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Abstract

The rising concentration of atmospheric CO, 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 (ChoAAlLs) as
environmentally friendly solvents for CO, 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 (Mg,Si0,) and facilitated the formation of magnesium
carbonate hydrates under mild carbonation conditions (25-50 °C, 1-5 bar
CO,). X-ray diffraction confirmed the precipitation of carbonate phases,
while Raman spectra highlighted vibrational shifts associated with CO,
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 Kkinetics. The activation energy for olivine
dissolution was reduced from 25.21 to 11.81 kcal/mol upon CO,
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 CO,
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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Abbreviations
AA Amino Acid
AAILs Amino Acid-based lonic Liquids
ATR-IR Attenuated Total Reflection Infrared
BBILs Bio-based lonic Liquids
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ChILs Cholinium based lonic Liquids
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BET Brunauer, Emmett and Teller
QAC Quaternary ammonium compound
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PT Proton transfer
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Chapter 1

Introduction

1.1 CO, 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 CO, 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 CO, 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



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 CO; 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 CO,-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



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 stormes,
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 CO, 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 SiO4* tetrahedra



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 SiO4* tetrahedral anions combined
with divalent metal cations Me?* 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% Fe®* 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 (Me,Si0,) structure down the a axis of the
orthorhombic unit cell (dashed line). (a) Arrangement of two levels of the isolated SiO,
tetrahedra aligned along the b and c axes and pointing alternately up and down along c; M,
and M, cations are represented by yellow and orange colors, respectively. (b) Geometric
distribution and connection of M, and M, octahedra relative to the SiO, 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 (SiO,*") 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



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.

E

k = Age RT (1)

E, denotes the activation energy, while A, 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 1_[ a?i (2)
i

In which n; 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:

EI

r= A’Oe_R_?F (3)

E} is the apparent activation energy; A} 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 E,
different from Ej.

The only factor on which the dissolving rates of forsterite in aqueous
solutions with an activity of H20 around one and containing only Mg, Si, and
simple inorganic acids depend is pH. The constant pH dissolution rates of



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 N,, has a dimension comparable to that of H,0, 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 CO, 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,



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

lonic 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.
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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



[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 lonic Liquids [24].

Properties of Ionic Liquids

Vapour Generally negligible vapour pressure under normal

pressure conditions (non-volatile)

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

Number of >10¢ (very high in number)

solvents y g

Tuneability Demgper 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.cm3

Refractive In the range of 1.3-2.2

Index

Electrical Electrically conducting with conductivity up to 120

conductivity mS.cm

Thermal : 1

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].

lonic liquids can be broadly categorized based on their chemical structure
and intended applications:

e 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



typically feature cations such as imidazolium, pyridinium, or
quaternary ammonium groups [28].

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

o 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].

e 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]:

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

e 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].

o 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].

e 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—ChlILs 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].



Amino acids used in IL synthesis are naturally occurring building blocks of
proteins. a-Amino acids, distinguished by their central carbon bearing both
an amino (-NH;) and a carboxyl (-COOH) group, typically appear as white
crystalline solids that dissolve well in water but poorly in alcohol. All a-
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 CO, capture. AAILs
effectively absorb CO, 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 CO,
capture, in line with green chemistry principles. Given their low toxicity,
biodegradability, and efficient CO, absorption, ILs provide a scalable,
sustainable alternative to traditional amine-based solvents [44],[45].
Among these, choline lysinate is particularly promising for industrial CO,
capture applications. Post-combustion CO, 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 CO, capture efficiency of ILs, particularly Choline-Amino Acid Ionic
Liquids (ChoAAlILs), depends heavily on the reactivity of their functional
groups toward carbon dioxide. ChoAAILs are promising as biocompatible,
highly efficient CO, absorbers, thanks to their amine-containing anions,
which readily form stable carbamate adducts. Adding water as a co-solvent
can further enhance CO, 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 CO, 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



and enhances CO, 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 CO, 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 CO, 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 CO, 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 CO,
bubbling, across different experimental setups. The impact of CO,
introduction on olivine dissolution rates is examined under controlled
laboratory conditions, considering variations in temperature, CO,
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 CO,
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



observations with simulation results, this work aims to contribute valuable
knowledge toward the development of scalable and energy-efficient CO,
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.



