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Abstract

Abstract Increasing 𝐶𝑂ኼ concentration in the atmosphere has caused significant con-
cern, paving the way to research and develop technologies like capture carbon and
storage (CCS) and carbon capture and utilization (CCU). This thesis focuses on
extracting 𝐶𝑂ኼ from Chimney stacks and regenerating the solvent using electro-
chemistry. The main aim of this thesis is to identify a solvent that is capable of
being used as a good 𝐶𝑂ኼ capture medium and at the same time as an electrolyte
for 𝐶𝑂ኼ reduction.

Deep eutectic solvents (DES) have been gaining much attention due to their de-
sirable properties such as biodegradability, low vapour pressure, and high tunability
for the required purpose. Research has shown promising results in the application
of DES in the field of 𝐶𝑂ኼ capture at a lower price with more eco-friendly solvent.
Choline chloride is the most widely used quaternary amine salt which has all the
desirable properties; when combined with a 𝐶𝑂ኼ philic hydrogen bond donor group
such as amines, a novel solvent could be formed. The low/negligible vapour pressure
of DES makes it suitable for 𝐶𝑂ኼ absorption in industrial applications. Based on the
literature, three different solvents were selected, Choline chloride and Ethylene gly-
col (ChCl:EG), Choline chloride and Monoethanolamine (ChCl:MEA) and Choline
chloride with Aminomethyl propanol (ChCl:AMP).

Various experiments were conducted on different molar ratios of selected solvents
to determine the physico-chemical properties. Viscosity was measured as it affects
the 𝐶𝑂ኼ absorption capacity due to limiting the mass transfer and has a significant
impact on ion mobility resulting in high ohmic drops and reduced efficiency of
the electrochemical extraction process. Conductivity was also measured as having
higher conductivity will reduce the ohmic drop and improve the 𝐶𝑂ኼ removal process;
conductivity is inversely related to viscosity. Effect of varying temperature, water
and 𝐶𝑂ኼ loading was observed on these physical properties.

Based on the experiments conducted, it was found that ChCl:EG solutions have
the highest conductivity among the pure solvents, with some of the lowest viscosities.
In the case of ChCl:MEA, the viscosity reduced with the increase in temperature
and increased drastically on the absorption of 𝐶𝑂ኼ. This is because of the formation
of carbamates as confirmed by FTIR. ChCl:AMP is a unique solvent as absorption
of 𝐶𝑂ኼ results in the formation of a bicarbonate precipitate, as shown in FTIR.

Addition of EG to ChCl:MEA solution improves the performance of the DES
significantly. At similar 𝐶𝑂ኼ loading, the viscosity of ChCl:EG:MEA (1:4:3) is almost
63.88% less and the electrical conductivity 134.45 % more than ChCl:MEA(1:6).

iii





Acknowledgement

The past 10 to 11 months have been very special in various ways, I have been at
the lowest and have bounced back to become stronger than ever before. This jour-
ney has given me a new sense of confidence and a strong purpose to move forward
in life, achieve goals that I never thought would be possible, seeing new horizons.
I take pride to admit that achieving a stronger mindset and this evolution that I
experienced was not all my doing. I feel blessed and lucky to have known many
people who were a part of my journey, helping and inspiring me along the way.

Hengameh Farahmandazad, you have been my mentor and an immense source of
inspiration throughout my thesis. Thank you for putting your faith in me, answer-
ing all my questions and helping me understand basic concepts. Your enthusiasm
for research is unmatched, all the discussions I had with you always filled me with
confidence and a determination to achieve the results. All the discussions with you
provided me with new knowledge and perspective. Thank you

I would like to thank Professor Wiebren de Jong for being my thesis supervisor.
Your guidance and inputs from time to time have been monumental towards the
work I have been able to do in this thesis. Thank you

I would also like to thank Professor Earl Goetheer for being my thesis chair.
You have been a constant source of motivation for me, I would always look forward
to my meetings with you. Your positivity pushed me to achieve more, thank you
for taking time out of your busy schedule. Your belief in me gave me strength and
urged me to do more. Thank you

Mom, dad and Nishtha, I dedicate my thesis to you. You have been the rock
behind my back constantly supporting and showering me with love and support.
You believed in me when I didn’t believe in myself, I promised you that one day
I will make my name I will keep that promise no matter what. I will make you proud.

Maitry Phukan, You are the most valuable person to me. You have supported
me through my toughest times, you were the one who kept pushing me to achieve
my goals when all felt lost. You have a very special place in my heart and I am
grateful to have you as my partner. Thank you for holding me tight on my most
vulnerable days. I love you so much

Ved Dhubhashi, you are a very close friend of mine and have become extremely
important to me over the last year. You have seen my lowest points and been there
to always support me in any way shape or form. You have helped me in more ways

v



vi 0. Acknowledgement

than I can admit. Thank you for always being the rock in the stormy sea. It gives
me a lot of strength knowing that I can rely on you and get your counsel when I am
lost. Thank you
I would like a special thank to Mrigank Sinha for his guidance and support through-
out my thesis. My deepest gratitude to Abhirath, Arya, Varun Kothari, Saloni,
Anant, Marko, Stefan, Femke and Shashish for the love and care you have given to
me. I could not have done it without you all.



Nomenclature

Table 1: List of molecules mentioned in this report

Molecules Description
𝐶𝑂ኼ Carbon dioxide
𝐻ኼ𝑂 Water

NaOH Sodium Hydroxide
𝐵𝑎𝐶𝑙ኼ Barium Chloride
𝐵𝑎𝐶𝑂ኽ Barium Carbonate
KCl Potassium Chloride

𝑅𝑁𝐻𝐶𝑂𝑂ዅ Carbamate
𝑅𝑁𝐻ዄኼ 𝐶𝑂𝑂ዅ Zwitterion
𝐻𝐶𝑂ዅኽ Bicarbonate
𝐶𝐻ኾ Methane
𝑁ኼ𝑂 Nitrous oxide

𝐻𝑂𝐶𝐻ኼ𝐶𝐻ኼ𝑁ዄ(𝐶𝐻ኽ)ኽ𝐶𝑙ዅ choline chloride

Table 2: List of abbreviations used in this report

Abbreviation Description
PSA Pressure Swing Adsorption
DAC Direct Air Capture
TSA Temperature Swing Adsorption
DES Deep Eutectic Solution
CCU Carbon capture and utilization
MEA Monoethnaolamine
DEA diethanolamine

MDEA Methyldiethanolamine
AMP Aminomethyl Propanol
ChCl Choline Chloride
QAS Quaternary Ammonium Salt
IL Ionic Liquids

HBD Hydrogen Bond Donor
HBA Hydrogen Bond Acceptor
FTIR Fourier-transforminfrared spectroscopy
VLE Vapour Liquid Equilibrium
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1
Introduction

The current world energy demands are primarily catered by the use of fossil fuels.
Increased dependency on fossil fuels has to lead to an increase in the amount green-
house gases such as 𝐶𝑂ኼ and 𝐶𝐻ኾ in the air [14] which has directly contributed to
climate change. A number of efforts have been put forwards to fight climate change.
One of the techniques that are currently showing promising results is carbon capture
technique [15].

This chapter aims to describe the background and consequences of climate
change. The presence of 𝐶𝑂ኼ gas in the atmosphere is one of the primary drivers
of climate change. Thus, it is important to introduce the concentration and the
sources of the emissions. Finally, it is important to establish the research gap and
questions this thesis study aim to address.

1.1. Climate change

Many natural processes such as changes in solar energy, displacements of ocean cur-
rents and volcanic eruptions have been known to influence the climate. However,
they cannot explain the most recently observed global warming trend. Since the
start of the industrial era, human activities have contributed substantially to cli-
mate change by adding greenhouse gases to the atmosphere. In United States of
America, average temperature has increased by 0.72፨𝐶 to 1.06፨𝐶 since 1895, and
most of this increase has occurred since 1970 [2]. These gases come from a wide array
of human activities such as fossil fuel burning to generate heat and energy, fertil-
ization of crops, storage of residues in dumping sites, cattle, industry and industrial
manufacturing.

1
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.

Figure 1.1: Effect of human activity on climate change expressed as global temperature change.
Adapted from [2]

Figure 1.1 shows the change an increase in the global temperature over the course
of the past century. The greenhouse gasses directly emitted by human activities
are Carbon Dioxide (𝐶𝑂ኼ), Methane (𝐶𝐻ኾ) and Nitrous oxide (𝑁ኼ𝑂) which have
accelerated the trend of the climate change.

.

Figure 1.2: ፂፎᎴ concentration in the atmosphere and emission rate. Adapted from [3]

From Figure 1.2, we can observe that the amount of 𝐶𝑂ኼ in the atmosphere (pink
line) has increased along with emissions (blue line) since the start of the Industrial
Revolution in 1750. Emissions rose slowly to about 5 billion tons per year in the
mid-20th century before skyrocketing to more than 35 billion tons per year by the
end of the century [3]. There is a clear correlation between the increase in the
atmospheric 𝐶𝑂ኼ concentration and the rise in the average global temperature.
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1.1.1. Increase of 𝐶𝑂ኼ in air
𝐶𝑂ኼ is the greenhouse gas that is the prime contributor to climate change. Although
it is absorbed and emitted naturally as a part of the carbon cycle, human activities
(especially burning fossil fuels) release excessive amounts, considerably increasing
𝐶𝑂ኼ concentration in the atmosphere.
Natural processes have varied atmospheric 𝐶𝑂ኼ concentrations from 170 to 300
ppmv. At present, the average concentration of 𝐶𝑂ኼ has increased to 412 ppm
which is more than the expected 300 ppm [16]. The average global temperature at
the surface of the Earth has increased by about 0.8 ፨C since 1880 [2]. Two-thirds of
this growth has taken place since 1975. Based on the current trend it is predicted
that the concentration of 𝐶𝑂ኼ can go as high as 600-700 ppm by the end of this
century, which will intern cause a rise of about 4.5 - 5ፎ𝐶 on average[17].

.

Figure 1.3: ፂፎᎴ concentration in ppm in atmosphere. Adapted from [3]

1.1.2. 𝐶𝑂ኼ Sources
Carbon dioxide is produced naturally by all living beings on this planet and some
occasional natural occurrences which produce a large amount of 𝐶𝑂ኼ such as vol-
canic eruptions and wildfires. These are quite normal occurrences and do not cause
any harm to the environment. Humans on the other hand have accelerated the
production of 𝐶𝑂ኼ by many folds. According to statistics, power plants alone are
responsible for about 40% of total greenhouse emissions. The transportation indus-
try accounts for about 20% share in 𝐶𝑂ኼ emissions compared to 17% by agriculture
sector [4]. Different sources of emit 𝐶𝑂ኼ in varying concentrations. The average con-
centration for 𝐶𝑂ኼ in the air is about 412 ppm. 𝐶𝑂ኼ has a very low partial pressure
in air making direct air capture for 𝐶𝑂ኼ difficult. A more concentrated source for
𝐶𝑂ኼ would flue gas emitted from chimneys of coal or gas-fired power plants. Nepal
et al observed and measure the 𝐶𝑂ኼ emission from brick kilns which are one of the
largest producers of 𝐶𝑂ኼ in Nepal, on an average about 45-50 % vol of 𝐶𝑂ኼ/vol of
flue gas [18]. Adeyemi et al conducted an experimental study for 𝐶𝑂ኼ absorption at
a partial pressure of 15 kPa which is also reported in other studies to be the partial
pressure in many post combustion processes [19, 20].
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.

Figure 1.4: ፂፎᎴ emissions per sector in different continents in year 2019. Adopted from [4]

Figure 1.4 represents the main sources of 𝐶𝑂ኼ emissions from various sectors
in different continents. The global emissions trend from 1990-2016 have shifted
from the western to more Asian countries meaning that the developing countries
like India and south east Asian countries along with China are now the leaders in
carbon emissions across the globe especially after the year 2000.

.

Figure 1.5: ፂፎᎴ emission trends. Adopted from [4]

1.2. 𝐶𝑂2 Capture technologies
This subsection deals with the existing carbon capture technologies, what are the
advantages and limitations of these technologies.

1.2.1. 𝐶𝑂ኼ Capture strategies
𝐶𝑂ኼ capture and storage is a promising technology and one that provides an imme-
diate and long term solution to the problem at hand. Once the 𝐶𝑂ኼ is captured, it
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can be separated from the solvent and could be stored in specific formations of the
earth, or it can be used in other industries to make organic products. Broadly, this
technology could be categorized into three different techniques: Pre-combustion,
post-combustion, and Oxy-fuel combustion capture technology [5].

Pre-Combustion 𝐶𝑂ኼ capture
The Pre-Combustion 𝐶𝑂ኼ capture process involves the fuel to react with oxygen
and steam(𝐻ኼ𝑂). This reaction results in the cracking of carbon to be converted
into 𝐶𝑂ኼ and 𝐻ኼ; at the same time, a water-gas shift reaction will result in the
conversion of carbon monoxide to carbon dioxide. The composition of the produced
gas will be about 60-80% of Hydrogen and 20-40% of 𝐶𝑂ኼ [21]. Figure 1.6 represents
a simplified diagram of how the pre-combustion process takes place.

.

Figure 1.6: Schematic diagram of pre-combustion process. Adopted from [5]

Oxy-fuel combustion capture
In the Oxy-fuel combustion capture method, the fuel is burnt with pure oxy-
gen, which leads to a higher concentration of 𝐶𝑂ኼ at the exit. The concentration
of 𝐶𝑂ኼ is around 80% which results in higher partial pressure and hence higher
absorption/adsorption[17]. Absorption/adsorption processes depend on the partial
pressure of gas in a mixture, a higher concentration of 𝐶𝑂ኼ will result in higher
partial pressure and hence, higher Absorption/adsorption.
This process is technologically feasible, but it consumes a large amount of oxygen
from an intensive air separation unit, resulting in higher costs and a higher energy
penalty. Energy penalty could be as high as 7% when compared to the energy
consumption for a plant without carbon capture, and utilization [17].

Post-combustion capture
The process involves removing 𝐶𝑂ኼ from the flue gases coming out of the combustion
process. The concentration of 𝐶𝑂ኼ is relatively low in this method, around 7-14%
for coal-fired and as low as 4% for gas-fired plants [17]. Lower concentration results
in higher energy penalty and associated cost for the capture unit. United States
of America’s national energy technology laboratory estimates that installing post-
combustion capture technology in power plants will increase the cost of electricity
production up to 70% [22].
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1.2.2. 𝐶𝑂ኼ capture techniques
This section discusses the various methods used for capturing carbon dioxide.Various
strategies have been discussed in the previous section. Figure 1.7 shows various
methods to capture 𝐶𝑂ኼ that will be discussed in this section.

.

Figure 1.7: Different methods for ፂፎᎴ capture.

Membrane seperation
Various membranes are being used to allow only only a specific gas to pass through
for instance membrane are capable of allowing 𝐶𝑂ኼ to pass through but block other
gases like 𝑂ኼ or 𝑁ኼ or visa-versa. This method could also be used in the pre-
combustion process as it is cable of removing oxygen and nitrogen from natural
gas [17]. The development of high-efficiency membranes can produce 𝐶𝑂ኼ with
82-88% efficiency, whereas the development of ceramic and metallic membranes
and polymeric membranes for membrane diffusion could produce a membrane with
higher efficiencies than liquid absorption processes [17]. It is also important to point
out that the performance of the membrane is heavily affected by the quality of flue
gas, and operating conditions such as low 𝐶𝑂ኼ concentration and low pressure can
significantly affect the efficiency.

Polymeric membranes: These membranes consist of a thin dense selective skin
layered over a less dense porous support layer. The porous layer provides structural
support enabling high-pressure applications. The higher performance of 𝐶𝑂ኼ separa-
tion could be achieved by increasing the solubility of 𝐶𝑂ኼ in membrane and increased
diffusion of 𝐶𝑂ኼ through the membranes. Polysulfone is a chemically and thermally
stable polymer for gas separation with high selectivity. Some other polymers include
polyaniline, polypyrrolones, and polyarylates [23]

Inorganic membranes: due to stability at high temperatures, inorganic mem-
branes have some advantages; they can be classified as porous and non-porous.
Non-porous, such as palladium which is most commonly used to separate hydrogen,
are generally expensive. Recent studies have shown that when adding a functional
layer ratio, is added onto porous layer such as of silica or zirconia, higher 𝐶𝑂ኼ ab-
sorption is achieved [23].
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Cryogenic distillation
This technique involves series of compression and cooling operations at sub-ambient
temperatures and high pressure for separation of gaseous compounds either in pre-
combustion or post-combustion stream [5]. This technology is widely used in pro-
ducing highly pure liquid carbon dioxide. This is also used more prominently in
pre-combustion process because of higher 𝐶𝑂ኼ concentration. Figure 1.8 shows the
schematic diagram of the distillation process.
Cryogenic separation technology overcomes some shortcomings of conventional amine-
based processes by avoiding excess water consumption, avoiding expensive chemical
agents, corrosion, and foaming issues. This technology also allows the operator to
be at ambient pressure condition and readily produces liquid 𝐶𝑂ኼ which is easier to
manage and transport[5].
For 𝐶𝑂ኼ separation, flue gas is first cooled to desublimation temperature ( 173.15 to
138.15 K). The solidified 𝐶𝑂ኼ is then separated from other gases and is compressed
to high pressure of 101.32 - 202.65 bar. This process typically recovers about 90-95
% pure 𝐶𝑂ኼ from the flue gas. The distillation is a highly energy-intensive process as
it involves shallow temperature and high pressure resulting in energy consumption
of about 600-660 kWh per ton of 𝐶𝑂ኼ produced [17].

.

