂ 
bubbling conditions, in enhancing olivine dissolution and promoting the 
formation of carbonate minerals. Through comparative analysis across the 
different test environments, the study aims to elucidate both 
thermodynamic and kinetic factors influencing the reaction pathway. 
These insights are aimed at participating in the development of sustainable 
and low-energy mineralization processes for long-term carbon 
sequestration, particularly those taking advantage of abundant natural 
silicate minerals such as olivine. 
For consistency, 3 experiments are based on a 10 mL solution volume. With 
the molar mass of cholinium-lysinate (249.35 g/mol), 5 grams of IL 
correspond to approximately 0.02 mol of cholinium. An equal mass of 
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water (5 grams) completes the 50 wt% solution. To match the molar 
concentration of cholinium, 1.17 grams of NaCl is added, calculated from 
its molar mass (58.44 g/mol). Olivine is added such that the amount of 
magnesium available for dissolution corresponds to 0.01 mol, i.e., half the 
amount of cholinium, resulting in approximately 0.70 grams of olivine per 
test. These calculations ensure that the solution composition is chemically 
balanced and that the influence of each variable-IL concentration, chloride 
presence, and CO₂ exposure-can be independently assessed (see Table 5). 
 

Table 5: Summary table for Control and carbonation condition 1 and 2 experiments. 
 

[Cho][Lys] 50% equivalents MW (g/mol) m (g) mol 

[Cho][Lys] 1 249.35 5 0.02 

Water 14 18 5 0.27 

NaCl 1 58.44 1.17 0.02 

Mg₂SiO₄ 0.5 140.69 0.70 0.01 

 

2.3 Methods 
 

2.3.1 ATR-IR 
 
ATR-IR stands for Attenuated Total Reflectance Infrared Spectroscopy, a 
qualitative spectroscopic method to determine molecular structure which 
is used mostly in Fourier Transform Infrared (FTIR) spectroscopy. It is a 
powerful analytical technique that allows the rapid, non-destructive, and 
surface analysis of various sample types which is specifically used for the 
characterization of solids, liquids, pastes, gels, etc., with the least or no 
sample preparation involved [55]. By performing the infrared 
spectroscopy with an ATR crystal (commonly made of diamond, zinc 
selenide, or germanium) together, this allows infrared light to reflect 
internally within the crystal and generate evanescent waves that penetrate 
only a few microns into the sample. Selective absorption of certain 
wavelengths in the IR region corresponding to molecular vibrations 
generates the absorption spectrum.  
In simple terms, the ATR sends waves inside the sample, causing the bonds 
to vibrate, stretch, or bend. So, every peak in the output corresponds to one 
kind of vibration and hence one substance. The ATR-IR spectra were 
collected using a Bruker Tensor II Fourier transform spectrophotometer 
equipped with a platinum ATR diamond accessory. The IR spectra were 
recorded at a resolution of 4 cm⁻¹, covering the spectral range from 4000 
to 400 cm⁻¹. A total of 128 background scans and 64 sample scans were 
performed during the analysis. The spectra were subsequently processed 
using OPUS 8.1® software. 
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ATR-IR analysis is very advantageous when surface sensitivity is required, 
making it an excellent technique for the characterization of coatings, thin 
films, or layered materials. This versatility and efficacy have made it widely 
useful in several areas, including drugs and excipients identification in 
pharmaceuticals; material characterization and degradation studies in 
polymer analysis; fiber or residue detection in forensic investigations; and 
identification of certain adulterants or contaminants in food analyses. 
 

 
 

Figure 11: ATR-IR instrument. 

 

2.3.2 TGA 
 
Thermogravimetric analysis (TGA) is a standard measurement that 
provides knowledge into thermal stability, decomposition processes, and 
the compositional time dependent changes of a material under strictly 
controlled heating conditions. The integration with a Bruker Tensor II 
Fourier Transform Infrared (FTIR) spectrophotometer equipped with a 
DTG detector allowed synchronous monitoring of mass loss and evolved 
gases, thus providing a more complete picture of the sample thermal 
behavior. Preliminary treatment includes cleaning the instrument with 
ethanol before placing it inside the ceramic crucible and using gloves to 
prevent contamination with the actual sample. Empty crucibles are placed 
in the analyzer and tared on the highly sensitive balance. By pushing the 
two closing buttons simultaneously, the crucible is isolated and closed.  
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Around 25 mg of the sample was placed in a crucible for TGA 
measurements, heated from 30 to 800°C at a slower rate of 10°C.min-1 for 
better spectral resolution for approximately 48 minutes. Throughout this 
thermal program, a nitrogen purge gas was flowed inert at 40 mL.min-1 to 
provide an inert atmosphere and carry any evolved gases to the FTIR 
system. All thermograms were manipulated using NETZSCH Proteus® 
software and spectral data analyzed using OPUS 8.1®, thereby allowing for 
accurate tracking of chemical signatures throughout the thermal event. The  
TGA is particularly useful for the analysis of complex materials such as 
polymers, composites, and pharmaceuticals, where thermal stability, 
chemical composition, and degradation mechanisms are critical for 
product development, quality control, and failure analysis. The TGA 
combination provided both precise monitoring of mass loss and in-depth 
molecular insight into compositional changes and evolution of the 
decomposition gases, in parallel providing a multiple understanding of the 
thermal degradation mechanism. During this period, mass changes 
correlated with thermal events are recorded. The ability to correlate 
thermal degradation with specific volatile compounds makes TGA a 
valuable tool for advancing research and ensuring the reliability of 
materials in various industrial applications. 
 

 
 

Figure 12: TGA characterization instrument. 
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2.3.3 X-ray diffraction (XRD) 
 
A commonly performed analytical way which is known for investigating 
the crystallographic structure, chemical composition, and physical 
properties of materials is definitely X-ray diffraction (XRD). Its high 
accuracy makes it useful in materials science and physics as well as 
chemistry, geology, and pharmaceutical research. In the study of advanced 
solvents for olivine dissolution and CO₂ capture, it is critical to understand 
the structural characteristics of the mineral phases after reaction. X-ray 
diffraction (XRD) serves as a fundamental tool for characterizing 
crystalline materials. It enables the identification of mineral composition, 
changes in phase and crystallinity alterations because of its chemical 
interaction with solvent systems. 
 

 
Figure 13: X-ray diffraction (XRD) instrument. 

 
During an XRD experiment, a monochromatic X-ray beam is pointed at the 
sample. As the X-rays interface with the electrons of atoms in the material, 
they are scattered elastically. These scattered waves interact with each 
other. When the path difference between waves meets specific geometric 
conditions, constructive interference happens. It results in noticeable 
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diffraction peaks. These peaks provide a fingerprint of the crystal structure 
[57]. 
The conditions for constructive interference are described by Bragg’s Law, 
where d is the spacing between atomic planes, θ is the angle of incidence, λ 
is the X-ray wavelength, and n is an integer representing the order of 
reflection. Bragg’s Law allows for the identification of interlayer distances 
within the crystal, enabling exact identification of mineral structures and 
their transformations during reaction processes. This is particularly 
relevant for assessing changes in minerals after exposure to reactive 
solvents aimed at CO₂ mineralization or enhanced dissolution [58]. 
 
