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Abstract

Mitigating climate change needs creative approaches to cutting CO2 emissions. Choline
prolinate ([Cho][Pro]) and dimethyl pyrrolidinium prolinate ([DMP][Pro]) are two biobased
ionic liquids (ILs) that are being studied in this thesis as potential substitutes for post-
combustion CO, capture. Although ionic liquids have adjustable characteristics, low volatility,
and excellent thermal stability, their intrinsic high viscosity may restrict the efficiency of mass
transfer and CO, absorption. To get around this, the study investigates how diluting the ionic
liquids with dimethyl sulfoxide (DMSO) can best balance chemical reactivity and physical mass

transfer while keeping the characteristics of biobased ILs.

The ionic liquids were synthesized through controlled reactions with bioavailable
precursors, and they were then characterized using a variety of methods, such as differential
scanning calorimetry (DSC), density and viscosity measurements, ATR-IR spectroscopy, and
thermogravimetric analysis-infrared (TGA-IR). Gravimetric analysis and Pressure-Volume-
Temperature (PVT) experiments were used to assess CO, absorption performance under
various pressure and temperature situations. According to the results, DMSO dilution
considerably lowers viscosity, which improves CO, uptake and guarantees better absorption

kinetics.

These results demonstrate the potential of biobased ionic liquids as more ecologically
friendly and effective solvents for CO, collection, providing a sustainable substitute for

traditional amine-based systems.



Nomenclature

AA Amino Acid

AAILs Amino Acid-based lonic Liquids

AEEA Aminoethylethanolamine

ATR-IR Attenuated Total Reflection Infrared

APIs Active Pharmaceutical Ingredients

BBILs Bio-based Ionic Liquids

BF,~ Boron tetrafluoride

[bmim][PF¢] 1-Butyl-3-methylimidazolium hexafluorophosphate
[Cho][Pro] Choline Proline

ChILs Cholinium based lonic Liquids

ChAAIL Choline-Amino Acid based Ionic Liquids
[CnMIM]* 1-alkyl-3-methylimidazolium

[Cnpy]* N-alkyl pyridinium

DES Deep-Eutectic Solvent

DMC Dimethyl Carbonate

DMP Dimethyl Pyrrolidinium: 1,1-dimethylpyrrolidinium
[DMP][CH30CO00] 1,1-dimethylpyrrolidinium methyl carbonate
[DMP][Pro] 1,1-dimethylpyrrolidinium Prolinate

DMSO Dimethyl Sulfoxide

EcL Energy Center Lab

FT-IR Fourier-Transform Infrared Spectroscopy

GHG Greenhouse Gases

IIT Italian Institute of Technology



IL Ionic Liquid

IoM Institute of Medicine

IR Infrared

LIG laser-induced graphene

MMEA Methyl Monoethanolamine

MEA Monoethanolamine

PF¢~ Hexafluorophosphate

PIL Protic ionic liquid

PVT Pressure-Volume-Temperature

PT Proton Transfer

Pyris-DCA butylpyridinium dicyanamide
[PYR14][TFSI] 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
RTIL Room-Temperature Ionic Liquid

SC Standard Condition

Tf2N Bistriflimide

TSIL Task-Specific Ionic Liquid
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1. Introduction

Ionic liquids (ILs) are a class of salts that remain in a liquid state at temperatures below
100°C, existing entirely in ionic form. Their first documented synthesis dates to 1914, when
Paul Walden prepared ethylammonium nitrate [1]. At the time, Walden'’s research focused on
the relationship between ionic conductivity and molecular structure, however, his discovery did

not immediately spark widespread scientific interest.

Throughout much of the 20th century, ionic liquids remained largely unexplored by the
broader scientific community. However, over the past two decades, their distinctive
physicochemical properties —such as negligible volatility, exceptional thermal stability, and
tunable solubility— have established them as promising alternatives to conventional solvents.

[Figure 1].
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Figure 1: Percentage of Sections Dedicated to Study of ILs since 2000 [Extracted by Scopus]

Ionic liquids (ILs) consist of a cation—such as pyridinium, imidazolium, or ammonium— and
an anion, forming highly versatile and tunable systems. Figure 2 shows a few common cation
and anions used in ILs. Their unique physicochemical properties include low volatility, high
thermal stability, and the ability to dissolve a broad range of organic and inorganic compounds

[see Figure 3][5].

Unlike conventional solvents, which readily evaporate and contribute to atmospheric
pollution, ILs exhibit exceptionally low vapor pressure. This characteristic arises from strong
electrostatic interactions between their bulky cations and anions, which inhibit their transition

into the gas phase. As aresult, ILs are considered safer to handle, offering a lower environmental
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impact and reduced risks in applications where solvent evaporation could pose hazards, such

as high-temperature reactions or open-process systems [6].

Another key advantage of ILs' low volatility is their enhanced stability, which not only
reduces solvent loss during use but also minimizes harmful emissions. These properties
position ILs as promising alternatives to traditional solvents in both industrial and laboratory-

scale applications, where sustainability and efficiency are critical considerations [7].
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Figure 2: Some common cations and anions used in ILs [4]

The physicochemical characteristics of ionic liquids (ILs) are inherently linked to the specific
combination of cations and anions, resulting in a wide range of solvation behaviors. These
behaviors are further influenced by temperature-dependent dynamics and the presence of co-
solvents, which collectively determine the nature and strength of intermolecular interactions,
most notably hydrogen bonding, leading to significant variations in solubility profiles [8, 9].
Among the factors influencing solubility, the nature of the anion plays a crucial role. For
instance, CO; solubility is significantly higher in ILs containing the bis(trifluoromethylsulfonyl)
-imide anion compared to those with a nitrate anion. Fluorination of the anion, as in [Tf,N] and
[methide], enhances CO, absorption, while modifications to the cation, such as elongation of
alkyl chains, contribute to a lesser extent [10, 11]. Additionally, Aki and co-workers
demonstrated that, across various ILs, CO, solubility increases with pressure and decreases
with rising temperature [10]. Another critical consideration is water solubility. Due to their

intrinsic hygroscopic nature, ILs readily absorb atmospheric moisture, particularly in flue gas
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environments, which can significantly diminish their CO, capture efficiency [12]. However,
hydrophobic ILs offer an alternative, functioning as water-immiscible polar phases, thereby
mitigating this issue [13]. Furthermore, the strategic use of co-solvents can enhance IL
performance in targeted applications, including catalysis, extraction, and biocatalysis, by fine-

tuning solubility and reaction kinetics [14].

The tunable solubility of ionic liquids (ILs) makes them highly adaptable for a wide range of
applications in green chemistry, including gas capture, liquid-liquid extraction, and their use as
solvents in enzymatic and organic reactions. Their capacity to dissolve both polar and non-polar
compounds underscore their versatility, making them valuable solvents in both industrial

processes and scientific research [15].

( IL’S PROPRETIES )
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Figure 3: General Properties of lonic Liquids [1]

7

"Designer Solvents" with
TUNEABILITY flexibility of combining

anions and cations

lonic liquids (ILs) are synthesized by selecting suitable cation-anion pairs and combining
them through various methods, including neutralization, ion exchange, direct combination, and

quaternization [2, 6].

Neutralization: This process involves the reaction between a strong acid and a weak base
(a Brgnsted acid and a Brgnsted base), resulting in the elimination of a neutral molecule and
the formation of an ionic liquid (IL). It can also lead to the production of a protic IL when specific
acid-base pairs are used [16] [Figure 4]. This approach is particularly effective when employing

tertiary amines with halide acids or certain organic acids [17].
9
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Figure 4: Synthesis of ILs by neutralization

Ion exchange or Metathesis: In this method, a metal salt—typically containing silver or a
Group [ metal—reacts with a primary IL to synthesize halide-free ILs [16] [see Figure 5]. While
straightforward and easy to implement, this process has some limitations, including potential
contamination with residual halide ions, the presence of water, or silver byproducts, which may

interfere with the solute’s reactivity [17].

R R
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Figure 5: Synthesis of ILs by metathesis

Direct combination: ILs can also be synthesized by directly combining cations and anions
under controlled conditions. For example, choline-based ILs are commonly produced by
reacting choline hydroxide with an acid or amino acid, facilitating the development of

biodegradable ILs [4] [see Figure 6].
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Figure 6: Synthesis of ILs by direct combination

Quaternization: This process involves the alkylation of a nitrogen-containing compound to
generate a quaternary ammonium cation, which is then paired with an anion through anion
exchange to form the desired IL [18] [see Figure 7]. When alkylammonium halides are absent,
quaternization is required, typically through the reaction of a base with a haloalkane to produce

an organic halide salt [17].
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Figure 7: Synthesis of ILs by quaternization

lonic liquids (ILs) are broadly classified based on their composition and function, with
specific terms assigned to different categories. An IL can exhibit one or more of these

characteristics. Below is a brief discussion of key IL types:
A. Room-temperature ionic liquids (RTILs)

RTILs are ionic liquids that remain in a liquid state at or near room temperature, making
them one of the most widely studied IL categories. They are typically derived from imidazolium,
pyridinium, or quaternary ammonium cations and are valued for their stability, low melting
points, and ability to dissolve a broad range of substances. Common RTILs include 1-butyl-3-

methyl-imidazolium hexafluorophosphate ([bmim][PF¢]) and choline-based ILs [19].
B. Protic ionic liquid (PIL)

PILs are formed through a proton transfer reaction between a Brgnsted acid and a Brgnsted
base. These ILs are distinguished by their extensive hydrogen-bonding networks, which
enhance properties such as ionic conductivity and facilitate applications in electrochemical

systems [20].
C. Task-specific ionic liquids (TSILs)

TSILs are functionalized ionic salts in which a specific functional group is covalently attached
to the cation and/or anion, tailoring their properties for targeted applications such as catalysis,
separation, and electrochemistry [21]. These ILs have been explored for selective CO, capture
from gas streams using amine-functionalized imidazolium salts and for catalyzing esterification

reactions via sulfonic acid-modified ILs [22].
D. Bio-based ionic liquids

BBILs are derived from renewable resources, biocompatible molecules, or naturally
occurring components. These ILs typically feature biodegradable anions, such as deprotonated
amino acids, and cations like choline, making them environmentally friendly alternatives to
conventional ILs. A prominent subclass within BBILs is amino acid-based ionic liquids

(AAILSs), which incorporate amino acid-derived anions. These ILs are designed to minimize
11



toxicity while maintaining high functionality. However, De Jesus and Maciel Filho (2022)
critically examined their synthesis, recovery, recycling, toxicity, and biodegradability, raising
concerns about their classification as truly green solvents despite their perceived

environmental benefits [23].
1.1 Ionic Liquids (ILs) and Deep Eutectic Solvents (DESs)

As mentioned earlier, the first reported IL, ethylammonium nitrate, was introduced by Paul
Walden over a century ago. More recently, at the beginning of the 21st century, Abbott et al.
introduced Deep Eutectic Solvents (DESs) as a new class of solvents. While some chemists
consider DESs a subclass of ILs, they are fundamentally distinct, sharing certain overlapping
properties while also exhibiting unique characteristics. DESs are relatively new and remain an
active area of research; however, their physical properties closely resemble those of ILs [2]. Both
ILs and DESs possess low vapor pressure, making them non-volatile and significantly safer to
handle compared to conventional solvents. Their wide liquid-phase range allows them to
function at temperatures both above and below room temperature. Moreover, these solvents
are tunable, meaning that properties such as viscosity, polarity, and solubility can be adjusted
to enhance their ability to dissolve a broad spectrum of organic and inorganic compounds.

