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ABSTRACT

This report basically discusses the preliminary research done and basic understanding of

"Synthesis and Characterization of Acetate Based Ionic Liquid for C02 Removal". This

project aims at simulation modeling for studying the C02 solubility and its behavior towards

ionic liquids at room temperature with variable pressure condition. The simulation process part

is currently running byusing special software for simulation ofionic liquid called COSMO-RS

software. The simulation process is selecting two types of ionic liquid which are l-butyI-3-

methyHmidazolium bis(trifluoromethylsulfonyl)imide and l-butyl-3methylimidazoliiim

acetate as a sample solution for C02 removal. This report basically remains consist of four

sections. The first section is on the introduction partof the project including background study

ofthe project, problem statement, objectives and scope ofstudy and relevancy ofproject. The

next section is on the literature review. In this section, there will be a brief theory on the ionic

liquids regarding the characteristics, conditions and experimental data from journal for C02

solubility in ionic liquids. Then this report followed by third chapter which is methodology that

covers on the steps and process flow ofsimulation using COSMO-RS software for examining

two selected types ofionic liquids. Lastly in final section which is result and discussion part for

complete simulation process regarding the selected ionic liquids. Final results are presented by

validating some parameters such as interaction energy and sigma profile for completion of

simulation data regarding the particular types ofionic liquids that has been selected earlier.
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CHAPTER 1

INTRODUCTION

1.1 Project Background

1.1.1 Natural Gas

Natural gas is a combustible, gaseous mixture of simple hydrocarbon compounds,

usually found in deep underground reservoirs formed by porous rock. Natural gas is a

fossil fuel composed almost entirely of methane, but does contain small amounts of other

gases, including ethane, propane, butane and pentane [I].

Natural gas is used extensively in industrial, electric generation, residential,

commercial and others application. Natural gas demand predicted by the Energy

Information Administration (EIA) is summarized in figure below:

/ Industrial \

/ * (32%)
/ Electric * * \
/ Generation •

(24%) V
\

-t* Other (8%)

\ Residential \
\ (22%) \

/Commercial
" (14%)

.. i

Figure 1 : Natural Gas Use by Sector

However, with much improved distribution channels and technological

advancements, natural gas is being used in ways neverthought possible. Hence, naturalgas

is used across all sectors, in varying amounts since it is one of the cleanest, safest, and

most useful of all energy sources available in earth [3].



Mohd Fauzi bin Yean

Chemical Engineering
ID :10044

Final Year Project 2
Dissertation

1.1.2 Carbon Dioxide Content in Natural Gas

Natural gas is a naturally occurring mixture, consisting mainly ofMethane and can

also include Ethane, Propane, Butane and Pentane. Commonly, natural gas also contains

impurities such as carbon dioxide, hydrogen sulphide and water as well as nitrogen, helium

and other trace gases. Those impurities become higher in mole percentage of natural gas

composition and affect the quality ofnatural gas. The typical composition ofnatural gas is

tabulated in Table 1 for references; however the compositions of natural gas vary

depending on location and region [3].

Composition in Natural Gas Mole Percentage (%)

Methane 70-90

Ethane 0-20

Propane 0-20

Butane 0-20

Carbon Dioxide 0-8

Oxygen 0-0.2

Nitrogen 0-5

Hydrogen Sulphide 0-5

Table 1 : Typical Composition ofNatural Gas

The increase in demand for energy worldwide has aid the search for alternative

sources of primary energy even to the remote part of the globe and the major alternative

source with less environmental impact discovered some decade ago is energy from natural

gas. Natural gas at its geological conditions in some deposits contain some complex

contaminants such as C02, H2S, CO, Mercaptan (Acid Gas), which constitute great

environmental hazards when getto theatmosphere andalsohindered natural gasprocesses.
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1.1.3 Ionic Liquid as Media for Gas Separation

The separation and purification of gases has a great importance in a wide variety of

application. Separation processes are not onlygreat importance in refineries, but also in the

petrochemical, pharmaceutical, chemical and gas processing industries. Gases used in

industries demanded to have high purities which resulting to high purities product as

required. This step involves one or more separation processes which may include:

• Absorption Processes (Chemical and Physical absorption)

• Adsorption Process (Solid Surface)

• Physical Separation (Membrane, Cryogenic Separation)

• Hybrid Solution(Mixed Physical and Chemical Solvent)

Absorption is one of the most common techniques for gas purification [2]. In an

absorption system, the gaseous compounds (typically the impurities) are transferred from

the gas phase into the liquid solvent. The liquid is then regenerated in a separate step.