2dsinθ = nλ                                                                                                                     (4) 
 

 
 

Figure 14: Illustration of Bragg's Law. 
 
The diffraction pattern which is obtained—an intensity plot versus 2θ—
contains peaks that correspond to specific crystallographic planes and is 
typically indexed using Miller indices (h, k, l). From this pattern, important 
information can be derived, including mineral identity and phase 
composition, degree of crystallinity and the formation of amorphous 
products, and crystallite size and microstrain, indicating structural 
integrity or disorder and phase transitions resulting from solvent–solid 
interactions. 
Because of their interaction with various advanced solvent systems, XRD is 
used to see the structural change of mineral solids. It helps to verify if 
carbonate phases form as a result of CO₂ capture or dissolution leads to 
partial or complete amorphization of the solid phase. Additionally, the 
technique is important in clarifying intermediate phases that may influence 
the efficiency or selectivity of the dissolution and carbonation processes. 
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2.3.4 Raman Spectroscopy 
 
Raman Spectroscopy is an influential evaluative approach adapted to 
identify and characterize materials according to their exceptional 
vibrational fingerprints. The method depends on the inelastic scattering of 
light, recognized as the Raman effect, which gives detailed knowledge 
about the molecular construction, structure, and physical state of a sample. 
Primarily, Raman spectroscopy includes highlighting a sample with a 
monochromatic laser beam. When photons from the laser interface with 
the molecules in the example, most of them submit to elastic scattering. The 
scattered photons have the same energy (and thus wavelength) as the 
incident photons. This process is known as Rayleigh scattering. On the 
other hand, a small fraction of the incident photons (typically 1 in 10 
million) submit to inelastic scattering, which interchanges energy with the 
molecules and this experience is referred to as Raman scattering. 
There are two kinds of Raman scattering: Stokes scattering and Anti-Stokes 
scattering. In Stokes scattering, the incident photon fails energy to the 
molecule, promoting it to a raised vibrational energy state. The scattered 
photon, as a result, has smaller energy and a prolonged wavelength than 
the incident photon. On the other hand, in Anti-Stokes scattering, the 
incident photon obtains energy from a molecule that exists in an excited 
vibrational state which can depart the molecule in a lower energy state. 
The scattered photon therefore has greater energy and a shorter 
wavelength than the incident photon. The contrast in energy between the 
incident and scattered photons is known as the "Raman shift", and it 
instantly relates to the vibrational energy grades of the molecules within 
the sample. This move is typically determined by wavenumbers (cm−1) 
[59], [60]. 
The Raman spectroscopy device, which has some core elements, is shown 
in Figure 15. A powerful laser works as the exciting source, giving the 
monochromatic light needed to cause Raman scattering. The laser beam is 
focused at the sample, and the scattered light is then gathered and directed 
into a spectrometer. The light is expanded by the spectrometer, dividing it 
into its separate wavelengths because of its diffraction grating. Lastly, a 
detector (such as a CCD camera) records the intensity of the scattered light 
at different wavelengths. The resulting Raman Spectrum shows the 
intensity of the scattered light in contrast with the Raman displace 
(wavenumber), depicting a chain of peaks usual of the sample's molecular 
vibrations [61], [62]. 
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Figure 15: Raman Spectroscopy instrument. 
 
The thing which works as a specific fingerprint for a particular molecule or 
material is a singular series of peaks and their alignments in a Raman 
Spectrum. This specificity makes Raman Spectroscopy an extremely useful 
tool across various fields. In chemistry, it's suitable for compound 
identification, purity assessment, and reaction monitoring. In materials 
science, it helps in characterizing polymers, semiconductors, and 
nanomaterials. Its non-destructive type and minimal sample processing 
requirements also make it ideal for biological and biomedical applications 
involving cell analysis, tissue diagnostics, and drug discovery, even 
enabling non-invasive glucose sensing. In addition, recent advancements 
have contributed to techniques similar to surface-enhanced Raman 
Spectroscopy (SERS), which considerably amplify the Raman signal, 
opening up possibilities for trace analysis and single-molecule detection 
[63]. 
 

2.3.5 Tecno Delta thermostatized room 
 
This experiment consists of a thermostatically controlled chamber 
together with a multi-functional testing system. It is designed to investigate 
gas absorption phenomena under controlled thermal and pressure 
conditions. The core of the system is an oven fitted with two independent 
electrical heating elements and a closed-loop refrigeration circuit that 
employs R134a as the working fluid, enabling precise thermal regulation 
over a wide temperature range. One of the test reactors is equipped with a 
magnetic drive agitator in order to help proper mixing of the gas-liquid 
phases during experiments. 
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The gas distribution infrastructure is supported by a dedicated panel that 
includes multiple pressure transmitters for continuous monitoring of 
system pressures. The instrument related to gas consists of three stainless 
steel storage cylinders. Each of them has a capacity of 500 mL, which serves 
as a reservoir for the sample gases. Additionally, two 50 mL reactors are 
housed within the thermostatic chamber—one equipped with a mixer and 
the other without—to allow for comparative studies. The entire system is 
managed and automated via an electrical control panel, which supervises 
the heating and cooling cycles, thermostats the chamber according to a set 
point, and continuously monitors pressures in all connected tanks. A 
schematic diagram of the complete system is provided in Figure 16. 
 

 
 

Figure 16: Tecno Delta thermostatized room diagram. 

 
The front control panel is designed for the operator and has a user-friendly 
interface for system operation. A white indicator light signals the presence 
of electrical power, while a series of selectors allow the user to choose the 
operating mode—either heating or cooling—activate the magnetic 
agitator, and initiate or terminate data acquisition. Two additional buttons 
are designated for starting and stopping the test cycle, respectively. In the 
interest of safety, the panel also has an emergency stop button that 
immediately cuts power to all auxiliary controls. Alarm conditions are 
indicated by a pulsating signal light, which requires operator 
acknowledgement. A designed human-machine interface (HMI) screen 
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enables direct interaction between the operator and the system for 
monitoring and control (see Figure 17). 
 

 
 

Figure 17: Control panel of Tecno Delta thermostatized room. 

 
The primary function of the system is to conduct thermal tests on gas-liquid 
mixtures under isothermal conditions. A TT300 probe, located inside the 
oven, serves as the reference sensor for temperature regulation. The 
thermostatic chamber can provide stable internal temperatures in the 
range of 10 °C to 120 °C. The system can do experiments in both heating 
and cooling modes, which depend on the thermal requirements of the 
specific study. 
The valve panel is divided into two main sections: one is used for gas and 
vacuum supply, and the other is for the distribution of gas into the storage 
and test tanks. The gas and vacuum supply section has four primary valves 
(V120, V121, V122, and V123) that enable connection to technical gas 
sources and vacuum systems. At the below part of these valves, a needle 
valve (V110) is used to control the rate of gas flow into the tanks. It can also 
be used to ensure controlled pressurization to the desired set point (see 
Figure 18). 
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Figure 18: Gas and vacuum supply valve panel. 