Figure 8 illustrates key similarities and differences among DESs and bio-based ILs [2, 24].

DES SIMILARITEIS BIOBASED IL

+ Both exhibit a wide liquid range,

+ Formed frem hydrogen bond including meiting points below * Compeosed primarily of an
acceptors (HBAs) and 100°C. anion and a cation.
hydrogen bend doners (HBDs) . Low volatility compared t© e  Easier and cheaper to
« Mot expensive and easy to e bl el s synthesize on a large scale

= Ahility to dissolve both organic and

T - inorganic compounds.
Exhibit high stability under « Highly tuneable propertiss through . Commeonly based on

ambient conditions. modification of components. imidazolium or pyridinium
« Often derived from natural or = Promising for applications in green cations with various anions.
renewable resources. chemistry, catalysis, and biomass Exhibit high viscosity and
processing. thermal stability.
. Biodegradable and safe.

produce. than usual ILs.

-

Figure 8: Similarities and differences of ILs and DESs [2]

Due to their unique properties, ILs and DESs play an important role in green chemistry and
sustainable technologies, serving as both solvents and catalysts in eco-friendly chemical

processes. Their applications include [2, 13, 24, 25]:
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e Green Catalysis: Both ILs and DESs facilitate reactions such as esterification, oxidation,

and organic synthesis, improving efficiency and sustainability.

o Energy Applications: ILs, in particular, are widely studied as electrolytes for batteries

and supercapacitors due to their high thermal stability and negligible volatility.

e Carbon Capture: ILs exhibit strong interactions with CO,, making them effective for
carbon capture technologies, although their high viscosity can be a limiting factor. DESs

are also gaining attention in this field due to their biodegradability and lower cost.

e Biomass Processing: DESs show remarkable efficiency in dissolving lignin and cellulose,

enabling biofuel production and the extraction of valuable bio-derived chemicals.

e Metal Processing: DESs serve as a greener and more cost-effective alternative in

applications such as electrodeposition, electropolishing, and metal oxide extraction.

e Pharmaceutical Applications: DESs are being explored for drug delivery, protein

stabilization, and the extraction of active pharmaceutical ingredients (APIs).

Despite their similar applications, ILs and DESs differ significantly in their synthesis and raw
material requirements. ILs are salts composed of organic heterocyclic cations paired with
organic or inorganic anions, exhibiting melting points below 100°C. DESs, in contrast, are
simple mixtures of hydrogen bond acceptors and hydrogen bond donors, where strong
intermolecular interactions significantly depress the melting point of the mixture. Figure 9

compares their synthesis methods [2, 24].

Dilution of mixing . . .
Synthesis compound dilluted Heat(ljng Ser:caral'gz)n Was:h;]ng
of IL s in organic compound {:m. ot sofl Rl
solven S stirring residue solvent
Synthesis Mixing of Heat(ijng
of DES component anc
5 stirring

Figure 9: A comparison of the synthesis processes of ILs and DESs [2]
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The synthesis of ILs typically requires multistep procedures, volatile organic solvents, and
high temperatures, often generating waste and by-products. In contrast, DESs are prepared via
simple methods such as heating, grinding, or freeze-drying, usually achieving near-perfect atom

economy with minimal waste.

Initially, ILs were regarded as "green solvents" due to their low volatility, but later studies
revealed that many ILs are toxic, non-biodegradable, and environmentally persistent. DESs, on
the other hand, tend to be more environmentally friendly, as they are generally biodegradable,

composed of natural raw materials, and exhibit low toxicity.

From an economic perspective, large-scale production of ILs is costly, whereas DESs are
significantly cheaper and more accessible due to the renewable and inexpensive raw materials
used in their synthesis. However, high viscosity remains a challenge for both ILs and DESs,
though this can be mitigated by adding water or other co-solvents. Care must be taken, as

excessive water content can reduce solvent performance [2, 24, 26].
1.2 Applications of lonic Liquids (ILs) in Various Fields

After reviewing the classification of ILs, it is now essential to discuss their main applications

in different fields:

1.2.1 General Studies and Reviews on Ionic Liquids

Gu and Jérome (2013) examined the background and classification of bio-based solvents,
highlighting recent advances in their applications for organic synthesis, catalysis,
biotransformation, and separation processes [27]. Syahir et al. (2017) reviewed bio-based
lubricants, emphasizing their superior lubricating properties compared to conventional
mineral lubricants, as well as their renewability and biodegradability [28]. Noorani et al. (2022)
specifically investigated cholinium-amino acid ionic liquids as biocompatible agents for CO,
absorption, demonstrating their potential as greener alternatives in carbon capture

technologies [29].

1.2.2 ILs in Chemical Synthesis and Extraction

ILs play a crucial role in dissolving both organic and inorganic compounds, making them
highly effective as solvents in catalytic processes such as hydrogenation, alkylation, and
hydroformylation [13]. They have also proven effective in extraction techniques, such as
recovering precious metals and removing sulfur compounds from fuels, contributing to cleaner
energy production and resource recovery.
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For example, ILs can be employed to extract gold from electronic waste and metal alloys.
Common anions used in such extractions include PF¢~ and BF,~, while frequently utilized
cations include 1-alkyl-3-methylimidazolium ([CnMIM]*) and N-alkyl pyridinium ([Cnpy]*)
[30].

1.2.3 ILs in Energy and Electrochemistry

ILs serve as non-volatile, thermally stable electrolytes in batteries and supercapacitors,
enhancing performance and durability [1]. They are also used in dye-sensitized solar cells,
where their ionic conductivity and thermal stability improve efficiency and longevity. For
instance, Zaccagnini and co-workers [31], developed a novel supercapacitor using the ionic
liquid [PYR14][TFSI] with laser-induced graphene (LIG) electrodes. This IL was chosen over
BF,™ or PF¢™ anion-based ILs due to the superior electrochemical and thermal stability of the

TFSI anion, making it a strong candidate for advanced energy storage applications.

1.2.4 ILs in Metal Plating and Deposition

ILs provide an environmentally friendly alternative to conventional metal plating and
deposition processes [1]. They facilitate coating applications with reduced environmental
impact, lowering toxicity and minimizing industrial waste. For example, Maniam and Paul [32],
reviewed the electrodeposition of zinc and zinc-nickel alloys in IL-based systems, discussing the
associated benefits and challenges. Additionally, Rahali et al. [33] utilized butyl pyridinium
dicyanamide (Pyris-DCA) for silver electrodeposition on platinum electrodes, leveraging its low

dynamic viscosity and strong ionic conductivity.

1.2.5 ILs in Advanced Materials and Specialized Applications

ILs play a crucial role in gas chromatography, where they serve as high-selectivity, thermally
stable stationary phases, enabling the efficient separation of complex mixtures [1] They are also
widely explored as industrial lubricants and heat transfer fluids, reducing wear and maintaining
performance across a broad temperature range. Qu et al. [34] demonstrated that ILs function
effectively as base lubricants or additives in diesel engine applications. Their study found that,
compared to conventional 15W40 engine oil, pure ILs significantly reduced wear and friction.
Moreover, even at low concentrations, ILs enhanced the lubricity of mineral oil, highlighting

their potential in improving engine performance.

Additionally, cholinium-based ILs are particularly effective at dissolving lignin, making them

valuable for biomass conversion into biofuels [35].
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1.2.6. ILs in Environmental Technologies

ILs have been explored extensively for their applications in CO, capture [7] and water
treatment [36], playing a vital role in sustainability efforts. For instance, they have been tested
in flue gas treatment [37] and direct air capture technologies [38]. Their tunable properties
make them highly effective for gas separation processes, often surpassing conventional

solvents.

Dai et al. [39] demonstrated that combining ILs with membranes resulted in superior
performance compared to commercially available alternatives. The vast range of cations and
anions available allows ILs to be designed with tailored characteristics, making them
particularly promising for gas separation membranes used in flue gas treatment. As the push
toward a net-zero future intensifies, optimizing such technologies will become increasingly

important.

1.2.7 ILs for CO, Capture and Carbon Reduction

This thesis explores amino acid-based IL solutions as an alternative to traditional CO,
capture methods, demonstrating their ability to chemically bind CO, effectively. The current
industrial standard relies on aqueous amine solutions [40], with solubility in water being a key
determinant of an amine's efficiency in CO, absorption. Extensive research has been conducted
to identify novel amines with high CO, absorption capacities under specific operational

conditions [41].

Among the most promising candidates, Ma’'mun et al. identified AEEA (a diamine with one
primary and one secondary amine) and MMEA (a secondary amine) as effective options for CO,

capture due to their reaction rates and absorption efficiency in aqueous solutions [42].