Figure 1.8: Schematic diagram of cryogenic distillation unit. Adopted from [5]

Adsorption
It is the process of adhesion of atoms, ions, or molecules called adsorbate to a surface
called adsorbent. It is a physical process, in the case of carbon capture, as solid
adsorbent is used to bind 𝐶𝑂ኼ to the surface. Typical adsorbents include molecular
sieves, activated carbon, zeolites, calciumoxides, hydrotalcite, and lithium zirconate.
The adsorbed 𝐶𝑂ኼ can be removed by swinging the pressure (PSA) or temperature
(TSA) of the system. PSA is a commercially available technology that can have ef-
ficiency as high as 85% . In TSA, the 𝐶𝑂ኼ is released by increasing the temperature
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using hot air. The generation time usually is more prominent than PSA, but the
purity of 𝐶𝑂ኼ is higher roughly 95%, and recovery efficiency is higher than 80% [17].
In theory, the adsorption technique has been superior to others in higher loading
capacity at ambient conditions. The process is less energy-intensive and economic
regeneration process, mechanical and chemical stability, simple operation and main-
tenance, and good tolerance with moisture and impurities in the flue gas. The op-
erating cost of a specific TSA process is estimated to be of the order 80-150 USD
per ton of 𝐶𝑂ኼ captured [5, 17]

Absorption
Absorbing 𝐶𝑂ኼ using a liquid solvent from flue gas or DAC is a highly researched
topic. Therefore it is the most matured method of 𝐶𝑂ኼ separation. Typical solvents
include Monoethnaol amine (MEA), diethanolamine (DEA) and potassium carbon-
ate. Once the solvent is loaded, the 𝐶𝑂ኼ can be removed from the system using a
stripper or a regenerative process either by heating and/or depressurization [17]. A
critical challenge of this technology is the degradation of solvent, resulting in solvent
loss, equipment corrosion and generation of volatile degradation compounds. There
are two primary forms of absorption techniques

Physical absorption: in this process, no chemical reaction takes place; the 𝐶𝑂ኼ
is purely dissolved in the solution. High pressure and low temperature favour the
reaction. Physical solvents such as Selexol, Rectisol and Fluor are favoured when
the partial pressure of 𝐶𝑂ኼ in the flue gas is high [24]. Established physical solvent
Selexol, i.e. a mixture of dimethyl ethers of polyethylene glycol (DEPG), is used for
industrial applications. Figure 1.9 a shows a flow diagram for a physical absorption
process using a DEPG solvent. 𝐶𝑂ኼ is first compressed using a two-stage compressor;
the compressed gas is then passed through the DEPG solvent. The clean gas is
collected on top, and the 𝐶𝑂ኼ rich solvent leaves from the bottom. The 𝐶𝑂ኼ rich
solvent is passed through 3 flash tanks with decreasing pressures to regenerate the
solvent, which is sent back to the absorber [6].

Chemical absorption: A liquid solution is used to separate 𝐶𝑂ኼ from the flue gas
by selectively reacting with the gas. The 𝐶𝑂ኼ rich sorbent is regenerated by heating
or by depressurizing the solution. This process is the most mature process for 𝐶𝑂ኼ
absorption, and typical solvents include MEA, DEA, and potassium carbonate [17].
Among various alkanolamines, MEA has the highest efficiency for 𝐶𝑂ኼ absorption
with the efficiency of over 90% [25], An absorption pilot plant with 1 Ton 𝐶𝑂ኼ/h has
been constructed and successfully tested with the post-combustion capture technol-
ogy for a coal-fired power plant using a solvent containing 30% MEA [26]. Figure
1.9b depicts the chemical absorption process using MEA solvent. In the process,
the flue gas is first cooled and passed over a 30 wt% MEA water solution. The
𝐶𝑂ኼ from the flue gas is dissolved into the solvent via chemical reactions, which are
discussed later in the report. Clean gas is then removed from the top, and 𝐶𝑂ኼ rich
solvent is collected at the bottom, which is then sent to a stripper for desorption to
regenerate the solvent via heating, and distillation [6].
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Figure 1.9: Flow sheet for physical absorption (a) and Chemical adsorption using MEA solvent
(b). Adopted from [6]

1.2.3. Electrochemical conversion of 𝐶𝑂ኼ
𝐶𝑂ኼ is one of the most stable carbon-based structures to exist in environmental
conditions. Hence, the biggest challenge posed to the technologies mentioned above
is 𝐶𝑂ኼ removal. The 𝐶𝑂ኼ once adsorbed/absorbed in the solvent is removed using
a regenerative process which is either driven by temperature or pressure; the main
drawback of these processes is a high cost associated with them (60-107 USD / ton
of 𝐶𝑂ኼ) [27]. Electrochemical reduction of 𝐶𝑂ኼ is an exciting alternative to remove
𝐶𝑂ኼ from the solvent. This method selectively oxidises a gas at one electrode into an
ion transported through a liquid electrolyte to the other electrode, where a reduc-
tion reaction occurs. The advantage of this method is that separation occurs at a
lower temperature and pressure compared to existing technologies and, in principle,
requires less energy [28]. Electrochemical reduction of 𝐶𝑂ኼ is an attractive strategy;
not only the conversion takes place near room temperature at ambient pressure con-
ditions but depending on the catalyst, electrolyte, and reaction condition, various
products could be formed at different conversion rate [29].

𝐶𝑂ኼ separation using electrochemical process has shown relevance in a wide range
of applications and has the potential to become more and more relevant in the
coming years. Early studies in this field have shown incredible potential; there is
however significant research and development potential work required in order to
reduce cost and improve performance [30].
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1.3. Ionic liquids
Ionic liquids (IL) are salts with a melting point usually lower than water (100 ፨𝐶).
They are composed of organic cations and organic/inorganic polyatomic anions.
IL dates back to 1914 when the preparation of ethyl ammonium nitrate using a
concentrated nitric acid and ethylamine resulted in a pure salt after removing water.
This salt was liquid at room temperature[31]. The notable advantage of using IL
is that they can be tuned to desired properties, and the formation of the desired
cation and anion exchange is a crucial step in IL’s formation [7].

IL’s can be used as a potential alternative for 𝐶𝑂ኼ capture owing to their unique
characteristics. There are also additional benefits of lower melting point, frequently
negligible vapour pressure, as well as high chemical and thermal stability along with
the solvents being non-flammable [14]. During the past decade, IL-𝐶𝑂ኼ systems
have been studied in great detail. Conventional IL has been synthesised in a way
that they do not possess any functional groups, and thus, 𝐶𝑂ኼ absorption occurs
through a physical absorption mechanism. The 𝐶𝑂ኼ absorption capacity of ILs can
be improved by functionalisation of ILs, using binary mixtures of ILs, or mixing ILs
with selected organic solvents [14].

The synthesis of IL is complicated as it requires a large amount of expensive raw
materials, and the process is seldom environment friendly. This limits the scope and
industrial application for IL. In order to cope with the high price and toxicity related
to IL, a new generation of solvents is introduced within the last decade called Deep
Eutectic Solvents [1]. A new generation of ILs has emerged a little over a decade
ago concerning the cost and impurities associated with water. These ILs are called
Deep Eutectic Solvents (DES).

1.4. Deep eutectic solvents
DES is synthesised by mixing two components with an appropriate molar ratio
to form a eutectic solution with a freezing point lower than each component. This
reduction in freezing point is because of the strength of interactions between the two
individual components [14]. DES have similar properties to IL and are synthesised
by mixing a lewis acid, and a base [7]. In general, these solvents exhibit properties,
such as economic availability, biodegradability, recyclability, non-flammable, bio-
compatibility, non-toxicity, high thermal stability, and non-volatility. DESs are
considered as economical alternatives to standard ILs because their preparation is
more straightforward with higher purity and low-cost on a large-scale [32, 33].

The formation of DES depends on the magnitude of the interaction between
individual components. Figure 1.10 depicts the interaction between components A
and B. Unlike theoretical ideal mixtures, these interactions result in a considerable
value of Δ𝑇 . Eutectic point is reached when the correct molar fraction(ratio) of A &
B is achieved at a specific temperature. At this point, the melting point, depression
is observed as shown in the figure 1.10 [7].

In general, DES can be categorised into four different categories as depicted in
Table 1.1. In type III DES, the 𝐶𝐴𝑇ዄ depicted in the table is usually quaternary
ammonium, phosphonium or sometimes sulfonium salt. The 𝑋ዅ is the anionic moiety
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involved in hydrogen bonding with the protons from the RZ donor group[1]. Choline
Chloride is the most widely used quaternary ammonium salt due to its low cost,
availability, biodegradability and low toxicity. The chloride anion is readily available
to interact with a diversity of proton donors through hydrogen bonding[7].

Figure 1.10: T-X diagram for DES. Adopted from [7]

Table 1.1: General formula for DES classification. Adopted from [1]

Type General Formula Terms
Type I 𝐶𝑎𝑡ዄ𝑋ዅ𝑧𝑀𝐶𝐿፱ M= Zn,Sn, Sl, Ga, In
Type II 𝐶𝑎𝑡ዄ𝑋ዅ𝑧𝑀𝐶𝐿፱ .𝑦𝐻ኼ𝑂 M= Cr, Co, Cu, Ni, Fe
Type III 𝐶𝑎𝑡ዄ𝑋ዅ𝑧𝑅𝑍 Z= 𝐶𝑂𝑁𝐻ኼ, COOH, OH
Type IV 𝑀𝐶𝑙፱ + 𝑅𝑍 = 𝑀𝐶𝑙ዄ፱ዅኻ.𝑅𝑍 + 𝑀𝐶𝑙ዅ፱ዄኻ M= Al, Zn and Z= 𝐶𝑂𝑁𝐻ኼ, OH

As discussed, DES is synthesized by mixing a hydrogen bond donor (HBD) and
a hydrogen bond acceptor (HBA). Many potential combinations result in tenable
physico-chemical properties such as conductivity, viscosity, polarity, and thermal
properties. This tenability can be achieved simply by changing the molar ratios of
the constituent materials; most of the DES synthesized are hydrophobic [1, 7, 14].

1.4.1. Choline chloride
2-Hydroxy-ethyl-tri-methyl-ammonium cation or 𝐻𝑂𝐶𝐻ኼ𝐶𝐻ኼ𝑁ዄ(𝐶𝐻ኽ)ኽ commonly
known as choline chloride has a structure as shown in figure 1.11. Choline chloride is
biodegradable, non-toxic and cheap to manufacture. It is classified as a pro-vitamin
in Europe. It is produced on the mega-tonne scale as an animal feed supplement.
It is produced by a one-step gas-phase reaction between HCl, ethylene oxide, and
tri-methyl-amine and, as such, produces little ancillary waste [7, 8]. Many of the
properties of choline based DESs are similar to conventional ILs, except for the de-
composition temperature, heat capacity, and ecotoxicity. The lower heat capacity of
these solvents contributes to lower sensible heat with increased temperature, which
leads to lower energy usage in the 𝐶𝑂ኼ separation process. The non-ecotoxicity,
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biodegradability, and low cost of choline chloride-based DES indicate an excellent
use for an alternative eco-friendly 𝐶𝑂ኼ capture medium [34]. Choline chloride is
the primary focus for this thesis; choline chloride-based DES has shown great po-
tential for 𝐶𝑂ኼ adsorption with good electrical conductivity, which is suitable for
electrochemical conversion because of lower ohmic losses. Amine based DES has
been considered as well for the study due to higher 𝐶𝑂ኼ absorption.

Figure 1.11: Chemical structure of choline chloride

1.5. Research Objective
The main objective of this research is to explore and find a solvent which is cable
of using as a 𝐶𝑂ኼ capture medium and simultaneously as an electrolyte in the elec-
trolyser to convert 𝐶𝑂ኼ electrochemically. In order to address the aim of the thesis,
following research questions needs to be answered:

• Which type of DES will be the most suited for the two processes, 𝐶𝑂ኼ capture
medium and electrolyte for 𝐶𝑂ኼ reduction?

• What are the physico-chemical properties of the selected solvent?

• What are the limiting factors for the performance of the selected solvent?

With the knowledge obtained from the research questions mentioned above, the
final objective of the thesis is to improve the performance of the selected solvent for
𝐶𝑂ኼ and eletrochemical conversion.

1.6. Thesis scope
characterisation of the of a solvent is an exploratory task. Therefore, it is necessary
to define the scope of research before hand

• It is important to note that the process involved in this thesis study is the
extraction of 𝐶𝑂ኼ from chimney stacks. The choice is made for not going for
DAC is because this technology is in its infancy, and enough is not known
about the 𝐶𝑂ኼ absorption characteristics of the solution.

• This project is solely done from an absorption standpoint, and desorption
or life cycle characteristics are not investigated. Electrochemical desorption
criteria are considered, but this is not a comprehensive study on the electro-
chemical conversion process.
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• Even though the absorption of 𝐶𝑂ኼ is dependent on a several parameters and
physical properties of the solution, not all properties could be measured due
to limited time and equipment availability.





2
Background

The following chapter commences with an introduction to deep eutectic solvents.
After that, the introduction of the amine group and how DES can be used for 𝐶𝑂ኼ
absorption. Subsequently, these solvents’ physical and chemical properties and how
various parameters affect these properties are discussed.

2.1. Deep eutectic solvents
The terms deep eutectic solvents and ionic liquids have been used interchangeably
quite frequently, but it is necessary to point out that there are two different types
of solvents. DESs are formed from a eutectic mixture of a Lewis or Bronsted acid
and a base containing various anion and cationic species. On the other hand, ionic
liquids are formed from one type of discrete anion and cation system. It is essential
to bring to attention that the physical properties of DES are similar to ILs [8]. Deep
eutectic solutions have been mainly classified into four categories as shown in table
1.1. In this study, we will primarily focus on type III eutectic solutions formed
from choline chloride, which acts as a HBA [1, 35]. These solvents are interesting
due to their ability to form a DES with a large variety of HBD. These are simple
to prepare, relatively low cost and biodegradable. A wide range of HBD means
this class of DES are remarkably adaptable [8, 35]. A wide range of DES solvents
has been studied with solvents formed using amides, carboxylic acid and alcohols.
Figure 2.1 gives some possible solvents with their HBD and HBA. These solvents
are easy to prepare, relatively unreactive and cheaper than most ionic liquids. This
wide range of HBD means that these solvents are highly tune-able [1].
DES contains large non-symmetric ions that have low lattice energy, which results
in lower melting points[8]. The delocalization of the charge through the hydrogen
bond between the salt and the hydrogen bond donor is responsible for the reduction
in melting point[36]. When a range of quaternary ammonium salts are heated with
𝑍𝑛𝐶𝑙ኼ, the freezing point of the resulting liquids was found to decrease considerably.
The salt ammonium salt which caused the lowest melting point was choline chloride
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[36]. This initial study has now been extended, and a large variety of salts and
hydrogen bond donors have now been developed [35].

Figure 2.1: Possible HBD and HBD for DES. Adopted from [1]

Choline Cloride-Ethylene Glycol DES
In the light of recent years, DESs are seen as a potential environmental friendly
medium for 𝐶𝑂ኼ capture. A number of solutions could be made using Choline
Chloride as the QAS, choline chloride-Urea, and choline chloride-ethylene glycol are
the two most popular solutions [8]. Zhang et al. studied sixteen choline chloride-
based DES for their thermodynamic properties, choline chloride-ethylene glycol DES
has shown promising results [34].

(a) Comparing viscosity data for ehylene glycol
based DES. Adopted from [37]

(b) Comparing electrical conductivity data for
ehylene glycol based DES. Adopted from [37]

Figure 2.2: comparing viscosity and conductivity data for EG based DES

Viscosity is a significant concern associated with the industrial application of
DES, especially for 𝐶𝑂ኼ separation. Figure 2.2a shows the viscosity data for an EG
based DES; it can be observed that viscosity for ChCl:EG is relatively low compared
to other solvents. Viscosities for choline chloride-based DES vary from 4 to 75∗10ኾ
mPa.s as studied by Zhang et al. [34]. Viscosities of choline chloride-based DES is
similar to conventional IL; choline chloride ethylene glycol has a viscosity of about
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39.9 mPa.s at 298K temperature [8, 34]. Comparing this to other choline chloride-
based DES, this is moderately low; another solvent such as ChCl:Urea has a viscosity
of 1372 mPa.s, which is relatively high. The thesis aims to find a solution that acts as
a both 𝐶𝑂ኼ capture medium and an electrolyte, and electrical conductivity is highly
dependent on viscosity as discussed in section 2.4.5 a solution with lower viscosity
is desired. Figure 2.2b shows the conductivity of the ethylene glycol-based DES
solution; it can be observed that the conductivity of this solution is relatively high.
Abbott et al. used Hole theory to explain the relationship between the conductivity
of the DES and viscosity, which will be discussed in section 2.4.4, the conductivity
of ChCl:EG was found to be 7.61 mS/cm [8, 35, 38]. This, when compared to
ChCl:Urea is quite significantly higher as could be seen in figure 2.3. KCl is a
standard calibration solution and has a relatively high conductivity of about 11.88
mS/cm at room 293.15 K. This thesis aims to find a solution with conductivity as
close to KCl solution as possible. Lower conductivity results in higher Ohmic losses
which will drastically increase the cost of 𝐶𝑂ኼ extraction process. The lower limit
for the electrical conductivity of the solution is set at about 3 mS/cm.

Figure 2.3: Comparison of conductivity for various solution. Adopted from [8]

2.2. Amines

Amines have been synonymous with carbon capture ever since the early stages of
technology. Amines are preferred for carbon capture because of their high affinity
towards 𝐶𝑂ኼ [39]. Industries use alkanolamines such as monoethanolamine (MEA),
diethanolamine (DEA), N-methyldiethanol amine (MDEA) and 2-amino-2-methyl-
1-propanol (AMP)[39]. Generally, amines are classified into three different cate-
gories: Primary, secondary, and tertiary amines. The classification is made based
on the number of alkyl groups attached to the nitrogen atom. Figure 2.4 shows
the various types of amine configurations where alkyl groups are represented by R,
nitrogen atom by N and hydrogen bonds are represented by H.



2

18 2. Background

Figure 2.4: Different type of amines. Adopted from [9]

The choice of amines depends highly on the process involved and is heavily in-
fluenced by the operation parameters. Figure 2.5 shows popular amines structures,
and their products after reaction with 𝐶𝑂ኼ; primary and secondary amines such
as MEA and DEA have a distinct advantage of forming stable carbamates. Con-
versely, carbamate formation increases the regeneration cost of the solvent [39]. The
Zwitterion mechanism indicates that the primary and secondary amine first reacts
with 𝐶𝑂ኼ to form zwitterions, and the intermediate is instantly neutralized by base
(such as amine, 𝑂𝐻ዅ, or 𝐻ኼ𝑂) to form carbamates [40, 41]. Equation 2.2 shows the
reaction for carbamate formation.