Many techniques have been employed to improve the mass-transfer efficiency between the

phases. Another issue when choosing a solvent for absorption is to consider the solubility

of the solvent in the gas phase. If the liquid evaporates into the vapor phase, the"purified"

gas willend up contaminated with the absorption solvent [4].

In this separation technique, the choice of solvent is the most important

consideration in order to secure the effectiveness of separation process. In order for a new

technique to be competitive, it must not only be cost-efficient but also having low energy

requirements and does not release volatile organic compounds (VOCs) which might cause

additional environmental problem [4]. Ionic liquids have several unique properties of

negligible vapor pressure and non-toxicity [8]. In any case, any risk of contaminating the

final gas stream withthe solvent would be completely eliminated.
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1.1.4 Importance of Clean Chemistry

Chemistry has contributed a lot towards human's life but regrettably the delight of

human health and the fresh of global environment are threatened from time to time. The

compositions ofatmosphere are changing by human's rude activities to the earth through

the burning of fossil fuels, land-use and emission ofvolatile organic compounds (VOCs)

and greenhouse gases especially C02 in VOC are leading our earth to a process of
environmental degradation. The use ofVOC has exposed to the most of heallh risks which

are acted as irritants and carcinogens. The presence of VOC also contributes towards

environmental problem through atmospheric pollution and also causes financial risk as

very hard to recover andtodispose allof them completely [9].

Typically, the solvents are volatile organic compounds orVOCs. Solvents play an

extremely important role in many industrial processes, acting as medium for chemical

reactions and extraction of products. The environment and health concerns are added to

public acted as a driving force to the scientific community towards the development of

novel processes. Several benefits ofgreen chemistry involve economical, energy efficient,

less wastes, safer product and provide competitive advantages. Some efforts are underway

to overhaul chemical's policy, most probably by the recent European Union's new

chemicals policy, Registration, Evaluation and Authorization ofChemicals (REACH), the

focus also must be onoverhauling the way chemicals are designed from the outset [10]. As

an example, some ofthe regulations that address the use and control ofVOC emissions in

Europe can be cited as:

• Environmental Protection Act 1990a

• Control of Substances Hazardous to Health (COSHH) regulations.3

• PollutionPrevention and ControlRegulations 2000a

• Health and Safety at WorkAct 1974a

• EU Solvents Directive (1999/13/EC)a
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Clean chemistry is an approach to the design, manufacture and use of chemical

products to intentionally reduce or eliminate chemical hazards. In order to reduce the

amount of volatile organic solvent used in industry, ionic liquids have received the

increasing attention as solvent for reaction process [13]. This interest also refers to the

ionic liquid also known as "green solvents" as their potential through non-volatile

character, high thermal and chemical stability [12].

Besides ionic liquids, supercritical fluids are also good candidates for replacing

VOCs. In the past few years, supercritical fluids have attracted interest as solvent for both

analytical and chemical process applications. They posses interesting combinations of

solvent properties such as high diffiisivity and liquid like solvating properties which make

them attractive for variety of uses [13]. Supercritical fluids behave either like a gas or a

liquid, depending on the values ofthermodynamic properties. This tuning ofproperties and

other advantageous properties ofsupercritical fluids led to innovative technologies. Among

the most studied supercritical fluids is carbon dioxide, C02 which is cheap, easily

available, non-flammable, non-toxic and has mild critical pressure [9].