However, despite their potential, IL-based CO, capture technologies still face several
challenges, including cost, environmental impact, and large-scale implementation hurdles.
Continued research and development are essential to enhance the efficiency and economic

viability of these materials, ensuring their role in global carbon reduction efforts [43].
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1.3 Choline Based ILs:

Choline, also known as 1-Hydroxy-N,N,N-trimethylethan-2-aminium chloride, is an essential
nutrient vital for human health and metabolism. Recognized by the US Institute of Medicine
(IoM) as a dietary requirement, choline plays a fundamental role in several physiological
functions, including lipid metabolism, cell membrane signaling, and neurotransmitter
synthesis—particularly in the formation of acetylcholine. Chemically, choline chloride is
classified as a quaternary ammonium salt with the molecular formula (CH3);N*CH,CH,OHCI™
[Figure 10]. Its structure consists of a positively charged nitrogen atom surrounded by three
methyl groups and a hydroxyethyl group, balanced by a chloride anion. This composition makes

choline highly hydrophilic, contributing to its role in cellular signaling and membrane function.

CH,4

A

H,c”/ OH
H,C

Figure 10: Chemical Structure of Choline Chloride

One of the most biologically significant derivatives of choline is phosphatidylcholine, a major
phospholipid found in cell membranes. Choline is also involved in methyl group metabolism,

which supports key biochemical processes such as detoxification and DNA methylation.

Dietary sources of choline are diverse, including eggs, meats, soy, and other plant- and
animal-based foods. Although the human body can synthesize choline through the methylation
of phosphatidylethanolamine, endogenous production is insufficient to meet daily physiological

demands, necessitating dietary intake [44].

Choline-based ionic liquids (ChILs) represent an emerging class of green, biodegradable
solvents that are both toxicologically and economically favorable. In these systems, choline
serves as the cation, functioning as a quaternary ammonium compound. Choline is typically
derived from renewable sources through a highly efficient synthesis process that generates

minimal waste, aligning with sustainability objectives. [4]

ChlLs are usually combinable with organic acids, like succinic or oxalic acids, to yield salts
that are liquids at room temperature or slightly above. Physicochemical properties of ChlLs, like
their solubility in water or organic solvents, viscosity and thermal stability- can be tweaked by

modifying the side-chains present on choline cation or by modifying the anion. These properties
17



make ChlLs an eligible choice for wide variety applications, such as biomass pretreatment, gas

absorption and green catalysis.

Amino acids of particular interest are those naturally occurring as constituents of peptides
and proteins. These molecules are a-amino acids, meaning they possess both an -NH; (amino)
group and a -COOH (carboxyl) group attached to the same carbon atom. All a-amino acids are
white, crystalline solids, highly soluble in water but insoluble in alcohol. With the exception of

the simplest member (glycine), all are optically active due to their chiral nature [45].

Biodegradable biocatalytic ionic liquids derived from amino acids offer a highly versatile and
sustainable alternative to conventional solvents, given their natural abundance and
renewability. The functional groups in amino acids allow for modifications to adjust acidity,
chirality, and reactivity, making them ideal for catalytic applications. These amino acid-based
ionic liquids (AAILs) serve as greener substitutes for volatile organic solvents in a variety of
catalyzed reactions, including the Diels-Alder reaction [46]. In the pharmaceutical sector, AAILs
enhance protein solubility, crystallization, and stability, further demonstrating their suitability
as green solvents. Additionally, AAILs show great potential for CO, capture, as their amino-
functionalized anions chemically react with CO, via an efficient 1:1 mechanism (Figure 11).
Note that viscosity gives a challenge. Areas explored to improve performance include addition
of water or modifying hydrogen bonding network. The use includes biomass processing,

especially for the specific extraction of lignin, which shows their versatility [47].

0
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NH, NH
+ CO, === | ™
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0 NH o) NH, 0 NH Q NH;3

o R o 'R o* R [¢) R
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Figure 11: Universal reaction of CO2 with the amine group in amino-acid ILs (the cations are hidden) [48]

The chemical interaction between structural functional groups of choline and AAs with CO,
plays a key role in their efficiency for carbon capture. Choline-based amino acid ionic liquids

(ChoAAILs) represent an innovative approach to overcoming viscosity limitations while
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enhancing CO, absorption. By combining choline and amino acids, ChoAAILs create

biocompatible, highly efficient CO, capture systems.

This efficiency arises from the amine groups in the anion, which readily react with CO,,
forming stable carbamate species. Additionally, incorporating water as a co-solvent can
significantly reduce viscosity and enhance CO, diffusion by weakening hydrogen bonding
networks. Water also acts as a catalyst, promoting a proton transfer (PT) mechanism, which
further optimizes CO, absorption [49]. However, despite these advantages, high viscosity and
economic viability remain challenges. Nonetheless, ongoing research continues to drive CholLs
and AAlLs as sustainable alternatives for CO, capture, green chemistry, and pharmaceutical

applications [47].

1.3.1 Synthesis of Cholinium-Based Amino Acid Ionic Liquids ([Cho][AA])

Cholinium-based amino acid ionic liquids ([Cho][AA]) can be synthesized through the

following reaction:
Choline hydroxide (aq) + Amino acid — [Cho][AA] + H20
[N(CH3)3CH2CH20H]+*OH- + H2N-R-COOH - [N(CH3)3CH2CH20H]*[NH2-R-COO]- + H20

Synthesis Steps:
1. Mixing stoichiometric amounts of the amino acid with aqueous choline hydroxide.
2. Stirring at room temperature for approximately 48 hours.

3. Extracting under vacuum to obtain the viscous IL product.
1.4 PVT Cells

The behavior of fluids under varying pressures and temperatures is studied using a PVT
(Pressure-Volume-Temperature) cell. These instruments are vital in the studies of petroleum
engineering, fluid mechanics, and chemical processing. Their purpose focuses on better
understanding a substance's physical and thermodynamic phenomena-gases, liquids, or
mixtures of them. The behavior of fluids in different system environments is explained through
such types of data as gathered using PVT cells to make a better decision for industrial systems

design and understanding fluid behavior through various environments [50, 51].

PVT cells serve an important role in oil and gas. Their purpose is to analyze produced fluids
from reservoirs for phase behavior analysis, including gas-oil ratios, oil shrinkage, and drive

mechanism evaluation for the given reservoir. Furthermore, the data acquired reflect critical
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pressures and temperatures for those fluids and fluid compositions. This is vital when designing

efficient recovery strategies due to improved production processes.

In this experiment, PVT cell is used to study the ionic liquids. Analyzing the ILs in different
pressure and temperature conditions is necessary because it demonstrates how solubility of
COz in ILs would change at different pressures and temperatures. High atmospheric
concentration of carbon dioxide (CO;) nowadays is a major factor influencing the climate of the
Earth, intensifying the greenhouse effect and global warming. Weather conditions such as
drought and floods-accelerated by global warming-are becoming increasingly severe and not
conducive for agriculture and water quality, which in turn heightens the risk of wildfires. To
reduce these adverse effects, CO2 emissions must be restricted. Reaching net zero emissions
could cut down by two-thirds the area of global land undergoing aridification, with a regional
decrease in the intensity of hydrometeorological occurrences [52]. Reducing greenhouse gas
emissions through policy can also have a large beneficial impact on public health regarding air
pollution, heart disease, cancer, and obesity [53]. Thus, reducing CO2 emissions will protect
public health and stabilize the environment. One way to reduce carbon emissions is post-
combustion COz capture. Therefore, having the ILs examined through the PVT cell aids to
understand their performance in post-combustion carbon capture. This idea will be examined

further in the next chapters.
1.5 Post-Combustion carbon capture

Post-combustion CO, capture technology is one of the mature and well-established methods
applied in a power plant for mitigation of greenhouse gases. This process involves the
separation of CO, from flue gases after fuel combustion. It can be retrofitted easily in already
existing infrastructures without interfering with energy generation. Among the available
techniques, including adsorption, membrane separation, and calcium looping, chemical
absorption is the most applied technique, especially with amines as the most common solvent,
such as monoethanolamine [54]. MEA and ILs are the two major absorbents that have been

given attention owing to their respective advantages and limitations.

MEA is an established amine-based solvent, generally recognized for its high efficiency in CO,
capture by chemical absorption in the temperature range of 40-70 °C and atmospheric pressure,
forming carbamate bonds with CO,. It is cost-effective, highly water-soluble, and achieves as
high as 99% CO, recovery rates. However, critical downsides to MEA include high energy

requirements for its regeneration, which results in about a 20% efficiency loss in power plant
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operations. Besides, MEA degrades with time, releasing toxic byproducts such as nitrosamines,
which are environmental and health hazards. Other difficulties include the loss of the solvent
by evaporation, corrosion problems, and intensive operation costs. In spite of all these
disadvantages, MEA remains the most widely used choice for CO, capture because it is mature,

inexpensive, and its use can be easily adapted in existing systems [54].

On the other hand, ILs are under development as potential alternatives for CO, absorption.
As discussed earlier, these low-melting-point salts consist of organic cations paired with organic
or inorganic anions. ILs are well-known for their low vapor pressure, high thermal stability, and
tunable physicochemical properties, such as solubility and viscosity. Additionally, ILs can
chemically bind CO,, reducing solvent loss risks while allowing for structural modifications to
enhance performance. However, ILs still face significant challenges that hinder their large-scale
adoption. High viscosity limits mass transfer rates, while high production costs remain a major
barrier to industrial implementation [4]. Energy-intensive regeneration is another common
drawback shared by MEA and ILs, impacting both efficiency and cost. Although ILs require less
energy for regeneration than MEA, they still present challenges due to their high costs, limited
large-scale applicability, and viscosity-related constraints. Despite being environmentally safer
and highly customizable for specific applications, these limitations currently make MEA the

more practical choice in the immediate term [55].

While MEA dominates the current technology in CO, capture due to its practicality and
reasonable cost, ILs are very promising for the future. Research is targeted at reducing IL
viscosity, enhancing their CO, absorption efficiency, and reducing production costs so that they
will be more viable. The tunable properties and smaller environmental impact of ILs perhaps
one day may outcompete MEA as production and application continue to improve. For the time
being, MEA remains the most common option in post-combustion capture of CO, and hence
keeps ILs an unobstructed way to more sustainable and greener options within carbon capture

technologies.