CO2 + RNH2 −−−⇀↽−−− RNH2
ዄCOOዅ (2.1)

RNH2
ዄCOOዅ + RNH2 −−−⇀↽−−− RNHCOOዅ + RNH3

ዄ (2.2)

Figure 2.5: Products of amine reaction with ፂፎᎴ. Adopted from [10]

Tertiary amines such as TEA, as seen in figure 2.5 have low reactivity to 𝐶𝑂ኼ
because of the additional step of formation of bicarbonate from carbamates in the
presence of water as shown in equation 2.3. This is beneficial as it results in lower
regeneration cost [9, 39]. Along with this, the theoretical loading capacity of tertiary
amines is 1 mol of 𝐶𝑂ኼ per mole amine compared to 0.5 mol 𝐶𝑂ኼ per mol amine for
primary or secondary amine [39].

RRNHCOOዅ +H2O −−−⇀↽−−− RRNH+HCO3
ዅ (2.3)
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Another class of amines is known as sterically hindered amine, a prime example
of this is AMP. AMP is a hindered form of MEA, as can be seen in figure 2.5.
Such a structure is obtained by substituting two hydrogen atoms attached to the
𝛼-Carbon atom to the amino group in MEA by two methyl groups; this substitu-
tion significantly affects the amine groups properties, and absorption capacity [39].
The reaction of sterically hindered amine is similar to primary amines as shown in
equation 2.2. Due to the hindrance of the bulky amino groups adjacent to the nitro-
gen atom, the AMP-carbamates formed are unstable. Hydrolysis of these unstable
carbamates results in the formation of bicarbonates as shown by equation 2.3. In
theory, AMP can have maximum absorption of 1 mol 𝐶𝑂ኼ per mol of amine. AMP
reaction has faster kinetics of the reaction compared to tertiary amines, and low
solvent regeneration cost offers an industrial application advantage [39].

2.2.1. Monoethanol Amine DES
Many DES have been reported to have the potential for significant capacity of car-
bon storage such as Choline Chloride- Ethylene Glycol as mentioned in the previous
section [42]. These Solvents can be used for high pressure 𝐶𝑂ኼ extraction. How-
ever, in the recent study, an aqueous mixture of choline chloride:Urea (1:2) and
monoethanolamine was observed to absorb 𝐶𝑂ኼ for the pressure of 900 KPa. The
findings also show the potential of improving the 𝐶𝑂ኼ absorption with alkanolamines
[43].
Monoethanol (1-Aminoethanol) is known to form DES with various HBA. In the
present study the QAS, Choline Chloride acts as the Hydrogen Bond Acceptor and
Monoethanol amine acts as the Hydrogen Bond Donor. Figure 2.6 represents the
molecular structure for DES [12].

Figure 2.6: Choline Chloride Monoethanolamine DES structure

The number of hydrogen atoms on MEA is one more than DEA (secondary
amine) or any other Tertiary amine, making MEA a better Hydrogen Bond Donor
than other amines. This also results in a faster reaction with 𝐶𝑂ኼ making the kinetics
of the reaction faster[12]. The main aim of the research, along with increasing the
carbon absorption capacity for the DES. Figure 2.7a represents the various molar
ratios and the respective viscosities at different temperatures. It can be seen that
increasing the molar ratio reduces the viscosity. ChCl:MEA (1:5) shows the highest
value for viscosity at 298.15K to be 0.0485 Pa.s which decreases to 0.0327 Pa.s when
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molar ratio is 1:8 [11]. Figure 2.7b shows the reduction in density as we increase
the molar ratio.

(a) Viscosity comparison (b) Density comparison

Figure 2.7: Comparing viscosity and density of ChCl:MEA with different molar ratios. Adopted
from [11]

The next thing that was considered while choosing the molar ratio is 𝐶𝑂ኼ ab-
sorption. Li et al. compared three different amine-based DES varying the HBA [12].
Based on the experiments performed, it can be observed from figure 2.8 the effect
of molar ratio on 𝐶𝑂ኼ absorption. As the molar ratio of MEA is increased, the 𝐶𝑂ኼ
absorption increases and then reaches a plateau after 1:4, indicating that 1:4, 1:5,
and 1:6 molar ratios have identical loading capacities. Based on the literature on
other amines, the viscosity of amines increases drastically after the formation of car-
bamates upon reaction with 𝐶𝑂ኼ. Currently, there is no available literature on how
the viscosity will change as 𝐶𝑂ኼ is absorbed. This thesis study aims to understand
the relationship between the amount of 𝐶𝑂ኼ absorbed and how it affects the physical
parameters such as viscosity and electrical conductivity. It is also important to point
out that there is a gap in the literature with regards to the electrical conductivity
of the ChCl:MEA DES, which will also be studied in this thesis study. Based on
these results, molar ratios of 1:5 and 1:6 seems to be the most suited solutions for
this thesis study since they have viscosities comparable to ChCl:EG solutions and
have great 𝐶𝑂ኼ loading capacities.

Figure 2.8: Comparing different molar ratios and ፂፎᎴ absorption. Adopted from [12]
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2.2.2. Aminomethyl propanol DES
AMP also known as 2-amino-2-methyl-1-propanol is chosen for this thesis study. It
offers high absorption selectivity to 𝐶𝑂ኼ absorption and degradation Resistance over
conventional amines [44, 45]. As discussed in the section 2.2, AMP is a satirically
hindered amine which is forms unstable carbamates, and in the presence of water,
it forms bicarbonate. Lower heat of desorption and higher reaction kinetics makes
it suitable for industrial application. AMP DES has not been studied yet; this
thesis study will aim to form a DES with choline chloride as the QAS and try to
characterise the properties exhibited by this DES.

2.3. Absorption
Absorption is a process by which gaseous substances mix into liquid solvents. Ab-
sorption can be classified into two distinct categories physical absorption and chem-
ical absorption.

2.3.1. Physical absorption
Physical absorption is bounded by weak Van der Waals forces between the molecules.
The absorption is governed by Henry’s Law which states that at a constant tem-
perature, the amount of gas dissolving in a given solution is directly proportional
to the partial pressure of the gas in the vapour-liquid equilibrium [13]. In general,
gas is absorbed at a higher pressure and desorbed at lower pressure maintaining a
constant temperature for solvents that use physical absorption. Since the absorption
and desorption are a factor of pressure, the loading and unloading of the sorbent
could be done using a pressure swing setup which requires much less energy com-
pared to chemical absorption, and desorption process [46]. Conventional DES such
as Choline Chloride and Urea or Ethylene glycol use physical absorption to capture
𝐶𝑂ኼ whereas amines lean to chemical absorption for capturing 𝐶𝑂ኼ.

2.3.2. Chemical absorption
Chemical absorption of chemisorption is the result of chemical bond formation due
to the reaction between the reactants. This process is suitable for a low-pressure,
low-temperature system. However, it still follows Henry’s law, and higher pressure
will result in higher kinetics of the reaction. Regeneration of the solvent is an
energy-intensive process since, in most cases, the reaction produces chemically stable
compounds. To recover the individual reactants, we need to shift the vapour-liquid
equilibrium by increasing the temperature or reducing the pressure; this naturally
results in higher energy demand in the desorption process. Amines generally react
with the 𝐶𝑂ኼ to form carbamates or bicarbonates depending on the type of amines
as discussed in section 2.2 [39].

2.3.3. Physics of absorption
The chemical reaction between 𝐶𝑂ኼ and amines is an exothermic process and hence
favours lower ambient temperature. To understand the absorption process, it is
essential to understand the Two film theory. The two-film theory describes the
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mass transfer of a solute from one phase to another, which involves mass transfer
from a gas phase to a liquid phase. This theory helps us to understand the mass-
transfer limitations and each films resistance to the mass-transfer [13]. From the
theory, maximum resistance to the mass transfer is limited to a very thin region
at the interface called the film. A steady-state profile is assumed, meaning there is
no accumulation of mass at the gas-liquid interface. Another major assumption in
theory is that the liquid is non-volatile, and thus the reaction only takes place in
the liquid film or inside the bulk.

In the case of amine-based absorption, the process initiates with the 𝐶𝑂ኼ getting
diffused in the amine-air interface. This is followed by the dissolution of 𝐶𝑂ኼ in
the amine; this does not indicate the formation of carbamates. After dissolving,
the 𝐶𝑂ኼ molecule starts to react with the Liquid sorbent and relevant products are
formed. A concentration gradient is established in the liquid phase, as 𝐶𝑂ኼ molecules
are limited by diffusion in the solvent due to an increase in density and viscosity;
because of the formation of carbamates which are significantly bigger molecules and
produce hindrance to the flow. This change in viscosity is discussed in detail in
section 2.4.4.

Figure 2.9: Schematic diagram of two film theory. Adopted from [13]

In figure 2.9, the diffusion in the first part of the gas film (air-amine interface)
happens due to a concentration gradient. This diffusion is determined by the law
of diffusion as proposed by Fick in 1855 called Fick’s law of diffusion. This law
derives inspiration from Fourier’s law of heat conduction which shows proportion-
ality between heat flux due to conduction and temperature gradient. Similar to
heat diffusion, Fick’s law shows proportionality between molar flux by molecular
diffusion and concentration gradient. The law is described by the following equa-
tion 2.7 [13]. Equation 2.4 Shows the rate of in terms of mass transfer coefficients,
the concentration gradients in the equation could be visualised from the figure 2.9.
Equation 2.5 gives the mass transfer rate in the gas phase under dilute or equimolar
counter diffusion conditions (EDM) and equation 2.6 gives the mass transfer rate in
the liquid phase [13].

𝑁ፀ =
(𝐷ፀፁ)ፆ
𝛿ፆ

(𝐶ፀᑓ − 𝐶ፀᑚ)ፆ =
(𝐷ፀፁ)ፋ
𝛿ፋ

(𝐶ፀᑚ − 𝐶ፀᑓ)ፋ (2.4)
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𝑁ፀ = 𝐾፩(𝑝ፀᑓ − 𝑝ፀᑚ) (2.5)

𝑁ፀ = 𝐾፜(𝐶ፀᑚ − 𝐶ፀᑓ) (2.6)

where,
𝑁ፀ = Rate of mass transfer [mol/s]
𝛿ፆ = Thickness of gas film layer [m]
𝛿ፋ = Thickness of liquid film layer [m]
𝐷ፀፁ = Diffusion coefficient [𝑚ኼ/𝑠]
𝐶ፀᑚ = Molar concentration at the interface [mol/m]
𝐶ፀᑚ = Molar concentration in the bulk [mol/m]
𝑝ፀᑚ = Partial pressure at the interface [Pa]
𝑝ፀᑓ = Partial pressure in the bulk [Pa]
𝐾፜ = Liquid phase mass transfer coefficient [m/s]
𝐾፩ = Gas phase mass transfer coefficient [mol/s-Pa]

𝐽 = −𝐷
𝑑፜ᐸ
𝑑፳

(2.7)

where,
J= Diffusion flux [mol/𝑚ኼ𝑠]
D= Diffusion coefficient [𝑚ኼ/𝑠]
፝ᑔᐸ
፝ᑫ

= Molar concentration gradient [mol/𝑚ኽ.𝑚]

Once the 𝐶𝑂ኼ molecule moves into the bulk of liquid, the absorption is again
limited by diffusion but this time due to the liquid surrounding the molecule. This
diffusion can be quantified by the Stokes-Einstein equation 2.8, which relates the
diffusion through a liquid of low Reynolds’s number.

𝐷 = 𝑘፛𝑇
6𝜋𝜇𝑟 (2.8)

where
D = Diffusion constant [𝑚ኼ/𝑠]
T = Temperature of liquid [K]
𝑘፛ = Boltzmann constant [𝑚ኼ𝑘𝑔/𝑠ኼ𝐾]
𝜇 = Dynamic viscosity [kg/ms]
r= Radius of sphere molecule [m]

As we can see from the equation 2.8, diffusion is inversely proportional to the
viscosity. Hence, with the increase in viscosity, the diffusivity decreases. In amines,
formation of carbamates/bicarbonates leads to an increase in viscosity, resulting in
the decrease in diffusivity limiting the overall 𝐶𝑂ኼ loading capacity.
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2.4. Physical properties
Physical properties of a solution play a crucial role in identifying its application.
It is important to establish some important physical parameters and how each of
them affect the others. This section explores the dependence of various parameters
and how each of them could be used to identify the most suitable solvent for the
process.

2.4.1. Freezing point
One of the most important characteristics of the DES is the fact that the freezing
point of the mixture is lower than that of the individual components. The depression
of the freezing point is due to the establishment of strong intermolecular interactions
between the HBD and HBA pairs and the optimal eutectic mixture composition.
[8, 14, 35]. Figure 2.10 represent the eutectic composition of a binary mixture of
A and B, Δ𝑇 represents the difference in temperature theoretical melting points
of the two components and melting point of the eutectic solution. The larger the
interaction between the HBD and HBA, the higher the value of Δ𝑇 [8]. The freezing
point is also influenced by the Lattice energy of the salt and the HBD and the entropy
change occurring in the formation of the solution. DESs, which are constituted of
larger ions with smaller charges, needs less energy to break the bonds, causing a
minor depression in the freezing point [14, 47]. Comparatively a halide salts with
a low freezing point can form complexes with the HBD and form a lower freezing
point solution. For examples, a mixture of ChCl:Urea (1:2) has a freezing point of
235K, significantly lower than the individual components, Choline Chloride has a
melting point of 575K and Urea has a melting point of 406K [14]. Table 2.1 gives
the value for the freezing point of selected DES from the available literature

Figure 2.10: Schematic representation of two-phase component diagram. Adopted from [8]

2.4.2. Density
Density is one the most important physical properties for ionic liquids and in general
DES in particular, the density of the solution is highly dependent on the type of
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Table 2.1: Literature value for Freezing point of DES

Solvent Melting point (k)
ChCl:EG (1:2) <253.15

ChCl:MEA (1:5) 276.45
ChCl:MEA (1:6) 276.45

salt used [14]. Mjalli et al. conducted simulation and experimental analysis on
the effect of temperature on density and came up with interesting mathematical
model to predict the Density of the DES [48]. In general the effect of temperature
on density is linear in nature and the density of the solution decreases with the
increase in temperature in a very predictable way. Equation 2.9 represents the
linear dependence of Density and temperature [37, 49–51].

𝜌 = 𝑎 + 𝑏𝑇 (2.9)

where
𝜌 = Density [kg/𝑚ኽ]
a = Constant [kg/𝑚ኽ]
b = Constant [kg/𝑚ኽ.𝐾]
T= Temperature [K]

In the equation 2.9 a and b are parameters dependent on the DES. For the
current study, table 2.2 provides some values for the density at 398.15 K.

Table 2.2: Literature values for Density of various solvents

Salt (mol equiv.) HBD (mol equiv) Density (gm/𝑐𝑚ኽ) Reference
ChCl (1) Ethylene Glycol (2) 1.12 [8]
ChCl (1) Ethylene Glycol (3) 1.12 [8]
ChCl (1) MEA (5) 1.07 [11]
ChCl (1) MEA (6) 1.07 [11]

2.4.3. Viscosity
Typically DES have high viscosity and low conductivity compared to ionic liquids.
The origin of this disparity is due to the large size of ions and relatively free volume
in ionic liquids. Viscosity in DES is much higher due to the stronger hydrogen bond,
causing a lack of free volume. This phenomenon is explained in section 2.4.4. The
change in viscosity with temperature is found to correlate with the Arrhenius model
for viscosity, represented by equation 2.10 with large values of activation energy for
viscous flow [8, 37, 52]. Table 2.3 represents the viscosity data for the chosen DES.

𝜇 = 𝐴.𝑒
Ꮍᐼᒑ
ᑉᑋ (2.10)

Where
𝜇 = Viscosity [mPa.s]
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A = Pre-exponential factor[Pa.s]
𝐸᎙ = Viscosity activation energy [J/mol]
R = Real Gas constant [J/mol.K]
T = Temperature [K]

Equation 2.10 represents the empirical Arrhenius type equation where A and B
are adjustable parameters which represent the limits in viscosity at finite tempera-
ture and the activation energy of the viscous fluid. It is important to note that the
𝑙𝑛(𝜇) = 𝑓(1/𝑇) is a straight line with slope equal to ln(A) [53]. Bouarab et al. com-
pared various models for viscosities in ionic liquids, in the study it was pointed out
that even though DES have similar properties to ILs, DES form complex structures
and modeling of the these solvents requires further research [53]. However some
research has been done on modeling the variation of viscosity with temperature,
models such as Vogel-Fulcher-Tammann (VFT) equation as shown by equation 2.11
where 𝑇፨ is an adjustable parameter representing temperature at which viscosity
becomes infinite, and Litovitz equation as given by equation 2.12 have been studied
[52, 53]. The VFT equation though widely used in the literature have been criti-
cised by some authors because of the non-physical divergence of viscosity at finite
temperature, resulting in overestimation of viscosity at lower temperature [53]. For
this thesis study it is important to maintain consistency in the research and re-
peatability in results. Various tests on viscosities of DESs have been conducted and
Arrhenius-type model is by far the most studies and most accurate model to predict
the viscosity of DES with 𝑅ኼ fit of 0.99 [11, 37, 49, 54].

𝜇 = 𝐴.𝑒
ᐹ

ᑋᎽᑋᑠ (2.11)

𝜇 = 𝐴ᖣ.𝑒
ᐹᖤ
ᑉᑋᎵ (2.12)

The viscosities of DES are in general higher compared organic solvents and hence
have limitations in application for heat and mass transfer. The conductivity of the
solution is also strongly affected by the viscosity of the solution as high viscosity of
the solution affects the mobility of the ions [14].