The supercritical C02 (sc C02) is environmentally acceptable as an alternative to

conventional solvent for reaction chemistry so called Green Technology. In addition,

supercritical fluids can lead to reactions which are difficult or even impossible to achieve

in conventional solvents [14]. It is not surprising that an increasing interest in

environmentally benign processes based simultaneously on ionic liquids and supercritical

carbon dioxide (SCCO2). The compounds extraction from the ionic liquids medium using

scC02 results that there is no detectable amount of ionic liquids will be present in the

supercritical phase and the extracted product will be free ofany contamination ofboth the

ionic liquids and scC02. Therefore, it is clear that the use of ionic liquids and C02 as

combined solvents for reactions and separations having a potential to be the solvent

replacement of VOCs in industry.
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12 Problem Statement

Natural gas is mainly used as a fuel or as a raw material for petrochemical industries.

Recently, the average amount ofC02 present in natural gas reservoir was found to be as high as
46 and 72% in Peninsular and Sarawak, respectively. Its presence can reduce the fuel value of

natural gas besides creating corrosion problem in pipes during transmission. In order to remove

C02, atechnique which is absorbing C02 with ionic liquids is strongly proposed.

A newly introduced ionic liquids, possesses unique properties such as high thermal
stability, extremely low vapor pressure and less corrosive which makes ita good candidate as
solvent replacement in the C02 separation processes. Currently, several ionic liquids have been
tested experimentally and were found to be successful in absorbing C02. However, more

fundamental studies are required to synthesize better and more practical ionic liquids as options

besides characterizing their properties required for engineering applications.

13 Objective of Study

The objectives of this project areas follow:

1. To understand the fundamental of carbon dioxide, C02 absorption principle in ionic

liquids.

2. To develop apredictive method for estimating the carbon dioxide, C02 solubility in ionic

liquids at room temperature with variable ofpressure conditions.

3. To acquire the simulation data of C02 solubility in selected ionic liquids based on

experimental data published form the relevant journal.

4. To select the best set of simulation data and model for C02 solubility in selected ionic

liquids in terms ofinteraction energy and sigma profile.

5. To validate the complete simulation results by comparing the experimental results from

the relevant journal.
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1.4 Scope of Study

This project would cover the simulation of C02 solubility in selected ionic liquids as a

research for C02 absorption in natural gas. Nowadays, natural gas contains a lot ofamount of

carbon dioxide, C02, inthe reservoir. Removal of the acid gases like C02 from the natural gas

streams is very important process. C02 is non-combustible and its presence lowers the fuel

value ofthe natural gas. Currently, the most widely used technology for the removal ofacid
gases from natural gas is absorption using aqueous alkanolamines as the absorbent or solvent
However, there were few drawbacks such as degradation ofthe aqueous amine solution, high

enthalpy ofreaction and significant corrosion and fouling problems in the process.

Alternatively, newly introduced C02 absorption with ionic liquid, possesses unique
properties such as high thermal stability and less corrosive. In view of the above research, this
project is actively considering the ionic liquids as a promising alternative technique. Ionic
liquids are liquids that comprised entirely of ions. They also possessed a number ofunique
properties such as high chemical stability, wide liquid temperature range (approximately
300K), good solvents for polar, non-polar, organic and inorganic compounds, non detectable
vapour pressure and almost zero flammability. Thus, this technique is strongly proposed and

the best way for C02 absorption.

1.5 Relevancy ofProject

The unique properties ofionic liquids has recently generated considerable interest and also

has a great potential in oil and gas as well as in chemical industries. Environmental concern
frequently center on the most safe handling and solving the critical problem ofcarbon dioxide,
C02 composition in natural gas. The knowledge regarding the unique properties ofionic liquids
provides insight into the chemical and physical absorption that exist between solute and solvent
molecules. On the other hand, the unique properties of ionic liquids such as high chemical

stability are very useful indesigning separation and purification equipment.
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2.1 Ionic Liquid

CHAPTER 2

LITERATURE REVIEW

Ionic liquids (ELs) are a class of neoteric solvents that composed solely of large

heterocyclic organic cations and organic or inorganic anions. Basically, ionic liquids are

organic salts with a melting point low enough to be liquid at room temperature as result of low
lattice energy [13,14]. Due to their highly asymmetrical chemical structure and weak columbic
forces, packing of the molecules in the crystal lattice is very difficult and therefore

crystallization is prevented which result to low melting point (below 100°C) as compared to
other inorganic salt [5].