In this study, a ChoAAIL, a non-toxic and green solvent is used for carbon capture. The diluted
version with some amount of DMSO showed to moderate its high viscosity while improving the
absorption of CO2. This system gets to its maximum performance when the concentration
reaches an ideal balance between physical mass transfer properties and chemical reactivity

[56].
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2.Material and methods

The synthesis of ILs based on choline and amino acids represents a significant step toward
sustainable and biodegradable solvent alternatives. Among these, choline prolinate
([Cho][Pro]) has gained attention due to its biocompatibility, non-toxicity, and tunable
physicochemical properties. These features make it highly suitable for applications in biomass

processing, CO, capture, catalysis, and pharmaceutical formulations.

The preparation of [Cho][Pro] follows a straightforward and efficient synthetic route,
involving the reaction between choline chloride and proline, mediated by potassium hydroxide
(KOH) in ethanol. This method ensures high yield and purity, with minimal environmental
impact. The process involves neutralization, solvent-assisted purification, and rotary

evaporation, yielding a highly viscous ionic liquid with unique solvation properties.

Additionally, other amino acid-based ILs, such as 1,1-dimethylpyrrolidinium prolinate
([DMP][Pro]), have been synthesized using microwave-assisted techniques. These ILs share
similar functional properties but exhibit different thermal stability, solubility, and viscosity

profiles, which influence their potential applications.

The following sections provide a detailed methodology for the synthesis of [Cho][Pro] and
[DMP][Pro], along with characterization techniques to assess their structural, thermal, and
rheological properties. These investigations help to optimize IL performance for various

industrial and research applications in green chemistry, electrochemistry, and biotechnology.

2.1 Synthesis of [Cho][Pro]

0.2 mol of potassium hydroxide (KOH in pellets supplied by Sigma-Aldrich, purity 99%) was
added to 100 ml of ethanol (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 (0.2 mol
(Figure 13), supplied by Biosynth) is gradually added. After complete dissolution, the mixture
is left overnight at room temperature under stirring. The next day, 0.2 mol of Choline Chloride
(ChoCl (Figure 12), supplied by Biosynth, purity 99%) is added, and the mixture is left to mix
for a few hours. 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 ethanol. 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 14 andFigure 15).

Proline + Potassium Hydroxide = + Ethanol - Potassium Salt of Proline + Water

CsHoNOz + KOH - CsHsNO:2K + H20

H
2
¢’ COOH
7 ~c~
HoC I
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Figure 13: Chemical Structure of Proline
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| H Figure 12: 3D representation of Choline Chloride
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Figure 14: Chemical Structure of [Cho][Pro] [4]
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Figure 15: Synthesis of [Cho][Pro] [3]

Table 1: Amount of components to synthesize [Cho][Pro]
Supplier MW (g/mol) Mole Quantity

Anion Proline 115.13 0.2 20g
—  Biosynth
Cation Choline Chloride 139.62 0.2 2425¢g
—  Biosynth
Potassium Hydroxide 56.105 0.2 10.72 g
__ Sigma-Aldrich
Solvent Ethanol 46.068 0.2 100 ml
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2.2 Preparation of [Cho][Pro] solutions

Dimethyl sulfoxide (DMSO, supplied by Merck, purity 99%) was used as a solvent to reduce
the challenges associated with the high viscosity of the ionic liquid. Three different solutions of
[Cho][Pro] in DMSO were prepared at concentrations of 12.5%, 33%, and 50% by mixing the
ionic liquid with DMSO (see Figure 16).

Figure 16: 3 ml different solutions
of [Cho][Pro] in DMSO

2.3 Synthesis of [DMP][Pro]

In a microwave reactor, N-methyl pyrrolidine (supplied by Sigma-Aldrich) and
dimethylcarbonate (DMC, supplied by Sigma-Aldrich) (1:3) are mixed together in the presence
of anhydrous methanol (by Sigma-Aldrich, purity 99.8%). The resulting solution undergoes
microwave irradiation at 140°C for 40 minutes at 20 bar [Figure 17 andFigure 18]. At the end
of the reaction, the ionic liquid 1,1-dimethylpyrrolidinium methyl carbonate or
[DMP][CH30COO] is obtain and the solution is transferred to a round-bottom flask [Figure

19]. In Table 2 the amount of each component for this synthesis is shown.
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Figure 18: The microwave used for the synthesis of DMP

Figure 19: [DMP][CH30C00]

Table 2: Synthesis of [DMP][CH30C00]

mol MW (g/mol) m (g) V (ml)
Dimethyl Carbonate 0.202 90.08 18.19 17.02
n-Methylpyrrolidine 0.067 85.15 5.73 7
Methanol 32.04 13.5 17.02
[DMP][CH30CO0] 0.067 175.12 11.79
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7.75 g of Proline are weighed using a precise scale with an instrumental error of £0.001 and
slowly added to the solution under stirring. A minimal amount of methanol is added to the flask
to dissolve proline, ensuring that the reaction medium is homogeneous. The reaction is kept
stirred smoothly overnight at room temperature, as it enables the optimum single-phase mixing
of the reactants, allowing the reaction to go to completion. If there is some residual unreacted
amino acid, it can be removed as a solid precipitate by washing the IL with an
acetonitrile/ethanol solution (9:1 v/v). Water, produced as a by-product during the
neutralization reaction, is removed along with the solvent using rotatory evaporation. As a

result, the IL 1,1-dimethylpyrrolidinium prolinate [DMP][PRO], was obtained [Table 3].

Table 3: Synthesis of [DMP][Pro]

mol MW (g/mol) m (g) V (ml)
[DMP][CH30COO0] 175.12 11.79 82.08
Proline 0.081 115.13 7.75 -
[DMP][Pro] 214 28.81

The ionic liquid produced has been characterized using different analytical methods such as

ATR-IR spectroscopy, DSC and TGA.

CsHoNO2 + [(C3He)2N][CH30CO0] = [CsHsNO2][(C3Hs)2NH]* + H20
2.4 Characterizations

2.4.1 ATR-IR

Attenuated Total Reflectance (ATR) is a qualitative spectroscopic method for finding out the
molecular structure because it is commonly applied in Fourier Transform Infrared (FTIR)
spectroscopy. Specially it is used to examine solids, liquids, and semi-solids without requiring
much sample preparation [57]. Below is a comprehensive description of ATR characterization

explaining the concepts, applications, advantages, and references that were verified.

Total internal reflection is a phenomenon that is essential to ATR. Using infrared (IR) light
from a source, this light will impose onto the surface of a very high refractive index crystal, such
as diamond, germanium, or zinc selenide, through which the sample is placed, thus preventing

the IR light from penetrating the sample only a small distance (in this case, about 0.5-2 um).
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The sample absorbs specific wavelengths in the infrared region, corresponding to its molecular

vibrations, generating an absorption spectrum.

In ATR the waves that the instrument sends inside the sample make the bonds vibrate,
stretch, or bend. So, each peak in the output is related to a specific vibration, thus a specific

compound.

The ATR-IR spectra were obtained using a Bruker Tensor II Fourier transform
spectrophotometer with a platinum ATR diamond accessory. The IR spectra were measured at

! spanning the spectral range from 4000 to 400 cm™'. During the

a resolution of 4 cm”
analysis, 10 background scans and sample scans were conducted. The spectra were then

processed with OPUS 8.1® software.

Figure 20: ATR-IR instrument

2.4.2 Density

In the domains of chemistry, food science, and industry, where liquids may be weighed per
unit volume, density measurement is essential. With contemporary densimeters, such Anton
Paar's DMA series, this becomes most effective. Measuring density is necessary for ILs since

knowing their characteristics and behavior are essential for studying them.

Adjustment of the dampener's external and internal components in essential to operate
precisely. Turning it on and verifying the calibration would be necessary for this. The majority

of densimeters, such as Anton Paar's DMA instrument series, need to be calibrated using a few
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approved reference materials, such as distilled water, or standards, such as known density
solutions. Maintaining the calibration is crucial since it gives the upcoming measurements more

assurance.

Itisrequired to prepare the liquid sample uniformly before there are any analytically harmful
circumstances during the measurement. The findings will be impacted if there are air bubbles,
contaminants, or sediments present. The liquid may need to be filtered or degassed in order to
obtain reliable results. This is particularly crucial for samples that create foam or are viscous

liquids, as air bubbles can disrupt the oscillation frequency while measuring density.

Maintaining the solution temperature is crucial since the density value is dependent on the
temperature at which it is measured. Internal temperature control allows the operator to select

temperatures for studies in densimeters like the DMA 5001.

20°C is chosen as the temperature for every application that does density measurements
because it is the international standard temperature for the majority of industrial and scientific
applications. In this study the upper limit is 70°C with increments of 10°C, each step measured

3 times, and then an average is chosen.

The measuring cell of the probe receives the liquid sample and is typically U-shaped. The
usual procedure is to fill the cell completely; if not, the liquid will rise slowly and eventually
eject some air, leaving the cell partially empty, which will cause the U-tube to oscillate

incorrectly.

The instrument uses a certain type of measuring procedure. For instance, the oscillating U-
tube method is used as a tool for density analysis measurements for the DMA 5001 model. This
type of measurement tool is also seen in a filled tube with an estimated natural oscillation
frequency. Using the recorded frequency, the gadget does an extremely accurate density
calculation. It will then additionally recognize the content of certain specified components and

calibrate the density with the temperature.

However, the machine's balanced density is shown on the densimeter in the range of values
for heating only. Courts are often granted tolerances a few decimal places over the permitted
range (e.g., £0.000005 g/cm? for the DMA 5001). Many of the newest gadgets can save, export,

or integrate with software to send data to platforms for further in-depth research.
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Cleaning the chamber after measurement is critical as well. It is possible for any remaining
liquid to contaminate subsequent samples or even harm the densimeter itself. For long-term

use, the cell must be cleaned using the proper cleaning solvent and dried with air.
2.4.3 Viscosity

One of the key elements influencing the use of ILs is their viscosity, particularly when it
comes to their use as solvents for extraction and catalysis, among other processes.
Consequently, a lot of work has gone into creating and designing low-viscosity ILs [58]. Because
of its polar aprotic character and comparatively low toxicity as compared to other solvents,
DMSO improves the compatibility and performance of [Cho][Pro] by decreasing its viscosity

[59].