Table 2.3: Literature values for Viscosity of various DES

salt (mol equiv.) HBD (mol equiv) Viscosity (cP) Reference
ChCl (1) Ethylene Glycol (2) 36 [8]
ChCl (1) MEA (5) 48.5 [11]
ChCl (1) MEA (6) 36.8 [11]

2.4.4. Hole-theory
Novel solutions such as DES, with many advantages, have some limitations, such as
increased viscosity and reduced conductivity compared to aqueous solutions. Angell
et al. conducted experiments and showed that it is possible to have ionic liquids that
could have conductivity and viscosity approaching aqueous solutions [55]. However,
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Very few such studies are available to explain the behaviour of viscosity. one of the
model that is widely accepted is the Hole Theory proposed by Abbott et al. [38].

The Hole theory assumes that on melting, an ionic meterial contains empty
spaces that arise from thermally generated fluctuations in local density, these holes
are of random sizes and spread randomly inside the liquid and undergo constant
flux[8, 38]. The radius of these holes could be determined by equation 2.13

4𝜋(𝑟ኼ) = 3.5𝑘𝑇
𝛾 (2.13)

Where
r = Radius of the hole [m]
T = Temperature [K]
k= Boltzmann constant [kg 𝑚ኼ/𝑠ኼ.K]
𝛾 = Surface tension [kg/𝑠ኼ]

The average size of the hole is similar to the dimension of the ions. Hence it
is easier for smaller ions to move through the vacant sites, essentially reducing the
viscosity. On the other hand, at a lower temperature, the size of the holes will be a
smaller couple than with larger molecule size and hence the viscosity increases and
can be as high as 10ኻ − 10ኽ Pa.S [8].

In order to quantify the viscosity, we assume that the cavities are not formed,
but the holes exist and move in the opposite direction to solvent ion/molecule mo-
tion. At any given time, the fluid will have a distribution of cavity sizes, and the
ions/molecules will only be able to move if the adjacent cavity of a suitable dimen-
sion is available. It is hence assumed that at any given moment of time, only a
few ions/molecules will be able to move, giving rise to higher viscosity [8, 38]. The
probability of finding an ion/molecule-sized hole is higher at higher temperatures
than at lower temperatures due to increased mobility. By assuming the limiting
factor for viscosity is not the thermodynamics of hole formation but the probability
of finding the right size hole, we can justify the reduced viscosity at higher temper-
atures. In order to reduce viscosity in DES, the ions/molecules should be relatively
small, or the liquid should have larger cavities. In order to have a larger cavity size,
the surface tension can be reduced by adding a liquid with lower surface tension
which will reduce viscosity and increase the conductivity by increasing the whole
size [8].

2.4.5. Electrical conductivity
Ohmic losses represent drop in voltage due to the transfer of electrons in the electric
circuit and the movement of ions through the electrolyte and membrane. Ohmic
losses in the electrochemical cell is due to the electrodes and the current collector,
along with the movement of ions in the electrolyte. A solution where it is easier for
ions to move will have less Ohmic losses and vice versa. In order to find a suitable
solution that is a good electrolyte, it is important for the solution to have higher
conductivity in order to reduce Ohmic losses. Abbott et al. explained in the hole
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theory how conductivity is directly related to viscosity. As discussed in section 2.4.4,
the electrical conductivity similar to viscosity is not limited by the thermodynamics
of hole formation but by the probability of finding a hole [8]. With an increase in
temperature, the viscosity decreases as the hole size increases due to a reduction
in surface tension; this increases the ion mobility hence increasing the conductivity
of the solution. The electronic conductivity decreases for increasing temperature in
most of the conductive materials, whereas higher temperatures increase the ionic
conductivity due to a reduction in viscosity. Also, adding liquids with lower surface
tension will also increase conductivity. As discussed before KCl is a standard cali-
bration solution used in most of the electronically measurements and has a relatively
high conductivity of about 11.88 mS/cm at room 293.15 K, This thesis will aim to
find a solution with conductivity as close to KCl solution as possible.

Electrical conductivity for ChCl:EG solution is known to be 7.61 mS/cm [8], the
value for other solvents is not known which will be a novelty for this research as it
has not been done before.

In section 2.4.4 it was discussed that adding water to the solution increases
conductivity. The reason for this is that adding water reduces viscosity in the liquid
allowing ions to move freely. Reaction 2.14 represents the reduction reaction of
𝐶𝑂ኼ in the electrolyzer. It was observed that adding more water in the solution
reduces the formation of 𝐶𝑂, and reaction 2.15 is favoured. This is not good for the
𝐶𝑂ኼ reduction process, the details of which are beyond the scope of this research.
In order to remove water, an organic solvent with low surface tension is used. As
described in the equation 2.13 reducing the surface tension of the fluid will increase
the hole radius and reduce viscosity and increase conductivity.

CO2
HᎼ−−−→
eᎽ

COዅ (2.14)

H2O
HᎼ−−−→
eᎽ

H2 (2.15)

2.5. Conclusion
Based on the information gathered from the literature survey the following infor-
mation can be gathered.

• Choline Chloride Ethylene glycol has shown some promising results for high
pressure 𝐶𝑂ኼ absorption, and higher conductivity with low viscosity makes it
an ideal candidate for consideration.

• Amines have shown very high potential in 𝐶𝑂ኼ absorption technology and
DES such as ChCl:MEA in various molar ratios could be tested for potential
solutions for 𝐶𝑂ኼ absorption.

• Amino Methyl Propanol (AMP) could potentially be an interesting amine to
consider as it is a sterically hindered primary amine which results in forma-
tion of bicarbonates instead of carbamates which could be a good alternative
because of low heat of desorption.
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• Two film theory explains the limitation on diffusion and mass transfer at the
gas liquid interface

• From the hole theory shows the limiting factor on viscosity and explains how
formation of carbamates increase viscosity and reduce conductivity

• The formation of strong hydrogen bonds between choline chloride and HBDs
generates a decrease in free volume to play an essential part in the observed
change in density. It is also observed that at a fixed temperature, the density
decreases with a higher molecular weight of the HBD as a result of the observed
decrease of the density of pure HBDs.

• If the viscosity of the selected sorbents is relatively high, it plays as a limiting
factor for a good mass transfer. In general, the viscosity decreases markedly
with an increase in temperature. At a fixed temperature, the viscosity in-
creases when choline chloride (HBA) is added to the mixture. The increase
can be mostly attributed to the formation of hydrogen bonds, which results
in loss of molecular mobility.

• The effect of water on the viscosity of pure and 𝐶𝑂ኼ loaded sample needs to
be quantified, and viscosities for different water and 𝐶𝑂ኼ concentration should
be measured.

• Ohmic losses are higher in solvents with low conductivity, improving conduc-
tivity is crucial for electrochemical conversion process. Conductivity is de-
pendent on viscosity as increasing viscosity leads to reduction in conductivity.
Increasing temperature reduces viscosity and increases conductivity.

• Electrochemical reduction of CO2 in the aqueous electrolyte has been a chal-
lenging subject since the competing hydrogen evolution reaction (HER) takes
place at very close potential windows to CO2RR reaction. Therefore, there is
a need to investigate the CO2RR in other solvents rather than water

Table 2.4 depicts the chosen DES. The next section deals with the experiment
setup that need to be carried out and further sections deal with the results and
conclusions drawn from this thesis study.

Table 2.4: Selected DES for this thesis study

Salt HBD Molar Ratio
Choline Chloride Ethylene Glycol 1:2
Choline Chloride Ethylene Glycol 1:3
Choline Chloride Ethylene Glycol 1:4
Choline Chloride Monoethanol amine 1:5
Choline Chloride Monoethanol amine 1:6
Choline Chloride Aminomethyl propanol 1:6





3
Experimental setup

This chapter deals with the experimental setup and sample preparation. Based on
the observation made in the section 2.5, experiments have been planned and the
results for these experiments will be discussed in Chapter 4.

3.1. Preparation of solvents

It is important to first establish the method used to prepare the solvents. The
method used in preparing the solvents is similar to the one performed by Abbott et
al. [35]. The key difference is the amount of water added to the solution. Abbott et
al. kept negligible amount of water in DES, this is achieved by drying the choline
chloride and using high purity of individual compounds [8, 35]. In the case of
this thesis, study the purity of individual compounds was higher than 98% but it
was observed that any solution with no water would develop crystals as shown in
figure 3.1. This crystallisation was observed in ChCl:EG (1:2), ChCl:MEA(1:5) and
ChCl:MEA(1:6). After Various iterations and changing the water concentration of
the solution, it was found that 3%wt of solution, concentration of water gives a
solution and did not develop crystals and has a longer shelf life. Figure 3.1 shows
the schematic diagram for sample preparation. Details for the sample preparation
and the instruments used can be found in appendix A along with figure A.1

31
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(a) Crystals in ChCl:EG(1:2) (b) Crystals in ChCl:MEA(1:5)

Figure 3.1: Crystal formation without water in the solution

Figure 3.2: Schematic representation of Sample preparation
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3.1.1. Adding organic solvents
As discussed in section 2.4.5, organic solvents have been added to DES in order to
reduce the water content in DES. Higher water content in DES is not desired as it
interferes during the 𝐶𝑂ኼ reduction process. In section 2.4.5 it was discussed that
increased viscosity will reduce electrical conductivity. To reduce viscosity in amine
based DES, an organic solvent with low surface tension was added. In the case of
this study, EG solution was added to amine based DES.For example, ChCl:MEA
(1:6) has about 11 moles of MEA per liter of solution, similar amount was observed
for AMP. In order to observe the effect of different quantities of organic solvent in
the DES, the molarity of MEA/AMP was varied in ChCl:EG solution. To prepare
the solution, a known amount of ChCl:EG solution was taken and three different
morality (3, 6 and 9) of MEA/AMP were added. The details of the mixtures and
exact molarity of amines can be found in Appendix A in the tables A.1 and A.2

3.2. 𝐶𝑂2 loading setup

Figure 3.3: Schematic diagram of ፂፎᎴ loading setup

Figure 3.3 shows the schematic diagram of the setup used for loading 𝐶𝑂ኼ in the
sorbent. A mass flow controller is attached to the outlet of 𝐶𝑂ኼ tank. The pressure
is set to 2 bar ,the mass flow controller is then attached to the inlet of gas washing
bottle. About 100-150 ml of pure DES solution is put inside the bottle. 𝐶𝑂ኼ is then
bubbled in the solution for about 30-40 minutes depending on the solution. This
time for loading is determined by multiple tests conducted in order to find the ideal
loading capacity to test viscosity and conductivity. For instance, a very heavy loaded
sample will be too viscous for the rheometer to measure viscosity along with very
low conductivity which cannot be measured in the conductivity meter. The outlet
of the gas washing bottle is open to the vents to remove the excess undissolved
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gas. Once the 𝐶𝑂ኼ loading is completed, the bottle is washed, dried, and made
ready for the new sample to be loaded. The amount of 𝐶𝑂ኼ loaded in the sample is
measured using barium chloride titration. To make different concentration of 𝐶𝑂ኼ
in a solution, a master batch of 300 ml pure DES was loaded with 𝐶𝑂ኼ. This master
batch is then diluted by adding pure DES in the solution. This dilution process is
discussed in section 3.2.2.

3.2.1. Barium chloride titration
𝐶𝑂ኼ concentration was determined by barium chloride titration method. The test
uses the reaction 3.3, which is the overall reaction derived for of stage reaction 3.1
and 3.2. The 𝐵𝑎𝐶𝑂ኽ formed in the reaction 3.3 is a white precipitate and does not
dissolve in water or organic solvent. This precipitate forms in 1:1 ratio with the
moles of 𝐶𝑂ኼ present in the solution hence, measuring the amount of 𝐵𝑎𝐶𝑂ኽ in the
solution will give the amount of 𝐶𝑂ኼ present in the solution.

There are various methods to determine the quantity of 𝐵𝑎𝐶𝑂ኽ precipitate. One
way is to filter the precipitate and wash with water to remove the undissolved NaOH
then dry and weigh the precipitate. This is a tedious method which takes about
1-2 days as the precipitate should be completely dry. This method also results
in some filtrate losses. Another method is to titrate the solution using HCl, the
tritration follows the reaction 3.4. Pérez-Gallent et al. performed barium chloride
titration to determine the 𝐶𝑂ኼ absorption in AMP where in the 𝐶𝑂ኼ rich solution
was treated with NaOh and 𝐵𝑎𝐶𝑙ኼ. The precipitate 𝐵𝑎𝐶𝑂ኽ titrated using HCl until
a clear solution is obtained [56]. Figure 3.5 shows the procedure of the titration.
The detailed procedure is as follows:

1. 25ml 0.5M solution of 𝐵𝑎𝐶𝑙ኼ and 25ml 0.5M solution of NaOH are mixed with
a known amount of 𝐶𝑂ኼ loaded sample and this mixture is stirred at 70 ፨𝐶 for
3 hr.

2. The solution is allowed to cool down to the room temperature. While stirring,
white precipitate is observed.

3. Phenolphthalein is added. The solution turns to pink colour as shown in figure
3.4a. This solution is then titrated using 1M HCl solution.

4. After titration, the first end point is reached when the solution becomes trans-
parent again with a white precipitate as shown in figure 3.4b. This indicates
that all the bases (excess NaOH) have been neutralised.

5. At this stage, Methyl Orange indicator is added. The solution turns to a
yellowish colour as shown in figure 3.4c.

6. Further titrating with HCl solution starts to dissolve the precipitate present
in the solution and the final end point is reached when the solution has no
precipitate. Now the solution has a lighter shade of orange colour as shown in
figure 3.4d.
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The amount of HCl used in step 6 is measured and the moles of 𝐵𝑎𝐶𝑂ኽ can be
calculated. Since 𝐵𝑎𝐶𝑂ኽ and 𝐶𝑂ዅኼኽ react in 1:1 ratio, the moles of 𝐶𝑂ኼ in the sample
can be calculated.

2NaOH(aq) + CO2(aq) Na2CO3(aq) + H2O(aq) (3.1)

Na2CO3(aq) + BaCl2(aq) 2NaCl(aq) + BaCO3(s) (3.2)

Na +
(aq) + CO3

–2
(aq) + BaCl2(aq) 2NaClaq + BaCO3s (3.3)

BaCO3(s) + 2 HCl(aq) BaCl2(aq) + CO2(g) + H2O(aq) (3.4)

(a) Adding
phenolphthalein

(b) Phenolphthalein
end point

(c) Adding methyl
orange

(d) Methyl orange
end point

Figure 3.4: Baroum chloride titration end points

Figure 3.5: Schematic description of barium chloride titration
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3.2.2. Dilution

Once the amount of 𝐶𝑂ኼ in the sample is determined, we proceed to dilute the
solution from the batch solution. The diluted solution is used to measure physical
properties at different concentrations of 𝐶𝑂ኼ and 𝐻ኼ𝑂.

The master batch with high 𝐶𝑂ኼ concentration is diluted with adding pure DES
solution and water. Table 3.1 shows the values for the 𝐶𝑂ኼ in various diluted sample
and further these solutions are diluted by adding water represented by table 3.2.
The same procedure was applied to ChCl:AMP solution. Table A.3 and table A.4
can be found in Appendix A.

Table 3.1: Dilution of ፂፎᎴ loaded ChCl:MEA(1:6) samples by adding pure DES

𝐶𝑜ኼ loaded sample (g) Pure sample (g)
𝐶𝑜ኼ in the sample
(wt% of solution)

60.04 163.44 2.22
120.05 180.06 3.31
189.05 126.08 4.97
298.00 0.00 8.28

Table 3.2: dilution of ፂፎᎴ loaded ChCl:MEA (1:6) sample with ፇᎴፎ

𝐶𝑂ኼ concentration
(%wt of solution) Weight of sample (g) Water added (g)

Water concentration
(%wt of solution)

2.22

87.00 0.000 2.92
61.90 4.87 10.02
54.19 12.15 20.69
46.68 18.35 30.31

3.31

88.00 0.00 2.92
77.11 6.02 9.94
73.69 15.62 19.90
62.57 24.00 29.83

4.96

85.00 0.00 2.92
83.08 6.64 10.11
76.23 16.17 19.90
68.63 26.27 29.79

0
38.08 2.97 9.95
35.59 7.59 19.99
31.51 12.15 29.93
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3.3. Fourier-Transform Infrared Spectroscopy (FTIR)

Figure 3.6: Nicolet iS50 FT-IR machine

Figure 3.6 shows the setup for Fourier-Transform Infrared Spectroscopy (FTIR).
This equipment is used to identify various bonds in the solvent and how and when
new bonds are formed resulting in the formation of different compounds. The ma-
chine sends infrared radiation of about 10,000 to 100 𝑐𝑚ዅኻ through the sample.
Some of the radiations are absorbed and some are passed through. The absorbed
radiation by molecules is converted into rotation and/or vibration energy. The re-
sulting signal received at the detector is presented as an absorption spectrum. For
this specific machine the wavenumbers in the spectrum are form 4000 𝑐𝑚ዅኻ to 400
𝑐𝑚ዅኻ. The spectrum generated is a series function of absorbed energy. This par-
ticular machine uses a zinc selenide crystal which provides more durability at the
cost of small error. For higher resolution, germanium crystal could be used. This
experimental setup measures 16 iteration per sample and the resolution of 2 𝑐𝑚ዅኻ.

3.4. Density measurement

Figure 3.7: Anton Paar DMA 5000 density meter

Figure 3.7 shows the density meter used in this work. This machine has a U bent
transparent tube. The sample is injected in the tube. The tube is then vibrated.
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Each vibration frequency is calibrated to a density value. The frequency of the
vibration is then compared to the base calibration reading. The difference in reading
gives the density of the sample. This machine can measure the density at different
temperature ranging from 0-100 ፎ𝐶 with a least count of 10ዅዀ g/𝑐𝑚ኽ. The results
could be found in appendix B.

3.5. Viscosity measurement

Figure 3.8: Schematic diagram of viscosity measurement

Figure 3.8 shows the procedure for measuring viscosity. The machine used in this
work (figure 3.9) measures shear stress and using the equation 3.5, the viscosity is
calculated. The procedure of this instrument is as follows:

• The suspended arm of known flat plate area as shown in the figure 3.9 is
lowered to a gap of 1mm from the metal plate. This is the y variable in the
equation 3.5 and A is the area of the plate in contact with the fluid.
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• The suspended arm is rotating about an air bearing and is connected to a
sensor which measures the shear stress in the suspended arm when it is in
motion. This sensor gives the F value for the equation 3.5.