 
Before entering the storage tanks, the gas passes through a filtration unit 
(F110) with a nominal pore size of 7 microns to remove particulates. Valves 
V103, V104, and V105 lead the filtered gas into the three 500 mL storage 
cylinders. Additionally, valves V101 and V102 control the transfer of gas 
into the two 50 mL reactors—V101 for the reactor with the magnetic mixer 
and V102 for the non-agitated reactor. To maintain the quality and 
consistency of the test fluid in the agitated tank, an inline filter (F101) with 
the same 7-micron rating is included. Each tank is equipped with a 
pressure transmitter capable of measuring over a range of -1 to 5 barg. 
Both 50 mL reactors have pressure sensors that help the detection of 
pressure changes. This is essential for analyzing gas absorption dynamics 
with high resolution (see Figure 19). 



 39       

 
 

 
Figure 19: Distribution valve panel. 

 
Inside the thermostatic chamber, the three 500 mL tanks are installed at 
the back. They can be used when controlled reservoirs containing a known 
quantity of gas at a fixed pressure are needed. These tanks serve as source 
vessels for transferring gas into the smaller 50 mL reactors, allowing for 
precise dosing during the test cycle (see Figure 20). 

 
Figure 20: Reactor. 

 
The agitated reactor is filled with a measured amount of absorbing liquid. 
The next stage is introducing gas under controlled conditions to study the 
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kinetics and extent of absorption. The second reactor without agitation can 
be used as a reference vessel to monitor baseline pressure changes and 
enable accurate differential analysis between stirred and unstirred 
conditions. The connection between all vessels is achieved using 1/8-inch 
capillary tubing with double ferrule compression fittings, which provide 
secure and serviceable connections suitable for high-precision applications 
(see Figure 21). 
 

 
 

Figure 21: Tecno Delta thermostatic chamber. 

 
The system supports both heating and cooling operations. During heating, 
the homogenization fan and electrical resistances are activated. The side 
valves of the chamber remain closed to isolate the heating zone from the 
refrigeration circuit. The fan operates continuously to confirm a uniform 
temperature distribution within the chamber. At the same time, the heating 
elements are controlled via a static relay to adjust power delivery 
according to the required temperature. For the cooling, particularly at 
temperatures below 40 °C, a ventilation duct is located at the back part of 
the chamber. It can be opened to help the refrigeration unit in managing 
the target temperature. 
The test procedure follows a specific sequence to ensure repeatability and 
accuracy. Initially, the chamber is thermostated to the desired set point of 
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50 °C, using the TT300 probe for feedback control. 25 mL of the reactor 
designated for testing is then filled with the sample outside the chamber. 
After insertion into the chamber, all tanks are evacuated using an external 
vacuum pump connected via valve V120. Subsequently, the 500 mL storage 
tanks are charged with carbon dioxide to a pressure of 5 bar by opening 
valves V103, V104, and V105. The gas is then transferred into the 50 mL 
reactors through valves V101 and V102, depending on whether agitation is 
required. In this process, temperature and pressure are continuously 
watched. It is important that, for safety reasons, the chamber door may 
only be opened when the test cycle has ended and the internal temperature 
has decreased under 80 °C. 
 

 
 

Figure 22: Control panel pressure representation. 

 
With such a design, the temperature and pressure of the tested gases are 
controlled with precision, detailing how the gases are absorbed into the 
liquid under various controlled experimental factors. The modular 
configuration of the setup, meanwhile, along with the control and 
monitoring ability in real time, offers the flexibility required for basic 
research and applied testing into gas-liquid interactions. 
 

2.3.6 Simulation  
 
HyperChem is molecular modelling and computational chemistry software 
developed by Hypercube, Inc. It is designed to combine a graphical user 
interface with powerful computational tools for the visualization. It is 
proper for modelling molecular structures, calculating properties, and 
simulating chemical reactions. 
One of the key benefits of HyperChem is the flexibility. It offers a range of 
computational methods, including molecular mechanics (MM) and semi-
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empirical quantum chemistry (such as ZINDO/1, AM1, and PM3). This 
capability is helpful for users to balance accuracy and computation by the 
complexity of the system. 
The software provides real-time molecular visualization, enabling 
researchers to construct and manipulate molecules interactively, observe 
conformational changes, and analyze orbital shapes, charge distributions, 
and vibrational modes. Its visual interface enables dynamic simulations, for 
example, molecular dynamics (MD) and geometry optimizations, which are 
vital for understanding molecular behavior over time and during reactions. 
HyperChem is valuable in both educational and research fields where 
flexibility and visualization are important. It is capable of simulating 
reaction pathways and calculating energy profiles. It is used in studies of 
molecular structure, reaction mechanisms, thermodynamic properties, 
and electronic behavior. So HyperChem is suitable for estimating activation 
energies and analyzing how different environmental or chemical 
conditions affect molecular interactions. It offers the ability to explore 
chemical phenomena at the molecular level, whether it is qualitative 
insight or quantitative accuracy. 
Activation energy (Ea) is the minimum energy required for a chemical 
reaction to occur. In computational chemistry, this is often calculated as: 
 
𝐸𝑎 = 𝐸𝑇 − 𝐸𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑠                                                                                                                                   (5) 

 
ET: Total energy means energy computed for the all reagents in the same 
structure. In HyperChem, this includes all relevant energy terms 
(electronic, nuclear repulsion, etc.). 
EReagents: Energy of the reagents means the total energy of the reactant 
molecules before the reaction takes place. 
The computational analysis in HyperChem follows a two-phase approach. 
First, do individual component optimization and then complete system 
simulation. Initial geometry optimization was performed for each reactant 
species separately, including choline cation, lysinate anion, sodium 
chloride (NaCl), water (H₂O), and olivine mineral. Two distinct 
experimental conditions were modelled: control systems without CO₂ 
insufflation and carbonation test systems incorporating CO₂. For each 
component, geometry optimization was conducted independently, and the 
corresponding optimized total energies were calculated and subsequently 
summed to determine the total energy of separated reactants (EReagents). 
Following that, all reagents should be combined within a single molecular 
structure for comprehensive system analysis. This performs in both 
control and carbonation test configurations. The calculations employed a 
hierarchical computational approach, beginning with molecular mechanics 
(MM) methods followed by semi-empirical techniques to ensure accurate 
representation of molecular interactions while maintaining computational 
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efficiency. Energy values were obtained by the HyperChem reach with the 
compute menu, selecting the properties option, and extracting energy data 
from the output log. The software reports energy values in (kcal/mol), with 
both the total energy of system (ET) and individual reactant energies 
(EReagents) systematically recorded for next activation energy calculations. 
All calculations were performed within the HyperChem computational 
chemistry environment, as illustrated in the figure 23. 
 

 
 

Figure 23: HyperChem software interface and workflow. 