The viscosity analysis can be done using Rheometer MCR 702e Anton Paar (Figure 21). This
device is appropriate for advanced rheological measurement. Two parallel plates were inserted
in the device because this geometry is more suitable for high viscous fluids. The zero gap is then
set after alignment. The temperature was set and stabilize on 25°C to reach the maximum
during the test which is 70°C. The humidity was set on 30% and the N2 pressure is set on 6 bar.

A few drops of the sample are put on the device, enough to cover the plates surface.

Through the software, the test is initiated. The rheometer applies precise shear stress and
shear rate to the sample and measures the resulting deformation or flow behavior. The viscosity

is calculated from Equation 1:

Equation 1: Calculation of viscosity by rheometer

-
n=—
i

where 1) is the viscosity (Pa-s), T is the shear stress (Pa), and y" is the shear rate (s™).

After about an hour the software obtains the plot of viscosity vs. temperature. The viscosity

should decrease with increasing temperature, so the resulting curves must be descending.

This test can be performed in future to give a more comprehensible understanding of ILs

behavior.
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Figure 21: Viscosity Meter instrument

2.4.4 DSC

Differential Scanning Calorimetry (DSC) is to understand the intrinsic behavior of materials.
There is a furnace inside the instrument (Netzsch DSC 204 F1) (Figure 22), coped with a precise
balance. The sample IL is weighed in tiny aluminum cups called crucibles. The difference of this
method with TGA is that here there is a closed crucible which is being compared to a reference

empty crucible.

A hole is made in the crucible’s lid to allow possible exhalent gas from the sample, IL. In case
of [Cho][Pro]solutions in DMSO the hole is not needed. Then, the pressing machine is used to

close the lid before it is placed inside the instrument.

The machine is operated in three cycles. The temperature is increased from 20 °C to 150 °C
to remove impurities and weak-bonded ligands, and it is held at this temperature for 10 minutes
to stabilize. Then, it is dropped to -70 °C to crystallize the system. The heat rate is set to 10

K/min. After the first round, the real analysis is started. This process is repeated for three cycles,
taking almost 3 hours. The protective purge is kept at 50 milln A flux of 20 ml of N2 is chosen

since the changes are made more evident by using this flux.
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Figure 22: DSC characterization instrument

2.4.5 TGA-IR

Thermogravimetric analysis (TGA) is used to characterize the thermal behavior of materials
over time. With this measurement, much information about the sample can be obtained.
For this device (Netzsch TG 209 F1 [Figure 23]), Oz and N2 are used. If different gases are used,

the behavior would change.

The crucibles are made of ceramic with a standard weight of 160 mg. Using gloves and
ethanol, the instrument is cleaned before the crucible is placed inside without any lid. By
pushing the two closing buttons simultaneously, the crucible is isolated and closed. The first
step is for the empty crucible to be weighed, and the super-sensitive balance inside the
instrument is tared. Then, the cap is opened, and the crucible is filled with the sample,
[Cho][Pro]. One drop of IL is enough for the machine to respond. The preferable amount of
sample for a TG analysis is considered to be between 10 and 40 mg. After a few minutes of
oscillation, the weight is more stable and the measurement is started, which takes about 48
minutes. The sample is subject to a wide range of temperature changes at a constant rate of 20

K, starting from 30 °C, and its mass is meticulously measured over time.
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Figure 23: TGA-IR characterization instrument

2.4.6 Carbon capture test

Gravimetric analysis is a quantitative procedure in analytical chemistry used for determining
the mass of a substance for calculating its concentration. In this application, however, the
quantity of CO, consumed is measured by using an appropriate absorbent to collect the gas

from a gas stream before weighing it post-collection to determine mass change.

Because of particular characteristics of ionic liquids (ILs), for instance, their ability to absorb
CO:z at very high levels, tunable chemistries, and low volatilities, CO2 absorption with ILs, such
as choline prolinate ([Cho][Pro]), has emerged as a promising carbon capture theme. Since

[Cho][Pro] is highly viscous, diluted solutions of [Cho][Pro] in DMSO were tested.

As [Cho][Pro]contains the prolinate anion, which combines with CO, to generate carbamate

or bicarbonate species, it absorbs CO, through a chemical process.
The following is a summary of the reaction:
CO2 + [(CH3)3N*CH2CH20H]-[CsHsNO2]- = [(CH3)3N*CH2CH20H]-[CsHsNO2-COz2]

Method: A small vial of 5 ml volume was prepared as the sample holder of the reactor. Its
volume was confirmed by measuring it with distilled water. Then the empty dried vial and the
whole reactor plus a tiny magnetic stirrer were weighted. 2.5 ml of solution was poured into the
reactor using a pipette, and then weighted again. In this way the initial mass of the solution is
obtained under inactive condition to establish a baseline. The reactor is connected to the

instrument, ready for the test (Figure 24).
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The procedure to purify the system which is done to study CO2z uptake in the presence of an
ionic liquid requires certain steps to be followed. One such step is to introduce a nitrogen flow.
Using the software, the sample gets exposed to a controlled flows of CO2 and N2. The
temperature is set at 25 °C at 0.9 bar and the flux at 10 ml/min. It is crucial to begin with N2
flow to ensure that the residual gases such as CO2, Oz and humidity are minimized. These
adjustments help maintain stable temperature and pressure conditions of the system through
the flow of nitrogen, and thus prevent distortion in results related to subsequent CO2 absorption
from the environment. It is through this approach that IL is effectively analyzed. By adhering to
such stringent measures, guarantee of obtaining highly accurate and repeatable results is

achieved.

Figure 24: The reactor containing Figure 25: The gravimetric analyzer for

2.5mlof IL COz absorption test

After nitrogen flux, the reactor is weighted again. Then it goes through CO2 exposure. Each
ten minutes, the procedure is paused and the weight of the reactor is measured by a digital scale
with a precision of 0.00001 gram. If some amount of COz is dissolved into the solution, the mass
of the reactor should be increased. Once this increment becomes stable or negative, the
maximum absorption capacity has been reached, thus the procedure is finished. The percentage

of absorbed COz2 is then calculated and compared to other solutions.

The H.E.L E1746s gravimetric analyzer (Figure 25) was used for this test. It functions as a gas

sorbent measuring device for different materials including ionic liquids. It allows the estimation
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of absorption kinetics and capacities of samples that are immersed in certain gases like CO, at

controlled pressure and temperature conditions.

2.4.7 PVT test

The PVT cell in this study, PVT 300/700 FV EDU by Sanchez technologies [Figure 27], is
comprising a fluid mixer on a piston, a precise pressure transducer, and electric heater control
for temperature. A digital camera system under sapphire windows positions on the cell's visual
head to view the liquid/gas interface. To ensure safety in handling the substances, all parts
coming in contact with fluids are made from Hastelloy to withstand intense pressures and
temperatures. At the outlet, the liberated gas after each pressure step is cooled down by the
dry-ice cooling system before entering the gasometer [60] as shown in the schematic of the

experimental setup in [Figure 26].

The PVT machine is equipped with a piston mechanism that can be adjusted by the operator
to reach either a constant volume or a specific pressure. From the piston position the software
can calculate the cell’s volume. Sensors within the cell monitor temperature and pressure,
guiding the piston until reaching the desired conditions. More detailed description of the

instrument is available in the study done by Tawil et. al [15].
Some of the PVT FV characteristics are as follows:

 Constant temperature control system

« Stirring by magnetic coupling

e Automatic valves

e Control cabinet

e Calibrated pressure sensor and temperature sensor

e CCD digital video camera 6M pixels

 Data acquisition and processing system

 High pressure valves, pipes and filters

Several experiments can be done by this PVT cell, including: Constant Compositional
Expansion, Constant Compositional Depletion, Constant Volume Depletion, Fluid Envelop

Phase, Separator Test, and Differential Vaporization.
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Figure 27: Sanchez PVT Cell Figure 26: Schematic of experimental setup

Three solutions of [Cho][Pro] in DMSO were tested at pressures of 3, 5, 10, and 20 bar with

temperature kept at 40 °C in a constant volume.

The experiment is carried out at a constant volume of 300 ml. First, the cell is loaded with 25
ml of the solution, while the remainder of its space is filled with CO, at 3 bar which takes about
10 minutes. Using the PVT software (Euclid), the cell’s volume is calculated after the injected
flow rate is monitored by the flow meter. The temperature is heated to 40 °C at 3 bar. Then again,
the software calculates the new volume of gas. The cell is rotated to vertical position to create a
cylindrical liquid column for estimation of the diffusivity coefficient. The system with the
solution in contact with the gas is then let to equilibrate for the necessary amount of time, while

the pressure sensor tracks the changes in pressure with time.

The stirring mechanism is activated to improve the absorption process. As Hu et. al [61]
experiment demonstrates, increasing the velocity of gas by increasing the pressure of CO2 and
increasing the stirrer speed to accelerate the flow of liquid both can excellently diminish the
mass transfer resistance in the corresponding phases, and move the transition faster towards
physisorption. Thus, it indicates that CO, is absorbed more quickly when the solution is stirred

more strongly.
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Then the cell is turned back to horizontal position for the software to measure the residual
volume of gas. As the first step finishes at 3 bar, the volume is reduced in order to increase the
cell’s pressure to 5 bar. Waiting for the pressure to reach equilibrium at a constant volume may
take several hours depending on the concentration of ionic liquid and type of the test. Once the
solution had taken up as much CO, as possible for the given pressure and temperature, this

procedure will be also repeated for P at 10 and 20 bar.

At this point, the cell’s pressure is brought down to 2 bar and the gas is discharged, being
sent to gasometer for a more precise measurement. Although the software estimates the gas
and liquid filled amounts at the interface selected manually, this approach only provides
approximations of volumes. More accurate volume measurements can be provided using a
gasometer, but that can only be done when the gas has vented from the cell at the end of the

test. Thus, visual estimations form the basis of quantity measurements taken during the test.