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 [Ls 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 CO, 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
CeH14N>0,, and upon deprotonation, it becomes C¢H13N,0,". 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 CsHgNO,™ from the
original proline molecule, which has the formula CsHoNO,. 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



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 299.8%) 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).

\ l\llH Hsc//NQ_/\OH

H,C

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

Deprotonation of Proline by KOH:



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.

C SOLVENT MISCIBILITY TABLE )
Salvent Polarity  Refractive  UV(nm) Boiling  Viscosity  Solubility
Index Index Guloffi  Poini(C) (cPoise) inwater
et @i )
Acetic Acid 2 372 230 0 2 100
Acelone i 1,350 330 32 100
Acstonitrle ] 341 190 37 100
Benvene 7 501 260 X 0.1
n-Butanol .0 394 254 5 A 0.4
Butyl Aceate 9 398 215 8 9 74
Garbon Tetrachloride 1.6 466 263 5 0.0
Chloroform 4, 446 245 1 .57 0.815
Cyclohexane . 426 200 1 00 001
1.2-Di & 444 225 4 .79 0.81
21 235 44 16
. 431 %8 155 92 100
methyl Sulforide’ 7. A78 %6 169 Y 100
oxane . 4% 25 101 100
thanol u 360 210 7 100
iyl Acslate y 372 %07 - 7
«Ethyl Ether ] 358 220 : .89
Heptane X 387 200 ; 0003
Hexane X 375 200 : 001
lethanol A 329 205 K 100
Vethyl4-Butyl Eher® 2 369 210 27 18
othyl Ethyl Ketone® 4, 379 329 X 2
entane X 358 200 23 0.004
Propanol X 381 210 27 100
Tso-PropancP EX 577 210 ; 100
Dirlso-Propyl Ether___2. 368 20
4. A07 215
oluene . 4% 285 1
X il 273
jater X 333 200 00
viene ] 500 200 39
Immiscible
- oo
[] miscibte “tert-Butyl :vl:myl Ether
Immiscible means that in some proportions two phasss will be produced < 5. prasmnn)




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,



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:

[ \N ?
e EtOH
2 > 4

H H

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

equivalents MW (g/mol) Mole Quantity V (ml)

Proline 1 115.13 0.17 20g

Choline Chloride 1 139.62 017 2425g

KOH 1.1 56.10 019 10.72g
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 299.8%) 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 297%), is
gradually added. After complete dissolution, the mixture is left overnight
at room temperature under stirring (see Figure 8).

O

HoN
2 \/\/YI\OH

NH,

Figure 7: Chemical Structure of Lysine [21].

Deprotonation of Lysine by KOH:

o o)
HZN\/\AHLOH + KOH _EtOH_ N _ + HO
2h o
NH; K

NH,



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:

o]
EtOH o
H,N - BHO. Jmelop I, .
Wo+ |~|l+ “an H;N\/\/\)Lo +H°“‘/\Illf+ Kc|l
NH; K cl NH, I

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

equivalents MW (g/mol) Mole Quantity V (ml)

Lysine 1 146.19 0.13 20g
Choline Chloride 1 139.62 0.13 19.10g
KOH 1.1 56.10 015 844g

Methanol - - - - 50




2.2 Olivine and dissolution

This experimental study investigates the dissolution behavior of olivine
(Mg,Si0,) 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 (CO,) 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 (Mg**), the main reactive species
in olivine. By performing dissolution of Mg?* from olivine into solution, the
IL increases subsequent carbonation reactions and as a potential result,
improving the total CO, 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 (NacCl) 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 Mg?* solubilization. Experiments are conducted
both under condition without CO, insufflation and conditions with
continuous CO, 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).



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 (Mg,Si0,) 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 CO, to establish
baseline dissolution behavior.

o Carbonation condition 1, involving continuous CO, bubbling for 30
minutes at room temperature and ambient pressure (see Figure 10).

« Carbonation condition 2, in which CO, 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 CO, environment of 5 bar using Tecno Delta
thermostatized room.



Figure 10: CO: insufflation.

At the end of the experiment, the liquid and solid phases of each sample are
separated. They analyzed for dissolved Mg** 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 CO,
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



water (5 grams)