 
After simulation, for the control test, the result of Ea is 25.2 kcal/mol which 
is a realistic activation energy. This value can be due to mild hydrolysis, 
dissolution, or ion coordination. The reactions occurring at or near room 
temperature and ILs that are used can enhance dissolution of minerals. For 
the carbonation test, the result for Ea is 11.8 kcal/mol which is physically 
meaningful. CO₂ involvement may cause reaction steps like mineral 
carbonation, lysine carbamate formation, and ion exchange on the olivine 
surface. 
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Chapter 3 
 
 
 
 

Testing results and discussion 
 

3.1 ATR-IR 
 
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) was employed to confirm the structural integrity and 
interactions of choline-based ionic liquid solutions, including [Cho][Lys] 
and [Cho][Pro]. The spectra provided key insights into the molecular 
fingerprints and chemical environments of the samples. The infrared (IR) 
spectra analyzed in this study are presented with the Y-axis in arbitrary 
absorbance units, while the X-axis shows wavenumbers in cm⁻¹. To 
enhance the visibility of critical spectral features, the OPUS software was 
employed to reverse and scale the data, eliminating unreliable signals from 
the higher wavenumber region (left side), which often suffers from surface 
reflections. The aforementioned adjustment then allows for much clearer 
visualization of meaningful absorption peaks from the spectra. The shifts 
in the positions and intensities of the peaks in the various spectra provided 
information about the bond dynamics in their respective samples, 
especially with respect to molecular and ionic interactions. 
For [Cho][Lys], the characteristic carboxylate group (-COO⁻) on a lysinate 
anion shows an asymmetric stretching that gives rise to an absorption 
band at about ~1600 cm⁻¹ and a symmetric stretch, on the other hand, an 
absorption around ~1400–1450 cm⁻¹. The solvent spectrum also 
displayed typical features, including O–H stretches around ~3300–3400 
cm⁻¹, C–H stretches near 2900 cm⁻¹, and strong C–O stretching near 1000 
cm⁻¹.  
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Figure 24: ATR-IR spectrum of [Cho][Lys]. 

 

The IR spectrum for pure [Cho][Pro] shows fingerprint characterization by 
several specific bands (see Figure 25) and is related to its molecular 
structure, primarily associated with the carboxylate (-COO⁻) and amine (-
NH) groups of the prolinate anion and the hydroxyl (-OH) group of the 
choline cation.  
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Figure 25: ATR-IR spectrum of [Cho][Pro]. 

A carboxylate group (-COO⁻) on a prolinate anion shows an asymmetric 
stretching that gives rise to an absorption band at about ~1570–1610 cm⁻¹ 
and a symmetric stretch, on the other hand, an absorption around ~1390–
1420 cm⁻¹. Moreover, there is a broad absorption with wavenumbers 
between ~3100 and 3400 cm⁻¹ that corresponds to the stretching 
vibrations of hydrogen-bonded O–H and N–H, emphasizing strong 
intermolecular hydrogen bonding, which is typical for choline-based ionic 
liquids. C–N stretching vibrations within the range of 1000–1100 cm⁻¹ 
assigned to the choline cation allow an additional affirmation of the 
identity of this compound's structure. These peaks suggest the spectral 
fingerprint of pure [Cho][Pro], before it interacts with CO₂ or undergoes 
dilution in a solvent. The broad OH/NH stretching band in the ~3100–3400 
cm⁻¹ region depicts strong intermolecular hydrogen bonding, a common 
feature in choline-based ILs. 
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Table 6: ATR-IR Peak Assignment: [Cho][Lys] vs [Cho][Pro]. 

Wavenumber 
(cm⁻¹) 

 [Cho][Lys] 
Observation 

[Cho][Pro] 
Observation 

Interpretation 

~3300–3400 
Broad, strong 
band  (O–H/     
N–H stretch) 

Broad, slightly 
less intense 

[Cho][Lys] has more H-bond 
donors (NH₂ groups), leading 
to stronger and broader peaks 

~2900–3000 
Sharp doublet 
(C–H stretch) 

Similar sharp 
peaks 

Common alkyl C–H stretching 
in choline present in both 

~1600–1650 
Moderate–
strong peak 

Much sharper, 
stronger peak 

[Cho][Pro] shows prominent 
COO⁻ asymmetric stretch; 
more distinct due to less 
hydrogen bonding overlap 

~1400–1450 
Moderate 
intensity 

Slightly sharper 
COO⁻ symmetric stretch / CH₂ 
scissoring — typical in both 

~1250–1350 
Less diagnostic, 
but present 

Similar trend CH bending / wagging 

~1000–1200 
Complex region, 
multiple bands 

More resolved, 
sharper peaks 

C–N stretch, C–O vibrations, 
fingerprint region — more 
resolved in [Cho][Pro] 

~600–950 
Broad, noisy 
fingerprint 
peaks 

Similar but a 
few sharper 
features 

Structural differences (e.g., 
cyclic proline ring) reflected 
here 

 
As a comparison, it is obvious that hydrogen bonding is stronger/more 
complex in [Cho][Lys], due to two amine groups on lysine. This leads to 
broader and slightly shifted N–H/O–H peak bands in the 1600–3300 cm⁻¹ 
region. On the other hand, [Cho][Pro] has sharper COO⁻ and C–N peaks, 
probably because proline's secondary amine and ring structure result in 
fewer overlapping interactions. Also, the 1600 cm⁻¹ peak is noticeably 
more intense and defined in [Cho][Pro], suggesting a more isolated 
carboxylate stretch, typical for proline-based systems. 
 

3.2 TGA 
 
Figure 26 is a TGA curve representative of the [Cho][Pro]. Impurities may 
be the reason for the first degradation, as the graph shows. The mass 
change indicates a very short percentage of loss. Its onset temperature is 
about 175.6 ℃. The thermogravimetric analysis (TGA) of the choline–
proline ionic liquid clears that the material is thermally stable up to around 
185 °C, which marks the onset of decomposition. As indicated by the peak 
in the derivative thermogravimetric (DTG) curve, the main degradation 
event occurs between 185 °C and 276 °C, with the most rapid mass loss 
observed at 256 °C. During this phase, the ionic liquid undergoes 
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significant thermal decomposition, resulting in a mass loss of 
approximately 95.6%, which suggests that most of the organic components 
volatilize or decompose. Beyond this, the material continues to lose mass 
slightly, with a residual mass of 0.26% remaining at 799.2 °C. These results 
depict that the choline–proline ionic liquid is suitable for applications 
requiring moderate thermal stability, and it should be limited to 
environments below 180 °C to prevent degradation. 
 

 
 

Figure 26: TGA and its 1st derivative curve for [Cho][Pro]. 

 
Following the TGA analysis of [Cho][Pro], the thermal behavior of 
[Cho][Lys] is presented in Figure 27. The TGA curve illustrates an initial 
degradation event beginning at approximately 186 °C, which is slightly 
higher than the onset temperature of [Cho][Pro]. This initial degradation 
can be attributed to the loss of low-molecular-weight components or 
impurities. The inflection point occurs at 193 °C, where the most significant 
mass loss rate is seen, as indicated by the DTG peak. The main degradation 
event completed around 193 °C, resulting in a total mass change of 
approximately 7.82%. 
Unlike [Cho][Pro], the [Cho][Lys] ionic liquid exhibits a relatively minor 
mass loss, suggesting a more stable thermal profile under the specified 
conditions. A second degradation event is observed at 260.0 °C, but the 
mass change is relatively small, indicating the decomposition of a more 
thermally stable component or the evaporation of residual volatiles. 
Beyond this point, the material maintains stability up to 799.2 °C, with a 
final residual mass of 1.37%. 
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These findings indicate that [Cho][Lys] is more thermally stable than 
[Cho][Pro] in terms of onset decomposition temperature and total mass 
loss percentage. However, the slight increase in residual mass may suggest 
incomplete volatilization of certain components or the formation of stable 
decomposition products. So, for applications requiring higher thermal 
stability, [Cho][Lys] may be more beneficial than others, and care should 
be taken to avoid exposure to temperatures above 185 °C to minimize 
degradation. 
 