Additionally, the cell was heated to 85 degrees to break the chemical bonds. At this point, the
pressure was lessened further to release all the liberated gas, which was then measured using

the gasometer.
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3. Results and discussion

3.1 ATR-IR

In Figure 29 the scale is maximized to ensure the curve and peaks are seen well since the Y
axis is an arbitrary unit related to the absorbents of liquid. The X axis is the wavelengths in cm-
1. The higher wavelengths (left-side) are not considered very useful since many reflections from
the surface occur and are not reliable. The curves are reversed by the software (OPUS) to

remove this part and allow the peaks to be shown in a better way.

Positional and intensity changes between the peaks indicate variations in the strength and
bending of bonds, which were shown to be influenced by molecular and ionic interactions in

the samples.

The IR spectrum of pure [Cho][Pro] (see Figure 28) exhibits characteristic bands 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. The most

significant bands observed are:

e 1590 cm™ - Asymmetric stretching of the carboxylate (-CO0™) group.
e 1380 cm™ - Symmetric stretching of the carboxylate (-CO0™) group.
e 3200-3400 cm™* - Broad band associated with hydrogen-bonded OH and NH stretching.

e 950-1050 cm™ - C-N stretching, characteristic of the choline cation.

These peaks define the spectral fingerprint of pure [Cho][Pro], before it interacts with CO,
or undergoes dilution in a solvent. The broad OH/NH stretching band in the 3200-3400 cm™
region suggests strong intermolecular hydrogen bonding, a common feature in choline-based

ionic liquids.

When [Cho][Pro] is dissolved in DMSO, notable spectral changes occur due to solvent

interactions:

e The broad OH/NH stretching band (3200-3400 cm™') significantly decreases in
intensity, indicating that DMSO disrupts hydrogen bonding between IL molecules.

o The carboxylate (-COO7) stretching bands at 1590 cm™" and 1380 cm™ shift slightly due

to solvent-induced electronic effects, but remain prominent.
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e New peaks appear in the 1000-1100 cm™ range, corresponding to DMSO'’s

characteristic S=0 stretching vibrations, which overlap with C-N stretches from the IL.

These changes suggest that DMSO weakens intra-IL hydrogen bonding, leading to a different

molecular environment for CO, interaction compared to pure [Cho][Pro].

The spectral variations follow a consistent trend across different IL concentrations,
suggesting that the CO, interaction mechanism remains unchanged. Additionally, the relative
intensity of IL-specific peaks increases as IL concentration increases, confirming the
concentration-dependent spectral response.
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Figure 28: Comparison of [Cho][Pro] ATR-IR at various solutions

Upon CO, absorption, DMSO solution of [Cho][Pro] exhibit major spectral modifications,
confirming the formation of carbamic acid and ammonium carbamate species. Key changes

include:

o The appearance of a new band at ~1683 cm™

carbamic acid.

, corresponding to C=0 stretching of

e The carboxylate (-COO~) asymmetric stretching mode shifting from 1590 cm™ to ~1628
cm™?, indicating CO, binding.

e The presence of NH," species, confirmed by the appearance of bending modes at ~1570
cm~tand ~1381 cm™, associated with secondary amine protonation.

CO; reacts with the amine group of prolinate, forming either carbamic acid or ammonium
carbamate, depending on solvent effects. The intensity of these new bands is higher in pure
[Cho][Pro] compared to its DMSO solution, suggesting stronger CO, interactions in the absence

of a solvent.
38



In DMSO solutions, the formation of ammonium carbamate becomes more prominent with
dilution, due to the influence of solvent polarity and dilution effects [Figure 28,Figure 29,Figure

30, and Figure 31].

[Cho][Pro]12.5% in DMSO:
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Figure 29: ATR-IR of [Cho][Pro] 12.5% in DMSO

[Cho][Pro] 33% in DMSO:
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Figure 30: ATR-IR of [Cho][Pro] 33% in DMSO
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[Cho][Pro] 50% in DMSO:
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Figure 31: ATR-IR of [Cho][Pro] 50% in DMSO

[DMP][Pro]:

The IR spectrum of N,N-dimethylpyrrolidinium prolinate [DMP][Pro] (see Figure 32) retains
the fundamental vibrational features of the prolinate anion while exhibiting distinct
modifications in the C-H stretching and bending regions due to the presence of the

pyrrolidinium cation.
1. Comparison with [Cho][Pro]

In direct comparison with [Cho][Pro], the main absorption bands associated with the

carboxylate (-COO™) group of prolinate remain nearly unchanged, specifically:

The asymmetric stretching mode at ~1588 cm™ and symmetric stretching mode at ~1375

1

cm™", characteristic of the prolinate carboxylate, are still present.

The N-H and C-N stretching bands associated with the amine group of prolinate also maintain

similar positions, confirming that the fundamental structure of the anion is preserved.

However, significant changes occur in the spectral regions influenced by the N,N-

dimethylpyrrolidinium cation, particularly in the C-H stretching and bending vibrations:

The C-H stretching region (2800-3000 cm™*) exhibits new bands and increased intensity, due
to the presence of the methyl (-CHs) and methylene (-CH;) groups in the pyrrolidinium ring.
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The C-H bending vibrations (1350-1450 cm™) are slightly shifted compared to [Cho][Pro],

reflecting the altered electronic environment introduced by the pyrrolidinium cation.
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Figure 32: ATR-IR Spectra of [DMP][Pro]

3.2 Density

As discussed before in section 2.4.2 Density, using Anton Paar DMA 5001, the density of ILs
was measured. Table 4 shows the results of these measurements. Expectedly, pure [Cho][Pro]
has the highest density at 20°C. As the temperature increases, the density decreases with a
linear trend, leading to the lowest density for the most diluted [Cho][Pro]-DMSO solution at the

highest measured temperature [Figure 33: Density trends measured for ILs].

This trend is consistent with expectations since pure ionic liquids generally exhibit higher
densities due to the strong electrostatic interactions between ions and the intrinsic molecular
packing. When diluted with DMSO, the overall density decreases because DMSO, having a lower
intrinsic density, disrupts the structured ion network, leading to an overall reduction in density.
Additionally, as temperature rises, thermal expansion further reduces density across all
compositions, with a more pronounced effect in diluted solutions due to the greater presence

of solvent molecules, which are more thermally responsive.

The observed density variations confirm that the strength of intermolecular interactions in
the IL solution is directly influenced by both temperature and concentration, aligning with

previously reported trends for IL-solvent systems
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Table 4: Density Comparison of ILs at different Temperatures

Densit ml
Temp y (g/ml)
oC
0 112509 | 33.00% | 50.00% | Pure [Cho][Pro]
20 1.095 1.099 1.109 1.119
30 1.085 1.091 1.101 1.113
40 1.076 1.083 1.093 1.107
50 1.066 1.075 1.086 1.101
60 1.057 1.066 1.078 1.095
70 1.047 1.057 1.070 1.089
12.50% 33% ==@=50% e=@==Pure
1.14
1.12
11 \\.
E
< 1.08
z
g 1.06
© 104
1.02
1
20 30 40 50 60 70
Temperature (°C)
Figure 33: Density trends measured for ILs
3.3 TGA-IR

[Cho][Pro] 12.5%:

Figure 34 belongs to the TGA of [Cho][Pro] 12.5% in DMSO. As seen on the graph, the first

degradation must belong to the DMSO since it is 87.5% w/w of the solution, and its mass change
is showing the same amount of loss. Its onset temperature is about 128.6 °C and the minimum
peak of 1st derivative is at 167.1 °C. The second step belongs to degradation of [Cho][Pro]. Its

onset temperature is at 199.2 °C and minimum peak of 1st derivative is at 222.7°C.
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Figure 34: TGA and its 1st derivative curve for [Cho][Pro] 12.5% in DMSO
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Figure 35: Gas-phase IR spectrum of [Cho][Pro] 12.5% in DMSO at 106.5 °C

The peak at 3001 cm! corresponds to the stretching vibrations of C-H within sp? hybrid
carbons, which usually exist for unsaturated or aromatic systems. Most probably, it originates

from the methyl or methylene parts from the proline or choline molecule in this case.

As for the peak concerning alkyl groups because it is associated with C-H stretching
vibrations of sp3 hybridized carbons, namely at 2923 cm-1, has been acquired from the choline

cation (-CHz and -CHs groups) and perhaps DMSO, which has contributed to the same.

In fact, the peak at 2359 cm-1 corresponds to or indicates the evolution of the gas CO: at that
temperature, which is presumably caused by the decarboxylation of the prolinate anion. The

result is the incipient thermal degradation of the ionic liquid.
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1418 cm™: This peak is due to the scissoring or bending vibrations of the C-H bonds of

methyl and methylene groups. This is more likely resultant from interacting with DMSO or

choline cations in vapor phase.

1101 cm™ is a highly favored peak that indicates the S=0 stretching vibrations of DMSO. The

intensity shows that during heating, DMSO is either being evaporated or incorporated to the

evolved gases.
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Figure 36: Gas-phase IR spectrum of [Cho][Pro] 12.5% in DMSO at 193.5 °C
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Figure 37: Gas-phase IR spectrum of [Cho][Pro] 12.5% in DMSO at 221 °C

Stretching frequencies involving C-H bonding for sp® hybridized carbons found in methyl and

methylene moieties are characterized by peaks at 2975 cm™ and 2795 cm™. This type of
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vibration is caused by the methyl (-CH3) and methylene (-CHz-) groups of choline or those added
by DMSO.

The C=0 stretching vibrations indicated by this peak, which is located at 1797 cm-1, are most
likely caused by disintegrating products containing carbonyl functional groups (acids such as
proline or choline, as well as likely some intermediates created during their thermal
breakdown). This signal through carbonyl species, or CO,, is most likely caused by the

decarboxylation of the prolinate anion.