• Shear rate is set using the Anton Paar software in the machine. Once the
machine starts to rotate at the specified shear rate, the value for ፮

፲ in the
equation 3.5 is obtained.

• The value of these variables is put in the equation by the software and the
viscosity is calculated.

In order to get accurate measurements, 21 iterations were taken with varying the
shear rate. As represented in the table 3.3, the shear rate was varied from 20-50 and
21 readings were noted. It is important to take several readings to reduce errors. In
this measurement, the average error percentage was less than 3%.

𝜇 = 𝐹
𝐴 .
𝑦
𝑢 (3.5)

where,
𝜇 : Viscosity [Pa.s]
A : Area of the plate [𝑚ኼ]
F: Shear stress [Pa]
፮
፲ : Shear rate [𝑠ዅኻ]

Figure 3.9: Anton Paar rheometer
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Table 3.3: Viscosity measurement at 313.15 K for ChCl:EG(1:3) solution

Point No.
Shear rate

(𝑠ዅኻ)
Shear stress

(Pa)
Viscosity
(mPa.s) Error (%)

1 20.00 0.30 14.96 2.15
2 21.50 0.32 14.81 1.14
3 23.00 0.34 14.70 0.35
4 24.50 0.36 14.64 -0.02
5 26.00 0.38 14.62 -0.15
6 27.50 0.40 14.63 -0.06
7 29.00 0.43 14.67 0.16
8 30.50 0.45 14.72 0.52
9 32.00 0.47 14.69 0.33
10 33.50 0.49 14.58 -0.44
11 35.00 0.51 14.61 -0.24
12 36.50 0.54 14.66 0.09
13 38.00 0.55 14.57 -0.49
14 39.50 0.58 14.64 -0.02
15 41.00 0.60 14.59 -0.38
16 42.50 0.62 14.60 -0.27
17 44.00 0.64 14.61 -0.26
18 45.50 0.66 14.56 -0.55
19 47.00 0.68 14.55 -0.64
20 48.50 0.71 14.56 -0.59
21 50.00 0.73 14.55 -0.64

3.6. Conductivity measurement

Figure 3.10: Metrohm - pH/conductometer

Figure 3.10 shows the conductivity meter. It can measure conductivity as low as 1
𝜇𝑆/𝑐𝑚 as high as 100 mS/cm. This thesis study is used to measure conductivity
at room temperature 294-296 K. The machine is simple to use. It is first calibrated
using a standard KCl solution, the conductivity of the standard solution is cali-
brated at 298.15 K, and the machine is calibrated. Once calibrated, it measures
the conductivity of the solvent based on the potential difference applied. The value
obtained is compared to the calibrated value and gives conductivity.
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*Note: The machine after each measurement needs to be washed, while washing
with water the electrode which is inside the outer cover cannot be properly dried
hence, there can be some discrepancies in the experimental values. The amount of
water is small which results in error between each reading to be about 2-5% but not
more.





4
Results and Discussion

This chapter deals with the experimental results obtained. The aim of the thesis
is to find a solvent suitable for 𝐶𝑂ኼ absorption and a suitable electrolyte for elec-
trochemical conversion process. The experiments were conducted to determine the
physico-chemical properties of the solution in order to determine the limiting factors
of 𝐶𝑂ኼ absorption and electrochemical conversion. These results were later used to
find the most suitable solution for the process.

4.1. Pure solvents
4.1.1. Viscosity
Figure 4.1 represents viscosities for the selected DES over four different temperatures
ranging 303.15 and 333.15 K. As discussed in section 2.4.3, viscosity of DES follow
Arrhenius equation, as shown in equation 2.10. Table 4.1 compares the coefficients
for the Arrhenius equations obtained from experiments and literature study.

(a) Viscosity comparison between selected DES (b) Viscosity comparison between DES

Figure 4.1: Viscosity vs Temperature for selected DES

43
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From Figure 4.1 it can also be observed that the viscosity for ChCl:AMP (1:6)
solution is much higher compared to other solvents. Comparing the values of the
activation energy for the the solvents, AMP has the highest activation energy in all of
the solvents. In the selected solvent,the order of molecular size is AMP>MEA>EG.
AMP solvent is the most bulkiest organic molecule in the selected solvents hence
has the largest size. As discussed in section 2.4.4, viscosity is dependent on the
void size and bigger molecules will have less mobility through voids hence, higher
viscosity. Similarly the activation energy for MEA DES is higher than that of EG
DES and hence have higher viscosity.

Table 4.1: Comparing Arrhenius coefficients obtained from literature and experimental values
with the regression coefficient

Solvent A (mP.s) B (k) 𝑅ኼ (Experiment)Experimental Literature Experimental Literature
ChCl:EG (1:2) 8 * 10ዅኾ 1.5 * 10ዅኽ -3187.5 -2978.9 0.99
ChCl:EG (1:3) 1 * 10ዅኽ N/A -3009.5 N/A 0.99

ChCl:MEA (1:5) 2 * 10ዅ኿ 6 * 10ዅ኿ -4324.2 -4071.7 0.99
ChCl:MEA (1:6) 3 * 10ዅ኿ 1.8 * 10ዅኾ -4204.2 -4204.2 0.99
ChCl:AMP (1:6) 1 * 10ዅዀ N/A -5606.0 N/A 0.99

4.1.2. Electrical conductivity
Figure 4.2 shows the value of electrical conductivity measured for the selected DES
at 294.5 K. Comparing the conductivity, ChCl:EG(1:3) has the highest value. As
discussed in section 2.4.4, the electrical conductivity has a high dependence on vis-
cosity as the mobility of charge through the solution is limited by the viscosity
of the solution. It can be clearly seen that the solvent with the least viscosity
(ChCl:EG(1:3)) has the highest conductivity and the solvent with the highest vis-
cosity (ChCl:AMP(1:6)) has the lowest conductivity.

Figure 4.2: Electrical conductivity of selected DES

4.2. Effect of water
The effect of water is quite predominant as discussed in the section 2.4.4. Abbott
et al mentioned that adding water will increase conductivity and reduce viscosity
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[8]. This section deals with the effect of adding different concentrations of water to
the DES and seeing the effect of water on physical parameters.

4.2.1. Viscosity
Viscosity is an important parameter for absorbing 𝐶𝑂ኼ in a solvent. As discussed in
the section 2.3.3, the absorption of 𝐶𝑂ኼ in the solution is limited by the diffusion. As
the viscosity increases, the diffusion of gas in the solution decreases hence, limiting
the 𝐶𝑂ኼ absorption capacity of the solvent. As discussed before, viscosity of the
solvent could be decreased by adding water and from figures 4.3 - 4.5 it can be seen
that the adding water to the solution reduces viscosity.

(a) Viscosity vs temperature with different
water concentration

(b) Isothermal comparison of viscosity with
different water concentration

Figure 4.3: Effect of water concentration on viscosity for pure ChCl:MEA (1:6) solution

(a) Viscosity vs temperature curve with
different water concentration

(b) Isothermal comparison of Viscosity with
different water concentration

Figure 4.4: Effect of water concentration on viscosity for pure ChCl:MEA (1:5) solution
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(a) Viscosity vs Temperature curve with
different water concentration

(b) Isothermal comparison of Viscosity at
different water concentration

Figure 4.5: Effect of water concentration on viscosity for pure ChCl:AMP (1:6) solution

Figure 4.3a, shows the variation for viscosity in ChCl:MEA (1:6) solution over a
temperature range with different concentrations of water in the solution. It follows
the Arrhenius equation. Similar effect was observed for ChCl:MEA (1:5) and for
ChCl:AMP (1:6) solutions as shown by figure 4.4a and figure 4.5a respectively. It
is evident from the results that ChCl:MEA (1:6) has the least viscosity among the
amine-based solvents at about 31.35 cP at 303.15 K. ChCl:AMP (1:6) solution has
the highest viscosity of 115.6 cP.

Abbott et al. explained the viscosity of DES using the hole theory as discussed
in section 2.4.4. The theory states, the viscosity of a DES is determined by the size
of the hole and the probability of the moving molecule to find a hole of appropriate
size [8, 38]. From the equation 2.13, it was also theorised that adding a solvent
with lower surface tension will reduce the viscosity of the solvent by increasing the
hole size. However, it is observed that adding water will reduce the viscosity even
when the surface tension of water is much higher than DES. The surface tension of
ChCl:MEA (1:6) solution is 48.21 mN/m at 298.15 K [11]. The surface tension of
water is about 70.4 at 298.15 K. Even though the surface tension of water is much
higher than ChCl:MEA (1:6). From figure 4.3b, it can be observed that the viscosity
of ChCl:MEA (1:6) solution decreases with increasing the water content.

Garcia et al. conducted a theoretical study on choline chloride-based DES with
glycerol, and malonic acid [57]. They analysed the geometry of the DESs as well
as characterised the hydrogen network structure. the study was performed to un-
derstand the molecular structure and how the addition of 𝐻ኼ𝑂 and 𝐶𝑂ኼ affects the
molecular structure of the solution. Based on the results, it was observed that
adding 𝐻ኼ𝑂 in the DES increases the OH bonding in the solution. The bond length
between the 𝐶𝑙ዅ ion and hydrogen molecule increases because of the oxygen molecule
from water as shown in figure 4.6. This change in the bond length results in the
stretching of OH bonds. This increases the hole size and improves molecular/ionic
mobility in the solution hence reducing viscosity. Based on the FTIR results, there
is an increase in OH bonds abundance in the solution when the concentration of
water is increased. The addition of water changes the intensity but does not alter
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the wavenumber of the OH bond.

(a) Hydrogen bonding in pure
DES

(b) Hydrogen bonding in
presence of water

Figure 4.6: Hydrogen bonding length in pure solvent and in presence of water

(a) FTIR spectrum for ChCl:AMP(1:6) solution with
different water content

(b) Zoomed in FTIR spectrum for pure
ChCl:AMP(1:6) solution

(c) FTIR spectrum for pure ChCl:MEA(1:6) solution with
different water content

(d) Zoomed in FTIR spectrum for
ChCl:MEA(1:6) solution

Figure 4.7: FTIR spectrum for amine based DES with different water content

Figure 4.7, shows the FTIR spectrum for ChCl:MEA (1:6) and ChCl:AMP (1:6)
solutions with different water content. In amine-based solvents, the OH bond has
a wavenumber of 3355 𝑐𝑚ዅኻ [58]. From the figure 4.7b, the peak at 3352 𝑐𝑚ዅኻ is
rising with increasing water concentration in the DES. Comparing the rise in the
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water concentration to viscosity drop-in figure 4.5b, a significant drop in viscosity
can be observed when water concentration goes from 10%wt of solution to 20%wt of
solution. This drop can be compared to a rise as seen in figure 4.7b at wavenumber
3353 𝑐𝑚ዅኻ when the water concentration rises from 10%wt of solution to 20%wt of
solution. A similar trend is observed in ChCl:MEA(1:6) solution. From figure 4.7d,
it can be seen that an increase in OH bond corresponding to wavenumber 3352.3
𝑐𝑚ዅኻ.

4.2.2. Electrical conductivity
Electrical conductivity is dependent on viscosity, and as the viscosity decreases,
the electrical conductivity increases. As discussed in section 2.4.5, the mobility of
ions in the solution is dependent on the hole sizes and the probability of finding
voids to move through. From figure 4.8, it can be observed that the change in
viscosity is inversely related to the change in conductivity. In figure 4.8a, it can be
seen that for ChCl:MEA(1:6), viscosity drops from 31.35 to 10.29 cP when the water
concentration changes from 3% to 30%wt of solution, and conductivity changes from
2.89 to 8.16 mS/cm. Comparing ChCl:AMP (1:6) and ChCl:MEA (1:6) solutions
at 30%wt water solution, the viscosities are low, but the electrical conductivity
for ChCl:AMP (1:6) solution as seen from figure 4.8b is very low. The highest
conductivity obtained by ChCl:AMP (1:6) is at water concentration of 40%wt of
solution of 4.55 mS/cm compared to 8.16 mS/cm obtained by ChCl:MEA(1:6) at
lower water concentration. As mentioned in the section 2.4.5, a lower concentration
of water is desired for the process.

(a) Electrical conductivity and viscosity vs
water content for for ChCl:MEA(1:6) solution

(b) Electrical conductivity and viscosity vs
water content for ChCl:AMP(1:6) solution

Figure 4.8: Comparing viscosity and conductivity at different water content for different amine
based solvents

4.3. Effect of 𝐶𝑂2
As discussed in the previous section, addition of water has a significant effect on
viscosity and electrical conductivity. This section deals with the effect of 𝐶𝑂ኼ ab-
sorption in amine based DES.
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4.3.1. 𝐶𝑂ኼ absorption in MEA solution

(a) Viscosity vs temperature for different
concentration of ፂፎᎴ

(b) Isothermal comparison of change in viscosity
with different concentrations of ፂፎᎴ

Figure 4.9: Comparing change in viscosity at different temperature and different concentration of
ፂፎᎴ for ChCl:MEA(1:6) solution

𝐶𝑂ኼ absorption in the solution was carried out using the method described in section
3.3. The amount of 𝐶𝑂ኼ absorbed is determined by barium chloride titration method
as discussed in section 3.2.1. 𝐶𝑂ኼ reacts with MEA and forms carbamates as shown
by reaction 2.2. Carbamate formation increases the molecule size, but the hole/void
size remains the same resulting in higher viscosity. Figure 4.9 shows the variation
of viscosity with different concentration of 𝐶𝑂ኼ in ChCl:MEA (1:6) solution. It can
be clearly seen from figure 4.9b that as the concentration of 𝐶𝑂ኼ absorbed in the
solution increases, the viscosity of the solution also increases. From figure 4.9a it
can be seen that viscosity of the 𝐶𝑂ኼ rich solvent also follows the Arrhenius equation
represented by 2.10.

Figure 4.10: Comparing change in electrical conductivity and viscosity with ፂፎᎴ concentration in
ChCl:MEA(1:6) solution
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As discussed previously, electrical conductivity is highly dependent on the vis-
cosity of the solution. From figure 4.10 it can be seen that as the concentration of
𝐶𝑂ኼ in the solution increases, the viscosity of the solution also increases and hence
the conductivity of the solution decreases. There is a clear correlation between the
viscosity and conductivity of the solution.

(a) FTIR spectrum for ChCl:MEA (1:6) solution with
different concentraion of ፂፎᎴ

(b) Zoomed FTIR spectrum for different
concentration of ፂፎᎴ in ChCl:MEA(1:6)

solution

Figure 4.11: FIRT plot for different concentration of ፂፎᎴ for ChCl:MEA(1:5) solution

Figure 4.11 shows the FTIR spectrum for ChCl:MEA (1:6) solution with differ-
ent concentration of 𝐶𝑂ኼ. As discussed previously MEA reacts with 𝐶𝑂ኼ to form
carbamates as shown by reaction 2.2. In the FTIR spectrum , the carbamate bond
peak is observed at 1322 [59]. In ChCl:MEA DES the peak was observed at 1307,
as shown in figure 4.11b the peak at 1307 increases with as the concentration of 𝐶𝑂ኼ
increases. It was also observed that at higher concentration of 𝐶𝑂ኼ in the solution,
bicarbonate formation was observed. This bicarbonate formation is represented by
the peak observed at 1365-1385 wavenumber in figure 4.11b. It is important to note
that this bicarbonate peak was only observed at high loading of 𝐶𝑂ኼ.

4.3.2. 𝐶𝑂ኼ absorption in AMP solution
AMP, as discussed before, is a sterically hindered amine which on reaction with 𝐶𝑂ኼ
forms unstable AMP-carbamates and in the presence of water, these carbamates
dissolve and become bicarbonates as shown by reaction 2.3. When 𝐶𝑂ኼ is loaded
in the ChCl:AMP (1:6) solution, the 𝐶𝑂ኼ reacts with AMP and forms a precipitate
which is are the unstable AMP-carbamates. Svensson et al. also observed similar
precipitate formation during the study involving AMP in an organic solvent,N-
methyl-2-pyrrolidone or triethylene glycol dimethyl ether [60]. Figure 4.12 shows
the precipitate formed after reaction with 𝐶𝑂ኼ. The formation of the precipitate
results in a two-phase solution which severely limits the 𝐶𝑂ኼ absorption capacity of
the solvent. A higher amount of 𝐶𝑂ኼ could be absorbed by the solvent at a higher
water concentration as the addition of water to the solvent converts the carbamates
into bicarbonates. Due to the limitation of 𝐶𝑂ኼ absorption due to the formation of
two-phase solution, only a small amount of 𝐶𝑂ኼ could be absorbed in the solution,
and the change in viscosity could not be noted because of high amount of water
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present in the solution. More information regarding absorption of 𝐶𝑂ኼ in AMP
could be found in Appendix B.2

Figure 4.12: ChCl:AMP (1:6) solvent with precipitate after reacting with ፂፎᎴ

4.4. Mathematical fit for physical parameters
This section deals with developing a mathematical fit for the physical parameters
and determining an equation for the same. The parameters in the equation will be a
function of 𝐶𝑂ኼ and 𝐻ኼ𝑂 concentrations in the solvent. It is important to establish
the interdependence between concentrations of 𝐶𝑂ኼ and 𝐻ኼ𝑂 as it is observed they
have a significant effect on viscosity and electrical conductivity of the solutions.

4.4.1. Viscosity

The idea behind making a mathematical fit it to obtain an equation like the Ar-
rhenius equation as shown in 4.1. In the equation viscosity is dependent on coeffi-
cients 𝐴፦ and 𝐵፦ which are variables dependent on the concentration of 𝐶𝑂ኼ and
𝐻ኼ𝑂 in the solvent. The coefficients were determined for both ChCl:MEA(1:6) and
ChCl:AMP(1:6) solutions.