 
 

Figure 27: TGA and its 1st and 2nd derivative curve for [Cho][Lys]. 

 

3.3 X-ray diffraction (XRD) 
 
For this experiment of X-ray diffraction (XRD), precipitation from test 
related to carbonation condition 1, involving continuous CO₂ bubbling for 
30 minutes at room temperature and ambient pressure was used. The 
powerful matching between the strongest peaks in the XRD sample and 
those of magnesium carbonate hydrate maintains that carbonation 
proceeded well. On the other hand, it has become the dominant crystalline 
product. In addition, the presence of sodium hydrogen carbonate hydrate 
is likely attributable to excess Na⁺ ions introduced via NaCl, which reacted 
under CO₂-rich aqueous conditions to form this secondary phase. The 
detection of magnesium oxide carbonate implies the occurrence of 
incomplete or intermediate carbonation reactions, potentially 
representing a transient phase in the transformation of olivine. 
Furthermore, the identification of magnesium iron carbonate hydroxide 
hydrate implies partial Fe²⁺ release from olivine, reflecting a more 
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chemically complex environment and possible redox interactions during 
the reaction process. The subsequent section details the characteristic 
peak lists for the four most probable reaction products. 
Magnesium Carbonate Hydrate with the empirical formula of 
C4H10Mg5O18, are frequently created during carbonation of magnesium-
rich minerals, such as olivine. They consist of structural water and can exist 
in various hydrated forms depending on environmental conditions (e.g., 
temperature, CO₂ pressure). This compound is often formed when CO₂ 
reacts with aqueous magnesium species, especially in alkaline or mildly 
basic environments. In XRD, its characteristic peaks near 15.3°, 30.9°, 33.1°, 
41.6°, and 53.2° make it easy to identify. Its intense diffraction lines in the 
sample suggest it may be a major reaction product, supporting the 
successful carbonation process. 

 
Table 7: Peak list of Magnesium Carbonate Hydrate. 

No. h k l d (Å) 2Theta(deg) I (%) 
1    5.80 15.26 100.0 
2    2.89 30.91 100.0 
3    2.70 33.15 33.0 
4    2.48 36.19 33.0 
5    2.17 41.58 100.0 
6    2.00 45.30 100.0 
7    1.72 53.21 66.0 
8    1.55 59.59 33.0 
9    1.39 67.30 33.0 

 
Magnesium Iron Carbonate Hydroxide Hydrate (CFe₂H₂₈Mg₁₀O₂₉) is a 
more complicated phase involving both magnesium and iron, often 
observed when ferrous components (e.g., from olivine) are present in 
solution. The hydroxide and hydrate components indicate precipitation 
from aqueous solutions under CO₂ influence. Usually, this compound grows 
under lower pH or a little decreasing circumstances and may exist with 
pure magnesium carbonate phases. Its existence is suggested by fewer 
peaks around 20.8°, and 38.4°, indicating it may be a minor or secondary 
phase. 
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Table 8: Peak list of Magnesium Iron Carbonate Hydroxide Hydrate. 

No. H k l d (Å) 2Theta(deg) I (%) 
1    13.20 6.69 10.0 
2    7.83 11.29 5.0 
3    6.05 14.63 30.0 
4    4.75 18.66 10.0 
5    4.62 19.19 5.0 
6    4.26 20.83 100.0 
7    2.68 33.40 5.0 
8    2.34 38.43 20.0 
9    1.76 51.91 5.0 

10    1.56 59.13 5.0 
 
Magnesium Oxide Carbonate (C₂Mg₃O₇) usually appears during the 
middle stages of carbonation, when not all CO₂ has fully reacted to create 
pure carbonates. It may indicate a metastable phase or partial carbonation 
product, especially at early reaction times or low CO₂ availability. Its XRD 
features include peaks near 14.6°, 25.4°, 29.6°, and 45.3°, which are 
moderately visible in the sample spectrum. This suggests it could be a 
transitional phase formed during the carbonation process. 
 

Table 9: Peak list of Magnesium Oxide Carbonate. 

No. H k l d (Å) 2Theta(deg) I (%) 
1 1 1 0 6.05 14.63 100.0 
2 2 1 1 3.50 25.42 85.0 
3 2 2 0 3.01 29.65 25.0 
4 3 2 1 2.26 39.85 35.0 
5 4 0 0 2.12 42.61 70.0 
6 3 3 0 2.00 45.30 20.0 
7 4 2 0 1.90 47.83 16.0 
8 3 3 2 1.81 50.37 14.0 

 
Sodium Hydrogen Carbonate Hydrate (C₂H₅Na₃O₈) may form due to the 
presence of NaCl in the reaction mixture, especially when water and CO₂ 
interact with sodium ions. It represents a soluble phase that may 
precipitate upon evaporation or concentration of solution. Its XRD pattern 
shows a dense set of medium-to-weak peaks over a wide 2θ range, with 
strong peaks near 29.1° and 33.9°, some of which overlap with magnesium 
carbonates. This shows it may be a secondary product, possibly from 
residual salt or reaction by-products. 
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Table 10: Peak list of Sodium Hydrogen Carbonate Hydrate. 

No. H K l d (Å) 2Theta(deg) I (%) 
1 2 0 0 9.79 9.02 32.6 
2 0 0 2 4.94 17.91 5.2 
3 4 0 0 4.89 18.09 21.1 
4 -4 0 2 4.10 21.63 1.2 
5 2 0 2 3.96 22.27 6.6 
6 1 1 0 3.43 25.91 2.4 
7 6 0 0 3.26 27.29 2 
8 1 1 1 3.19 27.88 30.3 
9 -6 0 2 3.16 28.18 2.6 