1362 cm-1: This peak represents the methyl and methylene groups' C-H bending vibrations,
often known as asymmetric bending or scissoring. The alkyl groups in choline or the

intermolecular interactions in DMSO are most likely the cause.
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Figure 38: Gas-phase IR spectrum of [Cho][Pro] 12.5% in DMSO at 602 °C
[Cho][Pro] 33% in DMSO:

Figure below belongs to the TGA of [Cho][Pro] 33% in DMSO. As seen on the graph, the first
degradation must belong to the DMSO since it makes 66% w/w of the solution, and its mass
change is showing almost the same amount of loss. Its onset temperature is about 127.6 °C and
the minimum peak of 1st derivative is at 159.2 °C. The second step belongs to degradation of
[Cho][Pro]. Its onset temperature is at 290.9 °C and minimum peak of 1st derivative is at 222.1

°C. The noisy look of the graph is most probably an indication of water presence in the solution.
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Figure 39: TGA and its 1st derivative curve for [Cho][Pro] 33% in DMSO
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Figure 40: Gas-phase IR spectrum of [Cho][Pro] 33% in DMSO at 125 °C
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Figure 41: Gas-phase IR spectrum of [Cho][Pro] 33% in DMSO at 158 °C
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Figure 42: Gas-phase IR spectrum of [Cho][Pro] 33% in DMSO at 221 °C
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Figure 43: Gas-phase IR spectrum of [Cho][Pro] 33% in DMSO at 602 °C

[Cho][Pro] 50% in DMSO:

Figure 44 belongs to the TGA of [Cho][Pro] 50% in DMSO. As seen on the graph, the first
degradation must belong to the DMSO since it is 50% w/w of the solution, and the its mass
change is showing the same amount of loss. Its onset temperature is about 114 °C and the
minimum peak of 1st derivative is at 153 °C. The second step belongs to degradation of
[Cho][Pro]. Its onset temperature is at 189 °C and minimum peak of 1st derivative is at 256 °C.

The noisy look of the graph is most probably an indication of water presence in the solution.
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Figure 44: TGA and its 1st derivative curve for [Cho][Pro] 50% in DMSO
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Figure 45 Gas-phase IR spectrum of [Cho][Pro] 50% in DMSO at 112 °C
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Figure 46: Gas-phase IR spectrum of [Cho][Pro] 50% in DMSO at 150 °C
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Figure 47: Gas-phase IR spectrum of [Cho][Pro] 50% in DMSO at 251 °C
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Figure 48 Gas-phase IR spectrum of [Cho][Pro] 50% in DMSO at 600 °C

[Cho][Pro] Pure:

Figure 49 belongs to the TGA of [Cho][Pro] pure. As seen on the graph, the first degradation

could belong to the impurities, and its mass change is showing the same amount of loss, almost

6%. Its onset temperature is about 90 °C. The second step belongs to degradation of [Cho][Pro].

Its onset temperature is at 183.4 °C the minimum peak of 1st derivative is at 264.1 °C.
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Figure 49: TGA and its 1st derivative curve for [Cho][Pro] Pure
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Figure 50: Gas-phase IR spectrum of [Cho][Pro] Pure at 182 °C
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Figure 51: Gas-phase IR spectrum of [Cho][Pro] Pure at 259 °C
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Figure 52: Gas-phase IR spectrum of [Cho][Pro] Pure at 600 °C
[Cho][Pro] 12.5% in DMSO Post COz Capture:

Figure 53 belongs to the TGA of [Cho][Pro] 12.5% in DMSO after gravimetric analysis. As seen
on the graph, the first degradation must belong to the DMSO since it is 87.5% w/w of the
solution, and its mass change is showing almost the same amount of loss. Its onset temperature
is about 131 °C and the minimum peak of 1st derivative is at 164 °C. The second step belongs to
degradation of [Cho][Pro]. Its onset temperature is at 193 °C and minimum peak of 1stderivative

isat 220 °C.
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Figure 53: TGA-IR curve for [Cho][Pro] 12.5% in DMSO after Gravimetric test
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Figure 54: Gas-phase IR spectrum of [Cho][Pro] 12.5% in DMSO after Gravimetric test at 121 °C
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Figure 55: Gas-phase IR spectrum of [Cho][Pro] 12.5% in DMSO after Gravimetric test at 159 °C
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Figure 56: Gas-phase IR spectrum of [Cho][Pro] 12.5% in DMSO after Gravimetric test at 217 °C
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Figure 57 Gas-phase IR spectrum of [Cho][Pro] 12.5% in DMSO after Gravimetric test at 600 °C
[Cho][Pro] 33% in DMSO Post CO: Capture:

Figure 58 belongs to the TGA of [Cho][Pro] 33% in DMSO. As seen on the graph, the first
degradation must belong to the DMSO since it makes 66% w/w of the solution, and its mass
change is showing more or less the same amount of loss. Its onset temperature is about 117 °C
and the minimum peak of 1st derivative is at 153 °C. The second step belongs to degradation of

[Cho][Pro]. Its onset temperature is at 184 °C and minimum peak of 1st derivative is at 212 °C.
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Figure 58: TGA-IR curve for [Cho][Pro] 33% in DMSO after Gravimetric test
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Figure 59: Gas-phase IR spectrum of [Cho][Pro] 33% in DMSO after Gravimetric test at 116 °C
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Figure 60: Gas-phase IR spectrum of [Cho][Pro] 33% in DMSO after Gravimetric test at 149 °C
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Figure 61: Gas-phase IR spectrum of [Cho][Pro] 33% in DMSO after Gravimetric test at 216 °C
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Figure 62: Gas-phase IR spectrum of [Cho][Pro] 33% in DMSO after Gravimetric test at 600 °C
[Cho][Pro] 50% in DMSO Post CO:z Capture:

Figure 63 belongs to the TGA of [Cho][Pro] 50% in DMSO. As seen on the graph, the first
degradation must belong to the DMSO since it is 50% w/w of the solution, and its mass change
is showing almost the same amount of loss. Its onset temperature is about 97 °C and the
minimum peak of 1st derivative is at 157 °C. The second step belongs to degradation of

[Cho][Pro]. Its onset temperature is at 191 °C and minimum peak of 1st derivative is at 198 °C.
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Figure 63: TGA-IR curve for [Cho][Pro] 50% in DMSO after Gravimetric test
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Figure 64: Gas-phase IR spectrum of [Cho][Pro] 50% in DMSO after Gravimetric test at 92 °C
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Figure 65: Gas-phase IR spectrum of [Cho][Pro] 50% in DMSO after Gravimetric test at 155 °C
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Figure 66: Gas-phase IR spectrum of [Cho][Pro] 50% in DMSO after Gravimetric test at 255 oC
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Figure 67: Gas-phase IR spectrum of [Cho][Pro] 50% in DMSO after Gravimetric test at 600 °C
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Figure 68: TGA-IR curve for [DMP][Pro]
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Figure 69: Gas-phase IR spectrum of [DMP][Pro] at 154 oC
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Figure 70: Gas-phase IR spectrum of [DMP][Pro] at 254 °C
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Figure 71: Gas-phase IR spectrum of [DMP][Pro] at 400 °C

Table 5: TGA Onset and 1st Derivative Minimum temperature for tested ILs

Before CO2 capture After COz Capture
Min. of 1st Min. of 1st
Ionic Liquid Onset Temp. (°C) | Derivative | Onset Temp. (°C) | Derivative
Peak (°C) Peak (°C)
[Cho][Pro] 12.50% 127 167 131 164
[Cho][Pro] 33% 127.6 159.2 117 153
[Cho][Pro] 50% 114 153 97 157
[Cho][Pro] Pure 184 264 - -
[DMP][Pro] 154 255 - -

3.5 DSC

[Cho][Pro] 12.5%:

The DSC diagram shows heat flow as a function of temperature in mW, with results expressed
in degrees Celsius. It can be deduced that the blue curve represents cooling, whereas the red
curve represents the heat phase. Endothermic (upward peaks) or exothermic (downward
peaks) changes are examples of significant thermal events, such as phase transitions (including

but not limited to melting, crystallization, and glass transitions).
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Figure 72: DSC curves for [Cho][Pro] 12.5% in DMSO, 2nd phase, -70 to 150 and to -70 °C

The glass transition temperature (Tg) for a material that is changing from a hard glassy state
to an amorphous, rubbery state is around -40 °C, as seen by the blue curve, which also exhibits
cooling. This was demonstrated for common ionic liquids and DMSO combinations, which
demonstrated outstanding thermal behavior and verified a wide disorder in the sample's

molecular architecture.

Melting Temperature (about 0 °C): The red curve's abrupt endothermic peak in the heating
phase, which is close to 0 °C, easily matches the melting temperature of pure DMSO and serves
as a marker for the transition from solid to liquid phase. At these temperatures, pure DMSO

dissolves.

Broad Endotherm Event (~ 50-100 °C): The extremely wide endothermic zone in the heating
trend between 50 and 100 °C indicates that the ionic liquid may still be undergoing some
structural rearrangements or that some water may still be evaporating. It appears that
complicated thermal behavior might result from these interactions between choline prolinate

and DMSO.

Crystallization (~ -20 °C): The liquid crystallizes into a semi-ordered or crystalline phase, as
indicated by the abrupt exothermic peak in the cooling phase (blue curve). The components of

the DMSO or the ionic liquid combination may be to blame for this.

Thermal stability (~ 150 °C): The ionic liquid was confirmed to be thermally stable at this
temperature and under these experimental circumstances as no notable endothermic or

exothermic peaks were detected above 150 °C.
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Figure 73: DSC curves for [Cho][Pro] 12.5% in DMSO, 3rd phase, -70 to 150 and to -70 °C

1. Glass Transition (~-75 °C): The glass transition temperature (Tg), which is located at -75
°C, is associated with a subtle step shift in the cooling phase (blue curve). A change from a glassy
(rigid) state to an amorphous (rubbery) state is thus indicated. When an ionic liquid and DMSO

combination have a disordered molecular structure, this is what they usually exhibit.

2. Melting Point (~ 0 °C): To indicate the transition of DMSO from solid to liquid, the red
curve's (heating phase) abrupt endothermic peak around 0 °C correlates to that melting point.