The number of cations and anions that can be selected for the design of an ionic liquid is

enormous. The turnable properties of ionic liquid through an endless combination and

modification of anions and cations, classified them as "designer solvent" [16]. This property

allows the design of solvents for the development ofmore efficient and sustainable processes

and products. However, process ofchoosing the right combination ofboth cations and anions is
difficult and tough. Seddon estimated that there are at least one million types ofbinary ionic
liquid and 1018 ternary ionic liquids that are potentially possible to be selected [7]. For

comparison, about 600 molecular solvents are in use today [17].

In general, ionic liquids have many properties that are similar to conventional organic

solvents such asgood salvation qualities. Additionally, they have also a wide temperature range

(approximately 300°C) over which they remain liquids [4]. These properties are dependent on
the cation and the anion combination. Researchers have shown that adjusting the structure of

either the anion or the cation can have large effects on many properties including melting

points, viscosities, densities and gas &liquid solubilities [18,19,20].
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The first water-stable ionic liquids (lis), was developed in 1992, included 1-ethy1-3-methyl

imidazolium BF4 and 1-ethy1-3-methyl imidazolium MeC02 [12]. Up to now, there are three

different generations of ionic liquids that are known; 1st, 2nd and 3rd generation. The 1st
generation comprised of chloroaluminate ionic liquids [7] while the 2nd generation is made of
air and moisture stable ionic liquids [11] including l-ethyl-3-methyl imidazolium BF4 and

finally the 3rd generation is recently discovered task specific ionic liquids [13].

('illion r'amil>
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N-R.
\ 1
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Imidazolium

R1

R4 N+—R2

R3

Tetraalkyl-ammonium

R

R3© R2

Sulfomum

A

Pyridinium

Note - Ri, R2, R3, Rt: H, methyl, ethyl, propyl...

Anion KamiK

5b-f
F VF

Tetrafluoroborate

o

II
0=N—0

Nitrate

e

F

F

Hexafluorophosphate

c^
c

^

Dicyanamide

o

F3C \ o' *CF* ^

Bis (trifluoromethylsulfonyl)
imide

O"

Acetate

Table 2 ; Some Examples ofthe Most Popular Anions and Cations



Mohd Fauzi bin Yean

Chemical Engineering
ID:10044

Final Year Project 2
Dissertation

In general, ionic liquids have both organic and inorganic material solvency power. Their
non-volatile character, high thermal & chemical stability and recoverability make them

potentially attractive as compared to conventional organic solvent [19]. They have been
commonly recognized as a versatile alternative to conventional organic solvent [5]. Besides

that, ionic liquid observed to have significant different in phase behavior compared to normal
organic liquids. It shows very high solubility of water and carbon dioxide and very solubility of

hydrogen.

The structural heterogeneity of ionic liquids including thermodynamic modeling,

dynamics, and transport understanding the role ofthe anion-cation interactions in modulation
of side-chain aggregation and control of the nature of nonpolar domains has important

applications in industrial separation chemistry including gases separation, carbon dioxide
capture and in IL-based catalytic systems [21]. Therefore, ionic liquids show agreat potential
for the separation ofgases especially for carbon dioxide and hydrogen.

t..','. .i\ Nt.'. iM )••,'•'ilv';< Bi,< :nv NO.-

4
SO,CF/:5i''

'W*

itOF.SOjV-Niij- TFSP

»

# ^r

N«.FSO>V'-FSIT

Figure 2:Molecular Structure ofSome Popular Anions for Ionic Liquids
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Figure 3 :Molecular Structure ofSome Popular Cations for Ionic Liquids

This unique property has allowed ionic liquids to be studied as reaction media, catalysts

and novel solvents in several potential applications such as gas separations, media for cleaning

operations, electrolytes/fuel cells, and heat-transfer fluids. The very low vapor pressure ofionic

liquids makes them further attractive for gas separations as they show almost no solubility in

the gaseous phase. The wide range ofionic liquids applications in electrochemical technologies

such as solvent-free electrolytes in various devices and processes, such as

rechargeable lithium batteries, fuel cells, chemical sensors, electrochemical capacitors, dye-

sensitized solar cells and the electrodeposition [22, 23].