𝜇(ፂፎᎴ ,ፇᎴፎ,ፓ) = 𝐴፦(ፂፎᎴ ,ፇᎴፎ)𝑒𝑥𝑝
Ꮍᐹᑞ(ᐺᑆᎴ,ᐿᎴᑆ)

ᑋ (4.1)
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Table 4.2: Experimental values for viscosity of ChCl:MEA(1:6) solution with different
concentration of ፇᎴፎ and ፂፎᎴ

Concentration Viscosity (Temperature) (cP)
𝐻ኼ𝑂

(wt% of solution)
𝐶𝑂ኼ

(wt% of solution)
303.15

K
313.15

K
323.15

K
333.15

K
3.00 0.00 31.35 19.70 12.94 9.01
9.95 0.00 24.79 16.10 10.78 7.64
19.99 0.00 16.24 10.68 7.57 5.53
29.93 0.00 10.29 7.06 5.04 3.76
2.92 2.23 81.26 47.90 30.26 20.37
10.02 2.23 45.85 29.01 19.14 13.45
20.69 2.23 24.41 16.54 11.50 8.56
30.31 2.23 13.37 9.42 6.86 5.35
2.92 3.31 132.02 74.79 45.59 29.67
9.94 3.31 70.57 42.43 27.41 19.26
19.90 3.31 33.35 21.19 14.52 10.68
29.83 3.31 14.53 10.18 7.47 5.76
2.92 4.97 321.54 177.93 102.65 64.38
10.11 4.97 126.10 76.32 48.39 31.67
19.90 4.97 46.82 30.10 20.15 14.53
29.79 4.97 16.54 11.60 8.58 6.64

From the data obtained from table 4.2, 3D curves were plotted with different
concentrations of 𝐻ኼ𝑂 and 𝐶𝑂ኼ for the solution at constant temperature. Figure
4.13 shows the 3D plot for ChCl:MEA (1:6) solutions at 313.15 and 333.15 K. Rest
of the curves could be found in Appendix B.3.1.



4.4. Mathematical fit for physical parameters

4

53

(a) Change in viscosity with different
concentration of ፇᎴፎ and ፂፎᎴ at 303.15 K for

ChCl:MEA(1:6) solution

(b) Residual plot for viscosity curve of
ChCl:MEA(1:6) solution with different

concentrations of ፇᎴፎ and ፂፎᎴ at 303.15 K

(c) Change in viscosity with different
concentration of ፇᎴፎ and ፂፎᎴ at 333.15 K for

ChCl:MEA(1:6) solution

(d) Residual plot for viscosity curve of
ChCl:MEA(1:6) solution with different

concentrations of ፇᎴፎ and ፂፎᎴ at 333.15 K

Figure 4.13: 3D curve for ChCl:MEA(1:6) solution comparing viscosity at different concentration
of ፇᎴፎ and ፂፎᎴ at 303.15 K and 333.15 K

Using a curve fitting tool the equation of the curves in the figure 4.13 is generated.
Figure 4.13b and figure 4.13b represent the residual graph for the equation of the
respected curve represented by the polynomial 4.2. As can be seen from the figures
the residual plot shows a very small error in the actual and predicted values. In
equation 4.2 𝑃ኺኺ−𝑃ኽኻ are coefficients which vary with temperature, values for which
are shown in table 4.3. Figure 4.14 shows the correlation for the predicted and
experimental data for ChCl:MEA(1:6) solution predicted using equation 4.2. Based
on the curve fir tool the average 𝑅ኼ value for the equation 4.2 is 0.984 over all
temperature ranges.

𝜇(𝐻ኼ𝑂, 𝐶𝑂ኼ) = 𝑃ኺኺ +𝑃ኻኺ𝑥 + 𝑃ኺኻ𝑦 +𝑃ኼኺ𝑥ኼ +𝑃ኻኻ𝑥𝑦 +𝑃ኺኼ𝑦ኼ +𝑃ኼኻ𝑥ኼ𝑦 +𝑃ኻኼ𝑥𝑦ኼ +𝑃ኺኽ𝑦ኽ
(4.2)

Where
x= 𝐶𝑂ኼ concentration in the solution [%wt of solution]
y= 𝐻ኼ𝑂 concentration in the solution [%wt of solution]
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Table 4.3: Coefficients for the curve fit polynomial for ChCl:MEA(1:6) solution

Temperature
(K) 𝑃ኺኺ 𝑃ኻኺ 𝑃ኺኻ 𝑃ኼኺ 𝑃ኻኻ 𝑃ኺኼ 𝑃ኼኻ 𝑃ኻኼ 𝑃ኺኽ

303.15 41.97 7.068 -5.538 12.810 -3.138 0.471 -0.505 0.112 -0.0111
313.15 24.670 3.499 -2.603 7.015 -1.589 0.218 -0.275 0.057 -0.005
323.15 15.37 2.538 -1.273 3.852 -0.857 0.104 -0.150 0.0304 -0.003
333.15 10.42 2.021 -0.745 2.265 -0.508 0.060 -0.089 0.018 -0.001

(a) correlation plot for predicted vs experimental
values at 303.15K temperature

(b) correlation plot for predicted vs experimental
values at 313.15K temperature

(c) correlation plot for predicted vs experimental
values at 323.15K temperature

(d) correlation plot for predicted vs experimental
values at 333.15K temperature

Figure 4.14: Correlation curves for predicted and experimental values at different temperature for
ChCl:MEA(1:6) solution

Using the the equation 4.2, viscosites at different concentrations of 𝐻ኼ𝑂 and 𝐶𝑂ኼ
were predicted at constant temperature. It was observed that at an given concen-
tration the viscosity of the solvent follows the Arrhenius type equation over a tem-
perature range. In order to determine the coefficients 𝐴፦ and 𝐵፦ for the equation
4.1, equation 4.2 was used to predict values for viscosity at different concentrations
and different temperatures. A similar table to 4.2 was obtained which can be found
in table B.2 Appendix B.3.1. From that table of predicted values the values for 𝐴፦
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and 𝐵፦ were calculated. The values for these coefficients are shown in table 4.4.
The values obtained by this method are very close to the one obtained in the initial
investigation, as shown in table 4.1. It is observed that as the 𝐶𝑂ኼ concentration
in the solvent increases the activation energy represented by 𝐵፦ also increases and
addition of water reduces the activation energy. This increase in activation energy
could be related to the formation of carbamates in the solution which are bigger
molecules and as per the hole theory will find it difficult to mobilize. Addition of
water as discussed before might cause an extension in the hydrogen bonds causing
an increase in hole size hence, reducing viscosity and the activation energy of the
solution.

Table 4.4: Coefficients for equation 4.1 ChCl:MEA(1:6) solution at different ፇᎴፎ and ፂፎᎴ
concentrations

Concentration 𝐴፦ (mPa.s) 𝐵፦ (K) 𝑅ኼ𝐻ኼ𝑂
(%wt of solution)

𝐶𝑂ኼ
(%wt of solution)

3.00 0.00 4x10ዅ኿ -4100.6 0.999
9.95 0.00 1x10ዅኾ -3726.5 1
19.99 0.00 5x10ዅዀ -4709.3 0.998
2.92 2.23 1x10ዅ኿ -4773 0.998
10.02 2.23 4x10ዅኾ -3450.4 0.999
20.69 2.23 3x10ዅኾ -3359.7 0.997
30.31 2.23 6x10ዅ኿ -3860 0.998
2.92 3.31 7x10ዅዀ -5112.8 0.999
9.94 3.31 5x10ዅ኿ -4250.6 0.999
19.90 3.31 5x10ዅኾ -3254.1 0.998
29.83 3.31 7x10ዅ኿ -3812.2 0.997
2.92 4.97 6x10ዅዀ -5385.2 0.999
10.11 4.97 1x10ዅ኿ -4884 0.999
19.90 4.97 2x10ዅኾ -3805.1 0.999
29.79 4.97 2.9x10ዅኾ -2527.3 0.998

Table 4.5 represents the Viscosity for ChCl:AMP(1:6) solution at different con-
centrations of 𝐻ኼ𝑂 and 𝐶𝑂ኼ and different temperature readings. As discussed before
the AMP solution tends to form two phase solution when reacted with 𝐶𝑂ኼ and
higher concentration of water needs to be added in order to remove the undissolved
carbonates by reacting them with water as shown in reaction 2.3.

From the data obtained from table 4.5, a 3D curve was plotted. The 3D plots
are plotted at different temperatures with different concentrations of 𝐻ኼ𝑂 and 𝐶𝑂ኼ.
Figure 4.15 shows the 3D plot for ChCl:AMP (1:6) solutions at 313.15 and 333.15
K. Rest of the curves could be found in Appendix B.3.1.
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Table 4.5: Experimental values for viscosity of ChCl:AMP(1:6) solution with different
concentration of ፇᎴፎ and ፂፎᎴ

Concentration Viscosity (temperature) (cP)
𝐻ኼ𝑂

(wt% of solution)
𝐶𝑂ኼ

(wt% of solution)
303.15

K
313.15

K
323.15

K
333.15

K
10.07 0.00 115.60 63.60 35.46 22.11
20.07 0.00 51.19 30.50 19.26 13.39
30.02 0.00 26.61 16.69 11.13 8.06
40.05 0.00 13.95 9.07 6.43 4.66
10.00 0.77 108.46 58.69 32.83 19.89
19.99 0.77 56.59 33.50 20.92 14.17
30.23 0.77 25.89 16.10 10.64 7.59
39.99 0.77 13.68 8.88 6.14 4.42
30.66 1.16 28.27 17.58 11.62 8.06
40.08 1.16 13.84 8.95 6.10 4.38

(a) Change in viscosity with different
concentration of ፇᎴፎ and ፂፎᎴ at 303.15 K for

ChCl:AMP(1:6) solution

(b) Residual plot for viscosity curve of
ChCl:AMP(1:6) solution with different

concentrations of ፇᎴፎ and ፂፎᎴ at 303.15 K

(c) Change in viscosity with different
concentration of ፇᎴፎ and ፂፎᎴ at 333.15 K for

ChCl:AMP(1:6) solution

(d) Residual plot for viscosity curve of
ChCl:AMP(1:6) solution with different

concentrations of ፇᎴፎ and ፂፎᎴ at 333.15 K

Figure 4.15: 3D curve for ChCl:AMP(1:6) solution comparing viscosity at different concentration
of ፇᎴፎ and ፂፎᎴ at 303.15 K and 333.15 K

Using a curve fitting tool the equation of the curves in the figure 4.15 is generated.
Figure 4.15b and figure 4.15d represent the residual graph for the equation for
the curve represented by the polynomial 4.3. As can be seen from the figures the
residual plot shows a very small error in the actual and predicted values, and the
error reduces at higher temperature indicating the equation to be more accurate at
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higher temperatures. In equation 4.3 𝑃ኺኺ −𝑃ኺኼ are coefficients which are dependent
on temperature and values for which could be found in table 4.6. It is important to
note that due to very low absorption of 𝐶𝑂ኼ and very high water concentration this
equation is highly influenced by water concentration in the solution and hence, the
polynomial is dependent on the square value of y and only linear in x.

𝜇(ፇᎴፎ,ፂፎᎴ) = 𝑃ኺኺ + 𝑃ኻኺ𝑥 + 𝑃ኺኻ𝑦 + 𝑃ኻኻ𝑥𝑦 + 𝑃ኺኼ𝑦ኼ (4.3)

Where
x= 𝐶𝑂ኼ concentration in the solution [%wt of solution]
y= 𝐻ኼ𝑂 concentration in the solution [%wt of solution]

(a) correlation plot for predicted vs experimental
values at 303.15 K temperature

(b) correlation plot for predicted vs experimental
values at 313.15 K temperature

(c) correlation plot for predicted vs experimental
values at 323.15 K temperature

(d) correlation plot for predicted vs experimental
values at 333.15 K temperature

Figure 4.16: Correlation curves for predicted and experimental values at different temperature for
ChCl:AMP(1:6) solution

Figure 4.16 shows the correlation between the predicted value and the actual
experimental value for ChCl:AMP(1:6) solution with different concentration of water
and 𝐶𝑂ኼ calculated from the equation 4.3. Based on the curve fir tool used the
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average 𝑅ኼ value for the equation 4.3 is 0.993 over all temperature ranges.

Table 4.6: Coefficients for the curve fit polynomial for ChCl:AMP(1:6) solution

Temperature (K) 𝑃ኺኺ 𝑃ኻኺ 𝑃ኺኻ 𝑃ኻኻ 𝑃ኺኼ
303.15 187.700 -3.970 -8.633 0.1631 0.1066
313.15 99.55 -3.421 -4.294 0.1222 0.05035
323.15 52.78 -1.773 -2.041 0.05866 0.02174
333.15 30.99 -2.047 -1.026 0.05801 0.00897

Using the the equation 4.3, viscosites at different concentrations of 𝐻ኼ𝑂 and
𝐶𝑂ኼ and at constant temperatures was predicted. It was observed that at an given
concentration the viscosity of the solvent follows the Arrhenius type equation when
compared with temperature. In order to determine the coefficients 𝐴፦ and 𝐵፦ for
the equation 4.1, equation 4.3 was used to predict values for viscosity at different
concentrations and different temperatures. A similar table to table 4.5 was obtained.
Table B.3 in the Appendix B.3.1 gives the predicted values of viscosity, from the
predicted values the values for 𝐴፦ and 𝐵፦ were calculated. The values for those
coefficients are shown in table 4.7. The values obtained by this method are very
close to the one obtained in the investigation of pure solvents, as shown in table
4.1. From the table 4.7 it can be seen that addition of water significantly reduces
the activation energy which is represented by the absolute value of 𝐵፦, hence the
viscosity reduces considerably. As discussed before this reduction might be because
of the hydrogen bond stretching as discussed in section 4.2.1 .

Table 4.7: Coefficients for equation 4.1 for ChCl:AMP(1:6) solution at different ፇᎴፎ and ፂፎᎴ
concentrations

Concentration 𝐴፦ (mPa.s) 𝐵፦ (K) 𝑅ኼ𝐻ኼ𝑂
(%wt of solution)

𝐶𝑂ኼ
(%wt of solution)

10.07 0 1x10ዅዀ -5568.9 0.999
20.07 0 8x10ዅዀ -4774.3 0.998
30.02 0 1x10ዅኾ -3678.8 0.997
40.05 0 6x10ዅ኿ -3700.3 0.997
9.998 0.77 8x10ዅዀ -5685.4 0.999
19.99 0.77 5x10ዅዀ -4904.1 0.999
30.23 0.77 8x10ዅ኿ -3846.6 0.998
39.99 0.77 2x10ዅ኿ -4027.9 0.999
30.66 1.16 6x10ዅ኿ -3905 0.998
40.08 1.16 2x10ዅ኿ -4193.1 0.999

4.4.2. Electrical conductivity
Electrical conductivity of the solvent is important parameter for selecting the most
suitable solvent for the process as higher electrical conductivity will result in lower
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Ohmic losses. In the previous section the effect of water and 𝐶𝑂ኼ on the electrical
conductivity was discussed. It was established that electrical conductivity is highly
dependent on the viscosity of the solution and as the viscosity decreases the conduc-
tivity increases. This section discusses the effect different concentrations of 𝐶𝑂ኼ and
water have on the conductivity of the solution. A polynomial equation is derived to
predict the electrical conductivity of the system at different concentrations of water
and 𝐶𝑂ኼ.

Table 4.8: Experimental values for electricacl conductivity for ChCl:MEA(1:6) solution with
different concentrations of ፇᎴፎ and ፂፎᎴ

Concentration Electrical
Conductivity (mS/cm)𝐻ኼ𝑂

(%wt of solution)
𝐶𝑂ኼ

(%wt of solution)
3.00 0.00 2.89
10.00 0.00 3.75
20.00 0.00 5.53
30.00 0.00 8.17
2.92 2.23 2.16
10.02 2.23 3.32
20.69 2.23 5.98
30.31 2.23 9.69
2.92 3.31 1.66
9.94 3.31 2.89
19.90 3.31 5.67
29.83 3.31 10.32
2.92 4.97 0.92
10.11 4.97 2.09
19.90 4.97 5.25
29.79 4.97 10.87

Table 4.8 shows the experimental value for electrical conductivity in ChCl:MEA(1:6)
solution at different concentrations of 𝐻ኼ𝑂 and 𝐶𝑂ኼ. From the above data a 3D curve
was plotted as shown in figure 4.17a. From the 3D plot a polynomial fit was gen-
erated using curve fitting tool, this polynomial is represented by equation 4.4. As
discussed earlier the conductivity of the solution was measured at one temperature
because in the lab maintaining higher temperatures is not possible.

𝜎(ፇᎴፎ,ፂፎᎴ) = 3.24 − 0.412𝑥 − 0.046𝑦 − 0.042𝑥ኼ + 0.036𝑥𝑦 + 0.007𝑦ኼ (4.4)

Where
x= 𝐶𝑂ኼ concentration in the solution [%wt of solution]
y= 𝐻ኼ𝑂 concentration in the solution [%wt of solution]
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(a) Change in electrical conductivity with different
concentration of ፇᎴፎ and ፂፎᎴ at 294.15 K for ChCl:MEA(1:6)

solution

(b) Residual plot for electrical conductivity plot of
ChCl:MEA(1:6) solution

(c) correlation plot for predicted vs
experimental values at 294.15 K

temperature

Figure 4.17: 3D curve for ChCl:MEA(1:6) solution comparing electrical conductivity at different
concentration of ፇᎴፎ and ፂፎᎴ at 294.15K with residual curve and correlation curve

From figure 4.17a it can be observed that as the 𝐶𝑂ኼ concentration increases
the electrical conductivity decreases. This is in correlation to increasing viscosity as
discussed before, the viscosity has a big effect on electrical conductivity. Increasing
water concentration in the solution also increases the conductivity. At a concentra-
tion of 30% water the electrical conductivity is around 10 mS/cm which is closer
to the target value to 11 mS/cm as discussed in section 2.4.5. From equation 4.4
it is evident that water has a higher effect on conductivity as increasing water con-
centration increases conductivity more than the reduction observed with increasing
𝐶𝑂ኼ concentration. From table 4.8 it can be seen that conductivity for the solution
is similar at similar water concentrations.