The pure melting temperature of DMSO is exactly in line with this.

3. Broad Endothermic Event (~ 30-80 °C): The heating phase between 30 and 80 °C shows a
broad endothermic peak, which might indicate internal rearrangements in the choline
prolinate-DMSO combination or the evaporation of the remaining water. Because of hydrogen
bonds and ionic interactions, the thermal behavior most likely results from interactions

between choline prolinate and DMSO.

4. Crystallization (~ -50 °C): Crystallization is shown by the strong down exotherm in the
cooling phase (blue curve) close to -50 °C. This is the change from a liquid to a semi-organized

or crystalline phase, which might be the case for an ionic liquid or DMSO component.

For the purpose of simplicity and conciseness, the analysis of DSC curves is done only for

one solution, and for the rest the same approach can be applied.

64



[Cho][Pro] 33% in DMSO:

1.5

-
o
PR

®

=

Q.
=]

o

[&)]
|

05
10
45

exo -2.5 4

Heat Flow (mW)

-3.0 -

T T T T T T T T T
-100 -50 0 50 100 150
Temperatue (°C)

Figure 74: DSC curves for [Cho][Pro] 33% in DMSO, Znd phase, -70 to 150 and to -70 °C
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Figure 75: DSC curves for [Cho][Pro] 33% in DMSO, 3rd phase, -70 to 150 and to -70 °C
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Figure 76: DSC curves for [Cho][Pro] 50% in DMSO, 2nd phase, -70 to 150 and to -70 °C
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Figure 77: DSC curves for [Cho][Pro] 50% in DMSO, 3rd phase, -70 to 150 and to -70 °C
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Figure 78: DSC curves for Pure [Cho][Pro], 2nd phase, -70 to 150 and to -70 °C
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Figure 79: DSC curves for Pure [Cho][Pro], 3rd phase, -70 to 150 and to -70 °C
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Figure 80: DSC curves for [DMP][Pro], 2nd phase, -70 to 150 and to -70 °C
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Figure 81: DSC curves for [DMP][Pro], 3rd phase, -70 to 150 and to -70 °C

3.6 Carbon capture test

The CO, absorption was not evaluated for pure [Cho][Pro] and [DMP][Pro] due to their high
viscosity, which made it impossible to obtain clear and reproducible measurements.
Preliminary tests showed that excessive viscosity led to bubble formation and material loss,
preventing a reliable assessment of CO, absorption capacity. Furthermore, the extreme

viscosity of these ILs would make them unsuitable as absorbent liquids in gas-liquid contact
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columns, where efficient mass transfer and proper fluidity are essential for process

effectiveness.

To overcome this limitation, [Cho][Pro] and [DMP][Pro] solutions in DMSO were tested, with
DMSO acting as a co-solvent to reduce viscosity and improve the handling of the absorption
process. The following sections present the results obtained for different concentrations in

DMSO, evaluating the impact of dilution on absorption performance and system stability.

The gravimetric analysis results in Table 6 confirm that the absolute amount of CO, absorbed
increases with higher IL concentration, as expected. This trend aligns with the findings
discussed in section 2.4.6 Carbon capture test, where the higher presence of [Cho][Pro] in the
solution leads to a greater overall CO, uptake due to the increased availability of reactive amine

sites.

Figure 82: Gravimetric Analysis trends further illustrates this trend, demonstrating that

solutions with higher IL content exhibit higher w/w absorption efficiency.

However, when analyzing the molar efficiency (mol CO, per mol [Cho][Pro]), a reverse trend

is observed:

e The most diluted solution (12.5% [Cho][Pro]) exhibits the highest molar efficiency

(0.71), meaning each mole of IL captures more CO,.

e As the IL concentration increases (33% and 50% solutions), the molar efficiency

decreases to 0.59 and 0.56, respectively.

This behavior is consistent with previous studies on [Cho][Pro]-DMSO systems, as discussed

in the article. The reduction in molar efficiency at higher IL concentrations can be attributed to:

1. Increased viscosity in more concentrated solutions, which hinders gas diffusion and

reduces the accessibility of CO, to all reactive sites.

2. Stronger ionic interactions in pure or highly concentrated ILs, which may limit the

reactivity of the amine group towards CO,.

3. Possible formation of carbamic acid and ammonium carbamate species, which might

alter the reaction equilibrium at different IL concentrations.
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These results confirm that while higher IL content enhances absolute CO, absorption, it does
not necessarily maximize molar efficiency, indicating a trade-off between absorption capacity

and reaction efficiency.

Table 6: Gravimetric Analysis Results

After CO2 capture
. w/w Efficienc . .
% of [Cho][Pro] in DMSO / o Y | Molar Efficiency
0
12.50% 2.20 0.71
33% 4.84 0.59
50% 6.97 0.56
8.00 0.80
7.00 o 0.70
6.00 0.60
s s
2 5.00 . 050 ¢
£ 4,00 0.40 2
2 8
< 3.00 030 ©
2 s
2.00 ¢ 0.20
@ w/w Efficiency
1.00 0.10
Molar Efficiency
0.00 0.00
0.00% 10.00%  20.00%  30.00%  40.00%  50.00%  60.00%
% of ChoPro in Solution
Figure 82: Gravimetric Analysis trends
3.7 PVT test

PVT tests were conducted on solutions of [Cho][Pro] at 12.5%wt, 33%wt and 50%wt in
DMSO. By way of example, here are reported the results of the test for the 33%wt. Further

analysis is beyond the scope of this thesis.

The presented test is composed of four pressure steps, starting from 3, 5,10 and 20 bars
respectively (see Figure 83). The duration of the third step is significantly longer because it
didn’t reach equilibrium during the working day, so the adsorption was allowed to continue
during the night. The temperature, initially in ambient conditions, was increased to 40°C during
the first step and maintained to 40° until the last step reached equilibrium. Afterwards, the
temperature was increased to 85 degrees to break chemical bonds. For further details on the

test see section 2.4.7.
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Figure 83: PVT test steps for [Cho][Pro] 33% in DMSO

It can be observed that at the beginning, during the first step at 3 bar, there is some impact
from temperature because, at that moment, it was still rising from ambient temperature
(around 18-20°C) to 40°C. As a result, the pressure trend is partially affected by the fact that the
temperature is still increasing.
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Figure 84: A comparison of the normalized pressure trends of PVT test for [Cho][Pro] 33% in DMSO
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Figure 85: A comparison of the pressure trends of PVT test for [Cho][Pro] 33% in DMSO

80
70 ]
60

50

% Vg ads/Vg tot
B
o

0 5 10 15 20 25
Pressure (bar)

Figure 86: Percentage of volume of adsorbed gas to the total volume of gas at different pressure steps

The ratio between the absorbed gas and the liquid volume indicates that as the pressure

increases, more gas is absorbed as is obvious in Table 7 and Figure 86 .
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Table 7: Experiment data at each step

Vgas @ Vgas
T cell | P cell zZ V cell | Viiquid Vgas @ Vgadsorb
cell cond. adsorbed
(°Q) (bar) ) (ml) | (ml) sc (ml) /Vg tot (%)
(ml) (ml)
965.25
18.5 3.06 | 0.991379 | 300 | 24.20 | 275.80 | 855.65 | 109.60 11.35
40 3 0.991379 | 300 | 24.20 | 275.80 | 781.28 | 183.97 19.06
40 5.06 | 0.982698 | 135 | 24.20 | 110.80 | 534.06 | 431.19 44.67
40 10.15 | 0.960713 | 68 24.20 43.80 433.15 | 532.10 55.12
40 20.78 | 0.914366 | 38 24.20 13.80 293.50 | 671.75 69.59

Table 8: Comparison of Flowmeter with Gasometer data

P (bar) | T (°C) | V (ml sc) Vsc (ml)

SC 1.014 20

Flowmeter 1.014 0 899.4 |965.2539264

Before heating | 1.05 | 19.54 | 431.53 | 447.5528749

1.008 | 20.23 | 352.54 | 350.1792204

Gasometer | After heating | 1.031 | 20.45 | 100.51 | 102.0384447

0.998 | 20.58 | 58.87 57.8266742

Total 957.5972143

After calculation of Vs it can be deduced that the gas injected by the mass flow meter in the
beginning is very close in quantity to the gas recovered at the end of the test [Table 8]. This

means that almost all the gas injected was successfully extracted at the end of the experiment.
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Figure 88: Visible shift from Physisorption and Chemisorption

It can be observed from the pressure trend at Po = 20 bar that it helps separate the phase
where physisorption is dominant from the phase where chemisorption takes over. In the higher-
pressure steps like Figure 87, it is pretty clear because physisorption lasts a bit longer. Figure
88 is a zoomed-in version of Figure 87 where the pressure-drop and shifting towards
chemisorption is more evident. For the other pressures, this effect is also present, but its

duration is much shorter, making it harder to detect.
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4. Conclusion

This study provides a detailed analysis of CO, absorption in [Cho][Pro]-DMSO solutions, with
a particular focus on Pressure-Volume-Temperature (PVT) measurements as a tool to improve

the understanding of gas-liquid interactions in ionic liquid-based systems.

The results confirm that higher concentrations of [Cho][Pro] lead to greater absolute CO,
absorption, while more diluted solutions exhibit higher molar efficiency in CO, uptake. This
suggests a trade-off between total absorption capacity and the efficiency of IL utilization.
Gravimetric analysis showed that while the IL concentration enhances CO, absorption, the
diffusion and reaction kinetics are significantly influenced by the solvent environment and

viscosity of the system.

The PVT measurements provide key insights into the CO, absorption process under
controlled temperature and pressure conditions, offering a more comprehensive understanding
of the physical diffusion constant and equilibrium CO, concentration at high pressures. These
data are essential for developing more accurate models for gas absorption and improving

process simulations for an eventual scale-up of IL-based CO, capture technologies.

Future research should further explore the high-pressure behavior of ILs, focusing on
quantifying diffusion coefficients and equilibrium solubility at varying pressures, to refine the
thermodynamic and kinetic models needed for industrial applications. The ability to integrate
PVT analysis into CO, capture studies represents a significant advancement in the precision and

applicability of IL-based separation processes
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