10 3 1 0 3.07 29.00 52.6 
11 -3 1 1 3.05 29.19 39.3 
12 -1 1 2 2.88 30.92 0.6 
13 3 1 1 2.83 31.53 0.6 
14 -3 1 2 2.78 32.12 5.4 
15 1 1 2 2.75 32.42 14.9 
16 -5 1 1 2.64 33.86 100 
17 5 1 0 2.60 34.36 1.9 
18 -2 0 4 2.57 34.79 6.3 
19 -4 0 4 2.50 35.79 10.7 
20 -8 0 2 2.48 36.04 2 
21 0 0 4 2.47 36.32 3.7 
22 -1 1 3 2.44 36.80 36.6 
23 -3 1 3 2.41 37.19 9 
24 1 1 3 2.32 38.73 0.1 
25 -6 0 4 2.30 38.99 0.1 
26 2 0 4 2.25 39.98 24.3 
27 7 1 0 2.18 41.35 1.8 
28 5 1 2 2.14 42.06 3.6 
29 3 1 3 2.11 42.71 2.5 
30 -3 1 4 2.06 43.77 0.8 
31 -8 0 4 2.05 44.09 4 
32 7 1 1 2.03 44.42 16.9 
33 -10 0 2 2.02 44.68 17.2 
34 4 0 4 1.99 45.44 4.9 
35 -5 1 4 1.98 45.56 4.9 
36 8 0 2 1.98 45.68 1.7 
37 1 1 4 1.96 46.22 7.9 
38 10 0 0 1.95 46.31 5.5 
39 -9 1 1 1.89 47.86 1.2 
40 -9 1 2 1.88 48.28 5.4 
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41 -7 1 4 1.85 49.20 1.6 
42 9 1 0 1.84 49.30 2.1 
43 -9 1 3 1.80 50.52 0.8 
44 -10 0 4 1.80 50.63 1.4 
45 -3 1 5 1.77 51.44 12.8 
46 0 2 0 1.74 52.39 9.2 
47 9 1 1 1.74 52.48 14.8 
48 0 2 1 1.71 53.28 1.6 
49 -4 0 6 1.71 53.36 2.7 
50 -2 2 1 1.70 53.65 1.2 
51 -12 0 2 1.69 53.93 0.2 
52 -9 1 4 1.68 54.41 1.4 
53 1 1 5 1.67 54.62 4.7 
54 -6 0 6 1.67 54.82 2.8 
55 10 0 2 1.66 55.00 1.9 
56 7 1 3 1.66 55.26 12.2 
57 -7 1 5 1.65 55.36 7.5 
58 -4 2 1 1.64 55.77 4.9 
59 12 0 0 1.63 56.31 1.6 
60 9 1 2 1.60 57.19 0.2 
61 -4 2 2 1.60 57.32 0.3 
62 2 2 2 1.59 57.66 6.1 
63 -11 1 3 1.59 57.81 3.8 
64 -8 0 6 1.59 57.94 6.4 
65 11 1 0 1.58 58.10 3.5 
66 -12 0 4 1.58 58.28 2 
67 3 1 5 1.57 58.63 1.1 
68 2 0 6 1.55 59.37 1.7 
69 -6 2 1 1.55 59.50 1.7 
70 0 2 3 1.54 59.97 0.4 
71 6 2 0 1.53 60.11 0.4 
72 -5 1 6 1.52 60.52 0.5 
73 4 2 2 1.51 60.99 3.6 
74 6 2 1 1.49 62.21 1.3 
75 7 1 4 1.48 62.57 0.1 
76 -7 1 6 1.48 62.67 0.2 
77 -6 2 3 1.47 63.14 0.4 
78 9 1 3 1.46 63.24 0.3 
79 1 1 6 1.45 63.73 0.2 
80 5 1 5 1.45 64.12 0.3 
81 4 0 6 1.44 64.42 0.4 
82 -8 2 1 1.44 64.67 0.5 
83 12 0 2 1.43 64.92 0.7 
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84 -4 2 4 1.43 65.04 0.4 
85 -8 2 2 1.42 65.23 0.7 
86 0 2 4 1.42 65.39 0.4 
87 -13 1 1 1.42 65.63 1.3 
88 4 2 3 1.41 65.84 0.8 
89 -13 1 3 1.41 66.11 2.9 
90 -9 1 6 1.40 66.33 1.6 
91 14 0 0 1.39 66.80 3 
92 -6 2 4 1.39 67.20 0.3 
93 -8 2 3 1.38 67.30 0.2 
94 3 1 6 1.37 67.88 2 
95 8 2 1 1.37 68.11 1.3 
96 -12 0 6 1.36 68.54 1 
97 10 0 4 1.36 68.93 0.2 
98 -3 1 7 1.35 69.32 1.6 
99 -5 1 7 1.35 69.40 1.6 

100 -2 2 5 1.32 70.81 3.9 
101 -4 2 5 1.32 70.94 2.3 
102 -10 2 2 1.32 71.26 1.4 
103 -11 1 6 1.31 71.40 0.7 
104 4 2 4 1.31 71.82 0.4 
105 8 2 2 1.31 72.00 0.4 
106 11 1 3 1.30 72.18 0.2 
107 10 2 0 1.30 72.52 0.9 
108 5 1 6 1.28 73.44 0.1 
109 1 1 7 1.28 73.64 0.4 
110 -6 0 8 1.28 73.85 0.4 
111 -9 1 7 1.27 74.05 0.1 
112 -16 0 2 1.27 74.34 0.3 
113 -2 0 8 1.27 74.51 0.2 
114 -15 1 2 1.26 74.89 1.1 
115 -15 1 3 1.25 75.38 0.5 
116 14 0 2 1.25 75.57 0.5 
117 -8 0 8 1.25 75.74 1 
118 13 1 2 1.25 75.98 0.5 
119 -16 0 4 1.24 76.44 0.8 
120 0 0 8 1.23 77.03 0.1 
121 6 2 4 1.23 77.14 0.1 
122 -15 1 4 1.23 77.34 0.1 
123 3 1 7 1.22 77.97 0.3 
124 -2 2 6 1.22 78.29 0.2 
125 -11 1 7 1.21 78.51 0.3 
126 9 1 5 1.21 78.80 0.6 
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127 -10 0 8 1.20 79.10 1 
128 -5 1 8 1.20 79.21 0.6 
129 10 2 2 1.20 79.43 0.7 
130 -12 2 3 1.20 79.63 0.4 
131 0 2 6 1.19 79.98 0.4 
132 7 1 6 1.19 80.21 0.3 
133 -7 1 8 1.19 80.33 0.2 
134 12 2 0 1.19 80.50 0.6 
135 -15 1 5 1.18 80.70 0.3 
136 2 0 8 1.18 80.96 0.6 
137 15 1 1 1.17 81.77 0.3 
138 -8 2 6 1.17 81.89 0.6 
139 13 1 3 1.17 82.18 1.4 
140 -9 1 8 1.16 82.86 0.1 
141 2 2 6 1.16 83.08 0.2 
142 12 2 1 1.15 83.59 0.1 
143 -12 0 8 1.15 83.77 0.2 
144 -16 0 6 1.14 84.14 0.5 
145 -13 1 7 1.14 84.32 0.4 
146 1 1 8 1.14 84.47 0.4 
147 -3 3 1 1.14 84.63 0.3 
148 6 2 5 1.14 84.67 0.2 
149 10 2 3 1.14 84.90 0.1 
150 -17 1 2 1.13 85.57 0.1 
151 -17 1 3 1.13 85.69 0.2 
152 -18 0 2 1.13 85.79 0.2 
153 -12 2 5 1.12 86.09 1.7 

 
The goal of this XRD analysis is to identify the crystalline phases formed 
after reacting choline lysine, water, NaCl, olivine, and CO₂. The reaction is 
expected to result in the carbonation of magnesium-rich minerals and 
possible interaction with sodium-based species. 
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Table 11: X-Ray Diffraction Analysis of Sample Compounds. 