Figure 4.17b gives the residual plot obtained from comparing the predicted to
actual value for conductivity for ChCl:MEA(1:6) solution using the equation 4.4.
From the figure it is evident that the error is very small and the curve fit tool gives
an 𝑅ኼ value of 0.998 to the equation 4.4. Figure 4.17c shows the correlation between
the predicted and the experimental value obtained from equation 4.4, it can be seen
that the equation has high correlation with the predicted values.
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Table 4.9: Experimental values for electricacl conductivity for ChCl:AMP(1:6) solution with
different concentrations of ፇᎴፎ and ፂፎᎴ

Concentration Electrical Conductivity
(mS/cm)𝐻ኼ𝑂

(%wt of solution)
𝐶𝑂ኼ

(%wt of solution)
10.00 0.00 0.49
20.07 0.00 1.27
30.02 0.00 2.64
40.05 0.00 4.55
10.00 0.77 0.45
19.99 0.77 1.23
30.23 0.77 2.64
39.99 0.77 4.80
25.06 1.16 1.85
30.66 1.16 2.58
35.00 1.16 4.08
40.08 1.16 4.71
10.00 1.55 0.00
30.10 1.55 2.61
35.05 1.55 3.72
40.08 1.55 4.74

Table 4.9 shows the electrical conductivity of ChCl:AMP (1:6) solution with
different concentrations of 𝐻ኼ𝑂 and 𝐶𝑂ኼ at 294.15 K. From the above data a 3D
curve was plotted as shown in figure 4.18. From the plot a polynomial fit was
generated using curve fitting tool, this polynomial is represented by equation 4.5.

𝜎(ፇᎴፎ,ፂፎᎴ) = 30.377 − 0.4566𝑥 − 0.01308𝑦 + 0.01553𝑥𝑦 + 0.002958𝑦ኼ (4.5)

Where
x= 𝐶𝑂ኼ concentration in the solution [%wt of solution]
y= 𝐻ኼ𝑂 concentration in the solution [%wt of solution]

From figure 4.18a it can be observed that as the 𝐶𝑂ኼ concentration increases
the electrical conductivity decreases. Increasing water concentration in the solution
also increases the conductivity. At 𝐻ኼ𝑂 concentration of 40%wt of solution, the
electrical conductivity is around 4 mS/cm which is very far from to the target value
to 11 mS/cm. From equation 4.5 it is evident that water has a higher effect on
conductivity. Electrical conductivity of ChCl:AMP(1:6) is less when compared with
all the selected solvents, along with the property of AMP to form AMP-carbamates
which are unstable and precipitate it is not the solution suitable for the process.
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(a) Change in electrical conductivity with different
concentration of ፇᎴፎ and ፂፎᎴ at 294.15 K for ChCl:AMP(1:6)

solution

(b) Residual plot for electrical conductivity plot of
ChCl:AMP(1:6) solution

(c) correlation plot for predicted vs
experimental values at 294.15K

temperature

Figure 4.18: 3D curve for ChCl:AMP(1:6) solution comparing electrical conductivity at different
concentration of ፇᎴፎ and ፂፎᎴ at 294.15K with residual curve and correlation curve

4.5. Effect of adding organic solvent
Until now in this thesis study the physico-chemical properties of the the solutions
have been determined. It is established that adding 𝐶𝑂ኼ in amine based solvent
increases viscosity and reduces conductivity and adding water has the opposite ef-
fect. The effect of 𝐶𝑂ኼis however very less on ChCl:EG solutions since 𝐶𝑂ኼ is only
physically absorbed instead of chemical absorption. Adding water in amine solution
increases the conductivity of the solution to about 10 mS/cm when the water con-
centration is about 30 %wt of the solution but as discussed in section 2.4.5 having
higher water concentration in the solution is not desirable for the electrochemical
conversion process.

As discussed in the section 2.3.3 the limiting factor for 𝐶𝑂ኼ apart from the
chemical kinetics is higher viscosity as it hinders diffusion. The limiting factor for
electrochemical conversion process is lower conductivity, which is also dependent
on viscosity. It is important to find an alternate to adding water in the solution to
reduce viscosity and increase conductivity. In this section, the effect of adding MEA
and AMP is noted on the ChCl:EG. MEA/AMP solutions are added to ChCl:EG
solution instead of the other way round since amines have shown higher potential of
𝐶𝑂ኼ absorption compared to ChCl:EG solution as shown previously. Also varying
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the quantity of amines in the solution will help understand the effects of diffusion
and how viscosity limits 𝐶𝑂ኼ absorption. The solutions are prepared by the method
described in the section 3.1.1.

4.5.1. 𝐶𝑂ኼ absorption
The physics of 𝐶𝑂ኼ absorption is described in section 2.3.3, it is known that 𝐶𝑂ኼ
absorption in the bulk of the solution is limited by viscosity as the increase in
viscosity due to formation of carbamates limit the absorption of the gas in the bulk
of the system. In this section all the solvents prepared with adding AMP and MEA
in ChCl:EG solutions are loaded with 𝐶𝑂ኼ using the 𝐶𝑂ኼ loading set up described
in section 3.3 for exactly 30 minutes. This time limit is set based on the loading
capacity. It was determined that at the flow rate ChCl:EG:MEA(1:2:9) solution
almost reached the maximum loading capacity, In order to compare the solutions
the 𝐶𝑂ኼ absorbed in the solution was kept constant varying the concentration of
the solution and measuring the effect it has on viscosity and electrical conductivity.
The amount of 𝐶𝑂ኼ was measure using barium chloride test.

All the solutions contain AMP formed a 2 phase solution. Different configura-
tions of the solutions were tried but a two phase solution was obtained unless higher
concentration of water was added. This method is attempting to remove water from
the solution hence, AMP solutions were removed from the test and only solutions
containing MEA were tested.

Table 4.10: ፂፎᎴ absorption for different concentrations of MEA in different ChCl:EG solutions

Base solvent
Moles of MEA

(moles/l)
𝐶𝑂ኼ

(wt% of solution)
𝐶𝑂ኼ

(mol 𝐶𝑂ኼ/mol MEA)

ChCl:EG (1:2)
3.10 3.95 0.34
6.17 4.97 0.22
9.20 6.04 0.17

ChCl:EG (1:3)
3.06 3.75 0.32
6.15 4.83 0.21
9.19 6.44 0.18

ChCl:EG (1:4)
3.07 3.56 0.32
6.13 5.43 0.24
9.18 6.33 0.19

Figure 4.19 graphically shows the amount of 𝐶𝑂ኼ absorbed in different ChCl:EG
solutions as observed from table 4.10. It is interesting to observe that the 𝐶𝑂ኼ
concentration in terms of mol 𝐶𝑂ኼ/mol MEA decreases as the concentration of
MEA increases. On the contrary the amount of 𝐶𝑂ኼ absorbed in the system (%wt
of solution) increases as the moles of MEA increases. The unit mol 𝐶𝑂ኼ/mol MEA
is a measure of how easy is for 𝐶𝑂ኼ molecules to reach the MEA atom. A higher
mol 𝐶𝑂ኼ/mol MEA value indicates a higher diffusion of the gas in the liquid phase.
In theory all molecules of MEA can react with 𝐶𝑂ኼ but the kinetics and equilibrium
of the reactions dictates that the maximum is around 0.5 mol 𝐶𝑂ኼ/mol MEA. The



4

64 4. Results and Discussion

closer the solution is to this maximum the better is the solution for 𝐶𝑂ኼ absorption.

(a) Concentrations of ፂፎᎴ absorbed in the
ChCl:EG (1:2) solution with different

concentration of MEA

(b) Concentrations of ፂፎᎴ absorpbed in the
ChCl:EG (1:4) solution with different

concentration of MEA

Figure 4.19: ፂፎᎴ absorption in different ChCl:EG solutions for different concentrations of MEA
in the solution

Figure 4.20 Shows the FTIR spectrum for 𝐶𝑂ኼ rich solution of ChCl:EG. It is
important to note that the peaks observed due to formation of carbamates due to
reaction of 𝐶𝑂ኼ with MEA are at wavenumber 1307 𝑐𝑚ዅኻ which is same as the one
observed for ChCl:MEA solutions as depicted by figure 4.11. It can be clearly seen
that higher amounts of MEA in the solution results in higher absorbance value, as
mentioned before the 𝐶𝑂ኼ loading is not at equilibrium loading capacity. Figure B.8
in Appendix B.4.1 compares the 𝐶𝑂ኼ absorption for ChCl:EG(1:4) solution with 3
moles of MEA, with 𝐶𝑂ኼ purged for 60 minutes and 30 minutes.

(a) FTIR spectrum for ፂፎᎴ rich solvent for different
concentration of MEA

(b) Zoomed in FTIR spectrum for
ፂፎᎴ rich solvent for different

concentration of MEA

Figure 4.20: FTIR spectrum for ፂፎᎴ rich ChC:EG solution with different concentration of MEA

4.5.2. Viscosity
From figure 4.21a it can be seen that ChCl:EG(1:2) solution has a higher viscos-
ity than ChCl:EG(1:3) and ChCl:EG(1:4) solutions. From figure 4.21b it can be
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seen that a solution of ChCl:EG(1:2) with 𝐶𝑂ኼ concentration of 6.04 %wt of solu-
tion has viscosity of about 317.7 cP which is comparable to viscosity observed in
ChCl:MEA (1:6) solution with 𝐶𝑂ኼ concentration of 4.97 %wt of solution with same
concentration of water (3%wt of solution) as obtained from table 4.2.

(a) Viscosity comparison for pure ChCl:EG
solutions

(b) Change in viscosity for ፂፎᎴ rich
ChCl:EG(1:2) solutions at different

concentration of MEA

(c) Variation of viscosity with temperature for ፂፎᎴ
rich ChCl:EG(1:3) solutions with different

concentration of MEA

(d) Variation of viscosity with temperature for ፂፎᎴ
rich ChCl:EG(1:4) solutions with different

concentration of MEA

Figure 4.21: Viscosity comparison for pure and ፂፎᎴ rich ChCl:EG DES with different
concentration of MEA

Figure 4.21c and 4.21d shows the viscosity for ChC:EG(1:3) and ChC:EG(1:4)
solution with different concentration of MEA, from the figure it is observed that
increasing concentration f MEA increases the viscosity for 𝐶𝑂ኼ rich solvents. When
the concentration of MEA is low in the solution the concentration of 𝐶𝑂ኼ (%wt
of solution) absorbed in the solution is low hence the concentration of carbamates
in the solution are lower. From section 2.4.4 it was inferred that the viscosity of
the solution is dependent on the probability of a molecule finding a void/hole to
move through, since the concentration of carbamates is lower the probability of
the molecules to find a void/hole is higher hence at lower concentrations of MEA
the viscosity of the solution is lower. This is beneficial because as discussed in the
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previous section reducing viscosity increases diffusion in the solution. Diffusion is a
limiting factor for 𝐶𝑂ኼ absorption and reducing viscosity will increase diffusion in
the system.

In the section 4.5.1, it was discussed that the unit mol 𝐶𝑂ኼ / mol MEA is an
important parameter to understand the diffusion in the bulk of the solution. In
figure 4.22b it is evident that as the moles of MEA increases the viscosity of the
viscosity increases and the mol 𝐶𝑂ኼ / mol MEA in the solution decreases. Comparing
figure 4.21d and figure 4.19b the concentration of 𝐶𝑂ኼ in terms of %wt of solution
increases with increases in moles of MEA along with the viscosity of the solution
but the mol 𝐶𝑂2/ mol MEA decreases indicating that the gas is not able to reach
the bulk of the solution and hence a lot of MEA molecules in the solution remain
unreacted. Diffusion is a limiting factor for 𝐶𝑂ኼ absorption and if the viscosity of
the solutions reduces more gas can be diffused in the solution.

(a) Variation of viscosity with concentration of
MEA for ፂፎᎴ rich ChCl:EG solutions at 303.15 K

(b) Comparing change in viscosity with moles of
MEA in ChCl:EG:MEA(1:4:3) solution

Figure 4.22: Viscosity comparison ፂፎᎴ rich ChCl:EG DES with different concentration of MEA
and ፂፎᎴ

4.5.3. Electrical conductivity
To prevent Ohmic losses in the solvent it is important for the solvent to have good
electrical conductivity. In the previous section it was discussed that as the 𝐶𝑂ኼ
concentration in ChCl:MEA/AMP solution increases the electrical conductivity de-
creases. As established before the electrical conductivity is inversely dependent on
the viscosity of the solution. From figure 4.2 it can be seen that ChCl:EG has the
highest conductivity among the selected DES.

From figure 4.23a it can be observed that adding MEA in the ChCl:EG solu-
tion reduces the conductivity. This happens because addition of MEA increases the
viscosity of the solution. From figure 4.23c it can be seen as the moles of MEA in-
creases the viscosity of the solution increases and the conductivity decreases. Among
the pure solution ChCl:EG (1:4) has the highest conductivity followed closely by
ChCl:EG(1:3) and the viscosities of the two solution are very close as shown in fig-
ure 4.21a. Figure 4.23b shows the change in conductivity for a 𝐶𝑂ኼ rich solution.
The amount of 𝐶𝑂ኼ absorbed is same as discussed in section 4.19. It can be clearly
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seen as the concentration of mea increases the concentration of absorbed 𝐶𝑂ኼ (%wt
of solution) increases and the viscosity increases hence, the conductivity decreases.
Figure 4.23d shows the change in conductivity for a 𝐶𝑂ኼ rich solvent at different
concentration of MEA.

(a) Conductivity compared with different
concentrations of MEA for pure ChCl:EG solutions

(b) conductivity compared with different
concentrations of MEA for ፂፎᎴ rich ChCl:EG

(c) Comparing conductivity and viscosity of pure
ChCl:EG (1:4) solution with different

concentration of MEA

(d) Comparing conductivity and viscosity of ፂፎᎴ
rich ChCl:EG (1:4) solution with different

concentration of MEA

Figure 4.23: Comparing changes in conductivity of solution with different concentration of MEA
and effect of ፂፎᎴ absorption





5
Conclusions and

Recommendations

5.1. Conclusion

Figure 5.1: Research objective

The main objective of this thesis is to find a solvent that is a good medium for 𝐶𝑂ኼ
capture and an electrolyte for electrochemical conversion of 𝐶𝑂ኼ process. DES are a
form of IL which have gained a lot of attention in recent years due to their desirable
properties such as biodegradability, low vapor pressure, and high tunability for the
required purpose. Research has shown promising results in the application of DES
on the field of 𝐶𝑂ኼ capture at a lower price with more eco-friendly solvent. Choline
chloride is the most widely used quaternary amine salt which has all the desirable
properties, when combined with a 𝐶𝑂ኼ philic hydrogen bond donor group such as
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amines groups this solvent has potential for being used for 𝐶𝑂ኼ capture. It is hence
was important to determine the Physico-chemical properties of these solvents.

5.1.1. physico-chemical properties
Viscosity

• The viscosity for DES is a factor of temperature, as the temperature increases
the viscosity decreases. Viscosity follows Arrhenius equation, represented by
equation 2.10 showing an exponential relation with temperature.

• The viscosity of the solution is dependent on the probability of the molecules
in the solution to find a void/hole and not the thermodynamics of formation
of void/hole as discussed in the Hole theory in section 2.4.4. At any given
time, the fluid will have a distribution of cavity sizes, and the ions/molecules
will only be able to move if the adjacent cavity of a suitable dimension is
available. Hence, it is assumed that only a few ions/molecules will be able to
move at any given moment of time, giving rise to higher viscosity. At higher
temperatures, the hole size increases as the surface tension decrease as per the
equation 2.13 hence, reducing viscosity.

• Viscosity of solution can be visualised with the activation energy (𝐸᎙), the
larger the molecule, higher the activation energy. Larger molecules will have
difficulty moving through the voids therefore, they higher activation energy.
AMP has the largest molecular size among the selected DES and hence the
largest activation energy. ChCl:AMP(1:6) has viscosity of 115.6 mPa.s which
is the highest among the selected solvents followed by ChCl:MEA(1:5) and
ChCl:MEA(1:6) at 35.1 mPa.s, and 31 mPa.s respectively.

• Addition of water in the solution reduces viscosity. This contradicts the expla-
nation given by hole theory which states that the addition of a liquid of lower
surface tensions will reduce viscosity. Addition of water can increase the hole
size by stretching the hydrogen bonds in the presence of oxygen molecules.
This could be visualised from the figure 4.6b, in the presence of water, the
oxygen molecule tends to pull the hydrogen molecule causing the bond to
stretch hence reducing the viscosity.

• Amine based solvents react with 𝐶𝑂ኼ to form carbamates or bicarbonates as
shown in reactions 2.2 and 2.3 respectively. The product formation depends
on the amine used, primary amines form carbamates upon reacting with 𝐶𝑂ኼ
whereas tertiary amines form bicarbonate in the presence of water. AMP is a
sterically hindered primary amine which forms unstable carbamates which on
reaction with water forms bicarbonates. In absence of water, AMP-carbamates
are formed which precipitates and is only soluble in water.

• The effect of formation of carbamates is seen in the viscosity of the solution as
increasing the amount of 𝐶𝑂ኼ absorbed in the solution increases the viscosity
significantly. This increase in viscosity is however a limiting factor for absorp-
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tion of 𝐶𝑂ኼ as increase in viscosity of the solution reduces the diffusion in the
bulk of the liquid.

Electrical conductivity
• Higher conductivity is desired for reducing ohmic losses in the electrochemcial

reduction process. Electrical conductivity is dependent on the viscosity of the
solution. Higher viscosity in the solution will hinder the ion mobility through
the solution.

• ChCl:EG(1:3) DES has the highest conductivity of 9.51 mS/cm.

• Among the amine based DES, ChCl:AMP has the highest viscosity and the
least conductivity of 0.49 mS/cm.

• Addition of water in the solution reduces viscosity significantly and hence
increases conductivity. A reduction in viscosity increases the ion mobility of
the solution. The effect of the addition of water can be seen most distinctly for
ChC:AMP solution whose electrical conductivity increases from 0.48 mS/cm
to 4.55 mS/cm when water concentration rose from 10% to 40% wt of solution.