Feature 
Observation in 

Sample 
Related Compound 

Sharp, intense peak 
at ~31° 

Strongest peak 
Magnesium Carbonate 

Hydrate 

Multiple peaks 
around 40°–50° 

Moderate and sharp 
Magnesium Carbonate 

Hydrate, Magnesium Oxide 
Carbonate 

Peak at ~20° Very weak 
Magnesium Iron Carbonate 

Hydroxide Hydrate 

Moderate peak at 
~29° 

Moderate in sample 
Sodium Hydrogen Carbonate 

Hydrate 

Broad distribution of 
small peaks 

Seen from 20° to 60° 
Sodium Hydrogen Carbonate 

Hydrate (numerous weak 
peaks) 

 

 
 

Figure 28: X-Ray Diffraction pattern with reference peaks. 
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3.4 Raman Spectroscopy 
 
Three Raman spectra illustrations (Figures 29, 30, and 31) were selected 
for detailed analysis based on their arbitrary unit intensity ranges and 
spectral quality, providing insight into the molecular-level changes taking 
place during the reaction process and the probability of successful CO₂ 
incorporation. 
 

 
Figure 29: Raman spectrum 1. 

 
Figure 30: Raman spectrum 2. 
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Figure 31: Raman spectrum 3. 

 
The spectral analysis indicates significant confirmation for chemical 
transformation and potential CO₂ capture systems within the reaction. The 
most striking feature across all three spectra is the emergence of 
prominent peaks in the 650-700 cm⁻¹ region, which represents a 
substantial deviation from pure olivine signatures and indicates the 
formation of new chemical phases. These peaks are consistently noticed 
across all measurements, with spectrum 29 showing peaks at 
approximately 680 and 720 cm⁻¹, spectrum 30 demonstrating similar 
features around 650-680 cm⁻¹, and spectrum 31 exhibiting comparable 
spectral activity in this critical region. This spectral region is particularly 
significant as it may align with carbonate stretching modes, altered silicate 
structures resulting from CO₂ interaction, or reaction products between 
the ionic liquid and mineral phases under CO₂-rich conditions. Also, the 
spectra list additional complexity in the 800-900 cm⁻¹ region, where new 
peaks suggest the formation of secondary reaction products or phase 
changes that could be considered as CO₂ capture and subsequent chemical 
stabilization. 
The comparison between the three spectra shows incredible consistency 
in peak positions and relative intensities, indicating that the observed 
chemical changes are reproducible and represent genuine reaction 
products rather than measurement artifacts. All three spectra ensure 
similar baseline characteristics with excellent signal-to-noise ratios, 
suggesting stable reaction conditions and uniform product formation 
across different sampling locations. The spectral features in the low-
frequency region (150-300 cm⁻¹) show some variation between samples. 
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The intensity variation across spectra indicates different measurement 
conditions. 
Several factors of the assessment of CO₂ capture probability based on this 
comprehensive Raman spectroscopic evidence indicate a high likelihood of 
successful CO₂ incorporation into the system. The consistent image of 
spectral features in the 650-700 cm⁻¹ region across all three 
measurements provides compelling evidence for carbonate formation or 
CO₂-related chemical modifications. They may represent carbonate species 
in modified chemical environments, such as surface-bound carbonates on 
olivine, carbonate-silicate interaction products, or CO₂ species coordinated 
within the ionic liquid matrix.  
The presence of choline lysine in the system offers multiple pathways for 
CO₂ capture, including direct absorption into the ionic liquid phase 
followed by transfer to the mineral surface or facilitation of mineral 
carbonation through pH modification and enhanced CO₂ solubility. The 
spectral complexity noted, particularly the multiple peak features in 
different regions, states that CO₂ incorporation occurs through several 
simultaneous mechanisms, potentially including both ionic liquid 
absorption and mineral carbonation pathways. 
 

3.5 Tecno Delta thermostatized room 
 
In this series of experiments, for carbonation condition test 3, the 
experiment is based on a 25 mL solution total volume. With the molar mass 
of cholinium-lysinate (249.35 g/mol), 12.5 grams of IL correspond to 
approximately 0.05013 mol of cholinium. An equal mass of water (12.5 
grams) completes the 50 wt% solution. To match the molar concentration 
of cholinium, 2.92 grams of NaCl are added, calculated from its molar mass 
(58.44 g/mol). Olivine is added such that the amount of magnesium 
available for dissolution corresponds to 0.02506 mol, i.e., half the amount 
of cholinium, resulting in approximately 1.76 grams of olivine per test (see 
Table 12). 
 

Table 12: Summary table for carbonation condition 3 experiment with ILs. 

[Cho][Lys] 50% equivalents MW (g/mol) m (g) Mol 

[Cho][Lys] 1 249.35 12.5 0.05 

Water 14 18 12.5 0.69 

NaCl 1 58.44 2.92 0.05 

Mg₂SiO₄ 0.5 140.69 1.76 0.025 

 
The blank experiment was performed by using just water, without using 
ILs. For this carbonation condition test 3, the experiment is based on a 25 
mL solution total volume. With the molar mass of water (18 g/mol), 25 
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grams of water correspond to approximately 1.38 mol of it. To match the 
molar concentration of water, 5.85 grams of NaCl are added, calculated 
from its molar mass (58.44 g/mol). Olivine is added that the amount of 
magnesium available for dissolution corresponds to 0.05 mol, resulting in 
approximately 3.52 grams of olivine per test (see Table 13). 
 

Table 13: Summary table for carbonation condition 3 experiment without ILs. 

[Cho][Lys] 50% equivalents MW (g/mol) m (g) Mol 

[Cho][Lys] - - - - 

Water 14 18 25 1.38 

NaCl 1 58.44 5.85 0.10 

Mg₂SiO₄ 0.5 140.69 3.52 0.05 

 
Following the preparation of the two test solutions, each was subjected to 
a separate experimental run under identical conditions. In both cases, the 
50 mL reactors were filled with 25 mL of solution and placed within the 
thermostatically controlled chamber. The chamber temperature was 
maintained at a constant 50 °C, and carbon dioxide was introduced into the 
system at an initial pressure of 5 bar. 
Each test required approximately three days for the system pressure to 
stabilize. In the first experiment which the test solution consisted of an 
ionic liquid (IL) and water mixture, the pressure stabilized at 3.5 bar. 
In the second experiment, a control solution composed solely of water was 
used. In this case, the pressure stabilized at 2.5 bar after the same period. 
In the experiments, the IL + water system used 1.76 g of olivine and 
resulted in a 1.5 bar drop in CO₂ pressure, while the water-only system 
used 3.52 g of olivine and showed a 2.5 bar pressure drop. To compare their 
performance, the CO₂ uptake per gram of olivine was calculated: 0.852 
bar/g for the IL system and 0.710 bar/g for the water system. This shows 
that the IL + water mixture achieved approximately 20% higher 
carbonation efficiency per gram of olivine. Despite a smaller total pressure 
drop, the IL system used the mineral more effectively, suggesting that ionic 
liquids enhance magnesium extraction and CO₂ utilization, making the 
process more efficient and resource-conscious. 
 

3.6 Simulation 
 
According to the results, Ea is lower for the case with CO₂ insufflation which 
shows the energy barrier for the reaction is smaller. According to the 
Arrhenius equation lower Ea results in a higher rate constant k at a given 
temperature (see Equation 1). Therefore, adding CO₂ increases the 
reaction rate (i.e., increases k) in this case. 
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For determination of the temperature effect, using the Arrhenius Equation 
is beneficial (see Equation 1). Because by knowing activation energy, it is 
possible to estimate reaction rates k at different temperatures T (see 
Figure 32). Therefore, for example at temperature equal to 25 degrees 
Celsius, adding CO2 increases the reaction rate by a factor of 108, meaning 
the reaction will be 108 times faster, or the reaction time will be 108 times 
shorter. 

 
 

Figure 32: Arrhenius plot: reaction rate vs temperature with and without CO2. 

 
The rate grows exponentially as the temperature rises. At room 
temperature (25°C), the reaction is extremely slow, but at 100°C and above, 
the rate becomes much more significant supporting the idea of why heating 
is often used in IL-mineral systems. At 200°C, which is near industrial 
conditions, the reaction could occur on a seconds-to-minutes timescale. 
 

Table 14: Impact of CO₂ on Reaction Kinetics and Practical Application. 

Factor With CO₂ Without CO₂ 

Activation Energy  Lower (11.8 kcal/mol) Higher (25.2 kcal/mol) 

Reaction Rate (k) Higher at all T Lower 

Sensitivity to T Moderate Higher 

Ease of Control More complex setup Simpler setup 

Industrial Suitability Better at low T High cost due to heating 

 
The Arrhenius analysis shows a significant improvement in kinetics when 
CO₂ is presented with the system (olivine, water, choline lysinate, and 
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NaCl). The activation energy decreases significantly from 25.2 kcal/mol in 
the test without CO₂ to 11.8 kcal/mol in the presence of CO₂. This reduction 
in activation energy causes much larger reaction rates across all 
temperatures tested. The temperature-dependent rate constants 
demonstrate the profound catalytic effect of CO₂, where at 50°C, the rate 
constant in the CO₂-containing system is several orders of magnitude 
greater than the system without CO₂. This improvement also gets more 
evident at lower temperatures, proving that CO₂ enables the reaction to 
continue well under lower thermal conditions. 
The comparative analysis between the two systems reveals stark 
differences in performance characteristics. With CO₂ present (Ea = 11.8 
kcal/mol), the system exhibits enhanced reaction kinetics due to lower 
activation energy barriers, efficient operation at moderate temperatures 
including near ambient conditions (~25°C), reduced energy requirements 
for industrial implementation, and faster reaction rates enabling shorter 
processing times. However, without CO₂ (Ea = 25.2 kcal/mol), the system 
has issues with significantly slower reaction kinetics requiring higher 
activation energy, substantial temperature increases (>150°C) needed for 
industrially viable rates, higher energy demands and operational costs, and 
limited applicability under mild reaction conditions. 
The catalytic function of CO₂ probably includes multiple pathways that 
collectively enhance the reaction efficiency. CO₂ may participate directly in 
the reaction mechanism by stabilizing intermediate species or activating 
functional groups, particularly hydroxyl groups on the olivine surface. 
Additionally, CO₂ can shift chemical equilibria toward protonation or 
bicarbonate formation, facilitating acid-promoted dissolution of olivine 
minerals—a process particularly important in geochemical systems. The 
synergistic relationship between CO₂ and the ionic liquid choline lysinate 
implies another important factor. Ionic liquids are known to develop 
favorable interactions with CO₂, potentially creating carbamate species or 
hydrogen-bond networks that further activate the reaction system and 
enhance overall performance. 
The kinetic improvement provided by CO₂ offers a number of benefits for 
possible applications. The ability to achieve high reaction rates at lower 
temperatures reduces operational costs and minimizes equipment stress, 
making the process more economically viable. Furthermore, the system 
transforms CO₂ from a waste product into a valuable reaction enhancer, 
creating opportunities for carbon sequestration while improving process 
efficiency. Shorter reaction times result from faster kinetics, advantageous 
to both laboratory-scale research and industrial-scale applications. It is 
useful for the dissolving of minerals, metal recovery, and CO₂ capture using 
silicate rocks. The simulation results confirm that CO₂ acts as a powerful 
facilitator in this complex reaction environment, making the system more 
reactive and industrially feasible at lower temperatures. This improved 
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performance complies with current goals in sustainable mineral 
processing, carbon capture technologies, and green chemistry initiatives, 
where operational efficiency under mild conditions is paramount. The 
dramatic reduction in activation energy demonstrates that CO₂ addition 
transforms the reaction from a high-temperature, energy-intensive 
process to one that can operate efficiently under moderate thermal 
conditions, significantly expanding its potential for practical 
implementation. 
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Chapter 4 
 
 
 
 

Conclusion, and Future work 
 

4.1 Conclusion 
 
This thesis pursued the application of choline-based amino acid ionic 

liquids ([Cho][Pro] and [Cho][Lys]) for CO₂ capture and olivine dissolution, 

dealing with the urgent need for sustainable carbon sequestration 

technologies. Key findings include: 

1. Synthesis and Characterization: The ILs were successfully 

synthesized and exhibited excellent thermal stability (> 175°) and 

structural integrity, as confirmed by ATR-IR and TGA-IR. Their 

biocompatibility and low volatility make them ideal for green 

chemistry applications. 

2. CO₂ Capture and Mineralization: [Cho][Lys] demonstrated 

excellent performance in accelerating olivine dissolution and CO₂ 

mineralization, with XRD demonstrating magnesium carbonate 

hydrates as most reaction products. Raman spectroscopy further 

validated CO₂ integration into the system. 

3. Kinetic Improvements: Computational simulations confirmed that 

CO₂ significantly declined the activation energy of the dissolution 

operation (from 25.2 to 11.8 kcal/mol), assisting reactions at 

moderate temperatures effectively. This catalytic impact 

emphasizes the potential of CO₂ as a reaction enhancer in industrial 

CCS processes. 

4. Environmental and Industrial Relevance: The study highlights 

the dual benefit of ChoAAILs, simultaneously capturing CO₂ and 

facilitating mineral carbonation, while operating under mild 

conditions. This aligns with global efforts to reduce energy-

intensive CCS methods. 
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4.2 Future work 
 
The experiments carried out in this first phase were intended to explore 
whether ionic liquids could offer a promising route for olivine dissolution 
and, more broadly, for CO₂ capture through mineral carbonation. While the 
results are still preliminary, they point to directions worth investigating 
further. Future work should focus on clearly defining the reaction kinetics 
and carefully characterizing the materials involved, also keeping in mind 
the importance of developing a process that is economically scalable and 
competitive with existing carbon capture technologies. 
In conclusion, this work proceeds the development of sustainable solvents 
for carbon management, offering a feasible, eco-friendly substitute to 
conventional amine-based systems. The synergy between ionic liquids and 
mineral carbonation exemplifies an innovative approach to addressing the 
global CO₂ challenge. 
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