• Absorption of 𝐶𝑂ኼ in the amine based DES increases the viscosity and hence
reduces the conductivity of the solution. The change in viscosity is exponential
when compared to the concentration of 𝐶𝑂ኼ, when concentration of 𝐶𝑂ኼ in
ChCl:MEA(1:6) solution changes from 0% to 8.4% wt of solution, the viscosity
increases from 32.35 to 2629.3 cP and the conductivity cannot be measure
because of such high viscosity.

• Higher water content is not desired for the electrochemical conversion process.
At lower water content, hydrogen evolution reaction suppresses and it causes
to improve the 𝐶𝑂ኼ reduction reaction.

5.1.2. Limiting factor
In the next stage, it is important to know the limiting factors for the solution. In
section 2.3.3, it was discussed that absorption of 𝐶𝑂ኼ is limited by the diffusion
of the gas in the bulk solution. Reducing the viscosity is crucial to increase the
diffusion in solution.

• 𝐶𝑂ኼ absorption process is limited by viscosity of the solution, higher viscosity
hinders the diffusion of the gas in the bulk of the solution.

• Viscosity of the solution increases significantly with absorption of 𝐶𝑂ኼ, at a
concentration of concentration of 8.4 %wt of solution has viscosity 2629.03
mPa.s at 303.15 K. It was observed that no more 𝐶𝑂ኼ could be loaded even
though the mol/mol concentration of 𝐶𝑂ኼ about 1.63 mol 𝐶𝑂ኼ / mol MEA. As
discussed before a lower mol/mol value for 𝐶𝑂ኼ absorption indicates that the
gas is not able to reach sufficient molecules in the solution hence the diffusion
is reduced because of high viscosity.
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• It was found that increasing temperature reduces viscosity, but since the carba-
mate formation reaction is an exothermic reaction, increasing the temperature
will not favour the reaction.

5.1.3. Addition of organic solvent
Adding organic solvent instead of water can also reduce viscosity and increased
conductivity as discussed in section 2.4.5. Hence, different concentrations of MEA
and AMP were added to ChCl:EG DES to determine its effect on viscosity and
electrical conductivity and 𝐶𝑂ኼ absorption.

• ChCl:EG solution performs physical absorption of 𝐶𝑂ኼ unlike chemical ab-
sorption in amine based DES. The amount of 𝐶𝑂ኼ dissolved is very less as the
pressure is less compared to the high pressures required for physical absorp-
tion.

• Addition of MEA and AMP in ChCl:EG solutions increases the 𝐶𝑂ኼ absorption
significantly.

• Reducing the concentration of EG in the ChCl:EG:MEA solution increases
the viscosity and reduces electrical conductivity.

• Increasing the concentration of EG in the solution reduces viscosity and in-
creases electrical conductivity for the same concentration of MEA. This is
because EG has a lower surface tension so addition of a fluid with lower sur-
face tension reduces viscosity as per the equation 2.13. MEA has a surface
tension higher than EG hence addition of MEA increases viscosity and reduces
electrical conductivity.

• Increasing the concentration of MEA in the solution increases the amount of
𝐶𝑂ኼ absorbed in the solution hence the concentration of 𝐶𝑂ኼ in %wt of solution
increases but the concentration of 𝐶𝑂ኼ in terms of moles of 𝐶𝑂ኼ/ moles of MEA
reduces. This is due to the fact that the viscosity increases with increase in
the concentration of carbamates formed from the reaction of MEA and 𝐶𝑂ኼ
this increase in viscosity reduces the diffusion in the solution hence hindering
more MEA to react with 𝐶𝑂ኼ. Viscosity of the solution is dependent on the
probability of the molecules to find suitable void/hole to fit through and with
lower concentrations of MEA a lower concentration of carbamates are formed
increasing the probability of molecules to pass through the voids/holes hence,
reducing viscosity.

• Absorption of 𝐶𝑂ኼ also reduces electrical conductivity but the drop in conduc-
tivity is not as significant as observed for ChCl:MEA solutions.

Addition of EG in the DES significantly improves the performance of the DES.
Based on the experiments conducted and the results obtained, it is concluded that
ChCl:EG:MEA (1:4:3) is the ideal solution for the process. A 𝐶𝑂ኼ rich solution of
ChCl:MEA(1:6) at 𝐶𝑂ኼ loading of 3.5 %wt of solution, has the viscosity 132.02 cP
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and the electrical conductivity of 1.66 mS/cm. At similar loading, the viscosity of
ChCl:EG:MEA (1:4:3) is 47.68 cP which is almost 63.88% less and the electrical
conductivity is 3.892 mS/cm which is 134.45 % more than ChCl:MEA(1:6).

5.2. Recommendation For future studies
The following are some recommendations for future experiment:

1. Changing the 𝐶𝑂ኼ concentration in ChCl:EG:MEA solutioin

• Properties such as surface tension, viscosity and conductivity at different
concentrations of 𝐶𝑂ኼ should be characterised and the dependency to
temperature should be quantified.

2. Vapour Liquid Equilibrium (VLE) test

• Getting VLE data for different temperatures could be used to calculate
the heat of absorption for the solution. It will be interesting to observe
how the heat of absorption changes in the presence of QAS like ChCl.

• From the results it was observed that diffusion gas for ChCl:EG:MEA
(1:4:3) solution is high, VLE test at lower pressure could show interesting
results.

3. Using different 𝐶𝑂ኼ loading setup

• A lower mass flow rate for 𝐶𝑂ኼ could be used in order to determine the
kinetics of the reactions.

• A different 𝐶𝑂ኼ loading setup could be used with mixing gases such as
𝑁ኼ and 𝑂ኼ so see the effect of them on the solution.

• A lower concentration of 𝐶𝑂ኼ mixture could be obtained by adding a sep-
arate channel with higher mass flow rate of another gas so as to compare
the 𝐶𝑂ኼ absorption properties at lower partial pressures.





A
Additional Sample

preparation

A.1. Pure sample preparation
To make pure deep eutectic solution the following procedure

1. The ceramic bowl and glass bottles are rinsed and washed carefully. They are
dried in the oven for 10-15 minutes until fully dry

2. Transfer the required amount of choline chloride into the ceramic bowl shown
in figure A.1a. Place the bowl in the oven shown in figure A.1b at 110 ፨𝐶 for
2 hr.

3. Transfer the choline chloride into a glass bottle. Add the HBD in the same
bottle according to the molar ratio.

4. Put the glass bottle on the magnetic stirrer as shown in figure A.1c and set
the temperature according to the solution as mentioned in figure 3.1.

5. After about 1-2 hrs add water according to solution as mentioned in figure 3.1
and then Still until a clear solution is observed as shown in figure A.1d

6. The resulting solution will result in clear solution with 3% wt water solution
and 97% pure DES.
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(a) Ceramic bowl (b) Oven (c) Magnetic Stirrer (d) Clear solution

Figure A.1: Instruments for sample preparation

A.2. Organic solvent mixing tables

Base Solution
MEA
(g)

Volume
of ChCl:EG (ml)

Moles
of MEA (mol) Molarity (mol/L)

ChCl:EG (1:2)
13.09 69.22 0.21 3.10
23.34 61.89 0.38 6.17
30.63 54.48 0.50 9.20

ChCl:EG (1:3)
12.94 69.27 0.21 3.06
23.09 61.47 0.38 6.15
30.69 54.68 0.50 9.19

ChCl:EG (1:4)
14.12 75.29 0.23 3.07
26.10 69.65 0.43 6.13
34.71 61.91 0.57 9.18

Table A.1: Prepared samples of different molarities of MEA in ChCl:EG solution

Solution
AMP
(g)

Volume
of ChCl:EG (ml)

Moles
of AMP (mol) Molarity (mol/L)

ChCl:EG (1:3)
22.41 75.28 0.23 3.01
33.86 56.89 0.34 6.01
42.26 47.34 0.43 9.01

ChCl:EG (1:2)
20.01 67.30 0.20 3.00
32.94 55.50 0.33 5.99
43.33 48.60 0.44 9.00

Table A.2: Prepared samples of different molarities of AMP in ChCl:EG solution
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A.2.1. AMP 𝐶𝑂ኼ Dillution tables

𝐶𝑜ኼ Loaded sample (g) Pure sample (g)
𝐶𝑜ኼ in the sample
(wt% of solution)

59.98 240.67 0.77
86.34 201.81 1.16
120.07 180.18 1.55
300 0.00 3.88

Table A.3: ፂፎᎴ Dilution with adding pure sample to ፂፎᎴ loaded ChCL:AMP (1:6) Sample

𝐶𝑂ኼ Concentration
(%wt of solution) weight of sample (gm) water added (gm)

Water Concentraion
(%wt of solution)

0.774

87.000 0.000 10.012
77.280 9.653 19.994
70.706 20.495 30.225
59.496 29.740 39.995

1.163

80.870 16.253 25.061
70.397 20.970 30.656
72.558 27.900 34.996
62.141 31.191 40.077

1.552

93.360 0.000 10.012
63.631 18.302 30.104
76.871 29.652 35.053
63.485 31.875 40.083

0
73.662 9.285 20.075
63.047 18.040 30.023
64.867 32.522 40.055

Table A.4: ፂፎᎴ loaded ChCl:AMP (1:6) Sample Dilution with adding ፇᎴፎ
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Additional measurements

B.1. Density

B.1.1. Density of pure solvents

Figure B.1 shows the density for different DES over a temperature range from 293.15-
333.15 K. The density of DES changes linearly with respect to temperature as given
by the equation B.1 as discussed in section 2.4.2. Table B.1 compares parameters a
and b from the equation 2.9 for experimental data to the data available in literature.
We can observe that the values obtained experimentally are very similar to the
available literature. No literature was available for ChCl:EG (1:3) and ChCl:AMP
(1:6) solution. It is also important that the 𝑅ኼ value for these experiments was quite
high. From figure we can observe that ChCL:AMP (1:6) is the least dense solution,
one reason can be because of higher water concentration (10% wt) which reduces
Density. ChCl:EG (1:2) has the highest density of about 1.1195 𝑔/𝑐𝑚ኽ, among the
MEA DES ChCL:MEA(1:5) have lower density of about 1.05141.
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Figure B.1: Density comparison of different DES over a range of temperature

𝜌 = 𝑎 + 𝑏𝑇 (B.1)

Table B.1: Comparing Experimental parameters and regression coefficients to values obtained
from literature for density parameters for different DES

Solvent a (g/𝑐𝑚ኽ) b (g/𝑐𝑚ኽ.k) 𝑅ኼExperimental Literature Experimental Literature
ChCl:EG (1:2) 1.1307 1.13 -0.0006 -0.0006 1
ChCl:EG (1:3) 1.1303 - -0.0006 - 0.999

ChCl:MEA (1:5) 1.258 1.283 -0.0007 0.0006 0.999
ChCl:MEA (1:6) 1.26 1.286 -0.0007 0.0007 1
ChCl:AMP (1:6) 1.210 - -0.0008 - 0.999

B.1.2. Effect of water on Density
Figure B.2 shows the variation in Density with different water concentrations in the
solution. From figure B.2a it can be seen the density does not change significantly
at a specific temperature, the change in density is about 0.014 g/𝑐𝑚ኽ at 298.15K
when the concentration of water changes from 3% to 20%. Also The change with
temperature is is similar to what was observed in pure solvents as expressed by
equation B.1. It can be observed from figure B.2b that the density goes from 1.117
to 1.103 𝑔𝑚/𝑐𝑚ኽ at constant temperature of 293.15 K. Similar effects was observed
for different solvents as well.
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(a) Density vs Temperature curve with varied
water concentration

(b) Isothermal comparison of density with varied
water concentration

Figure B.2: Effect of adding water on density of ChCl:EG (1:3) solution

B.2. 𝐶𝑂2 absorption in AMP

Figure B.4 shows the FTIR plot forAMP with different concentrations of water.
Three different solvents were tested with water concentrations of 10%, 15% and
20%. These solvents were Loaded with 𝐶𝑂ኼ for different amount of time, it was
observed that solution with 10% water formed the precipitate the fastest and higher
water concentrations could absorb higher amount of 𝐶𝑂ኼ. Different solvents were
also tested such as DMSO and Propaline carbonate but a precipitate was alwas
foemed at lower concentrations of water. The precipitate would only desolve at
higher concentrations of water.

Figure B.3 shows the 𝐶𝑂ኼ loaded samples with different concentration of 𝐶𝑂ኼ,
𝐶𝑂ኼ was loaded for 33 min and 45 minutes and a two phase solution was observed
in all the solutions.

Figure B.5 shows the FTIR spectrum for ChCl:AMP (1:6) with 10%wt water
represented in blue, 20%wt water represented in purple and 10%wt DMSO and
10%wt water solution. From the spectrum it can be seen that both 20%wt water
solution and 10%wt DMSO with 10% water solutions have similar curve at the same
loading time, the peaks are identical indicating that addition of organic solvent did
not have any effect on the solution
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Figure B.3: Different concentration of ፂፎᎴ loading in different concentrations of water and
organic solvent

Figure B.4: FTIT plot for ChCl:AMP (1:6) solution with different concentration of ፇᎴፎ and
different concentrations of ፂፎᎴ

Figure B.5: FTIT plot for ChCl:AMP (1:6) solution and different concentrations of ፂፎᎴ in
presense of organic solvent
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B.3. Mathematical fit for physical parameters

B.3.1. Viscosity

Figure B.6 shows 3D plots for ChCl:MEA(1:6) obtained from table 4.2.

(a) Change in viscosity with different
concentration of ፇᎴፎ and ፂፎᎴ at 313.15 K for

ChCL:MEA(1:6) solution

(b) Residual plot for viscosity curve of
ChCL:MEA(1:6) solution with different

concentrations of ፇᎴፎ and ፂፎᎴ at 323.15 K

(c) Change in viscosity with different
concentration of ፇᎴፎ and ፂፎᎴ at 323.15 K for

ChCL:MEA(1:6) solution

(d) Residual plot for viscosity curve of
ChCL:MEA(1:6) solution with different

concentrations of ፇᎴፎ and ፂፎᎴ at 323.15 K

Figure B.6: 3D curve for ChCl:MEA(1:6) solution comparing viscosity at different concentration
of ፇᎴፎ and ፂፎᎴ at 313.15 K and 323.15 K

Table B.2 shows the predicted values of viscosities for different concentration of
water and 𝐶𝑂ኼ at different temperatures.
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Table B.2: Predicted values for viscosity of ChCl:MEA(1:6) solution at different temperatures
using equation \ref{general equation mea}

Concentration Viscosity (Temperature) (cP)
𝐻ኼ𝑂

(%wt of solution)
𝐶𝑂ኼ

(%wt of solution) 303.15 K 313.15 K 323.15 K 333.15 K

3.00 0.00 29.30 18.69 12.42 8.68
9.95 0.00 22.59 15.25 10.50 7.48
19.99 0.00 31.09 18.24 11.32 7.72
2.92 2.23 83.13 48.10 30.03 20.17
10.02 2.23 31.82 21.52 15.45 11.39
20.69 2.23 20.76 13.98 9.99 7.68
30.31 2.23 19.65 12.65 8.57 6.27
2.92 3.31 150.20 84.82 50.92 33.00
9.94 3.31 64.86 40.26 26.50 18.36
19.90 3.31 25.01 17.29 12.52 9.53
29.83 3.31 21.28 13.67 9.31 6.89
2.92 4.97 303.74 168.90 98.20 61.62
10.11 4.97 147.39 86.50 53.08 34.64
19.90 4.97 44.68 29.43 20.17 14.45
29.79 4.97 12.35 9.21 7.26 5.81

Figure B.7 shows 3D plots for ChCl:AMP(1:6) obtained from table 4.5.

(a) Change in viscosity with different
concentration of ፇᎴፎ and ፂፎᎴ at 313.15 K for

ChCL:AMP(1:6) solution

(b) Residual plot for viscosity curve of
ChCL:AMP(1:6) solution with different

concentrations of ፇᎴፎ and ፂፎᎴ at 313.15 K

(c) Change in viscosity with different
concentration of ፇᎴፎ and ፂፎᎴ at 323.15 K for

ChCL:AMP(1:6) solution

(d) Residual plot for viscosity curve of
ChCL:AMP(1:6) solution with different

concentrations of ፇᎴፎ and ፂፎᎴ at 323.15 K

Figure B.7: 3D curve for ChCl:AMP(1:6) solution comparing viscosity at different concentration
of ፇᎴፎ and ፂፎᎴ at 313.15 K and 323.15 K
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Table B.3 shows the predicted values of viscosities for different concentration of
water and 𝐶𝑂ኼ at different temperatures.

Table B.3: Predicted values for viscosity of ChCl:AMP(1:6) solution at different temperatures
using equation \ref{general equation AMP}

Concentration Viscosity (Temperature) (cP)
𝐻ኼ𝑂

(%wt of solution)
𝐶𝑂ኼ

(%wt of solution) 303.15 K 313.15 K 323.15 K 333.15 K

10.07 0.00 111.58 61.42 34.43 21.57
20.07 0.00 57.36 33.64 20.57 14.01
30.02 0.00 24.60 16.02 11.10 8.27
40.05 0.00 12.93 8.34 5.91 4.29
10.00 0.77 110.23 59.95 33.63 20.49
19.99 0.77 57.16 33.07 20.20 13.38
30.23 0.77 24.90 15.97 10.95 7.95
39.99 0.77 14.92 9.49 6.37 4.52
30.66 1.16 24.43 15.61 10.67 7.65
40.08 1.16 15.92 10.05 6.57 4.60

B.4. Adding organic solvent
B.4.1. 𝐶𝑂ኼ loading capacity
Figure B.8 compares the 𝐶𝑂ኼ absorption of solution with 𝐶𝑂ኼ purges for 60 min.
From the figure, the blue line represents the FTIR spectrum for sample loaded for 60
minutes, and the red line represents the spectrum for sample loaded for 30 minute.
From the Figure it is clear that the peak for wavenumber 1307 𝑐𝑚ዅ increases for
sample loaded for more time.

Figure B.8: FTIR plot for ፂፎᎴ rich ChCl:EG:MEA(1:3:4) solvent
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