Ionic liquids are also suitable to replace organic/traditional solvents in catalytic processes,

hydrogenation and polymerization reactions. Together with the exploration of potential

applications, the interest in their synthesis and physical properties increased remarkably. The

former necessitates for reducing the impurities in the ionic liquids that originates from the

synthesis method (for example, small amounts of chloride, water and other impurities) may

affect significantly a number ofphysical properties of ionic liquids.

11
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2.1.1 Properties of Ionic Liquids

According toEliane, most ofthe intrinsic properties ofionic liquids derive from the

Coulomic attraction forces between the ions. Sheclaimed that not only the vanishingly low

pressure that is characteristic of ionic liquids but for instance, also the melting point

temperature. However, other effects such as Van de Waals and hydrogen bonding

interactions and rotation of the alkyl chain length of the cation also influences the

properties ofionic liquids. They are all closely related with the combination ofcations and

anions [9].

In term of the melting point, there is no reliable way to predict the precise of

organic salts. However, in general ionic liquid exhibit low melting point (<373 K) and a

wide temperature interval as a liquid (-200 K) [17]. This low melting point is a result of

the chemical composition of Ionic Liquids which contains larger asymmetric organic

cations compared to their inorganic counterparts ofmolten salts. The asymmetric decreases

the lattice energy and increases the melting point as in resulting of ionic medium. In some

cases, anions play relatively important role in lowering the melting point. Larger the anion,

lower the melting point [18]. Inextent, increase in the alkyl chain length ofthe cation from

methyl to butyl orhexyl is also result to decrease ofthemelting point [9].

Viscosity is a key property of ionic liquids which is the ionic liquids tend to have

higher viscosity than conventional solvents but the value of the viscosity varies

tremendously with chemical structure, composition, temperature and the presence of

solutes of impurities. Usually, ionic liquids have manageable viscosity between the

pressure of 7 to 11 Pa/s at room temperature, 298 K [17]. However, it has long been

appreciated that small amounts of water can have a big impact on the viscosity of ionic

liquids, even small amount ofwater can cause the viscosity to drop quite a bit [19]. The
effect of the components on the physical properties of ionic liquids of room-

temperature that has been studied can beused for development ofengineering design.

12
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Summary of some important properties of ionic liquids that need to be taken account for

chemical reactions are described in the table as shown below:

Property Cation Anion

Melting Point Decreases with increasing size

of the cation and decreasing

symmetry

Decreases with increasing size

of the anion

Water Solubility Hydrophobicity increases with
increasing alkyl chain lengthb

Strongly affected by the anion
type

Polarity Strongly affected by the cation
type

Less influenced by the anion

choice

Viscosity Increases with increasing cation

type

Affects with no defined pattern

Density Decreases with increasing cation

size

Affects with no defined pattern

Conductivity Increasingly alkyl chain length
decreases the conductivity

No effect

Diffusion Coefficient Increasingly alkyl chain length
decreases the cation diffusion

coefficient

Slightly increasing with
increasing anion size

Gases Solubility Little influnce Strongly affected by the anion
type

Table 3 : Properties ofIonic Liquids

13
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Asupercritical fluid is a substance with both gas and liquid like properties. It is a material

which can be either liquid or gas, used in a state above the critical temperature and critical

pressure where gases and liquids can coexist. Supercritical behavior only occurs when
substance is above its critical temperature and pressure. In the phase diagram of pure

substances, the region where a supercritical fluid is found can beseen in figure as below:
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Figure4 :Location of Supercritical Region inPhase Diagram

In figure above, the coexistence curve of gas-liquid is well known as the bubble curve. By

moving upwards along the bubble point curve, the temperature and pressure is increasing

simultaneously and here where the liquid phase becomes less dense and gas phases becomes

denser. This is happen due to thermal expansion of liquid phase and the rise of pressure in gas

phase. Eventually, the densities ofthe two phases converge and become identical, making the

distinction between gas and liquid not possible, ending the bubble point curve at the critical

point [9].
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A supercritical fluid (SCF) has both the gaseous property of being able to penetrate

anything and the liquid property of being able to dissolve materials into their components.

Supercritical fluid has high thermal motion and it is possible to change the density widely
(from low like a gas to high like a liquid), therefore we can control many properties whose

function is expressed by density [13]. Comparing the liquids, the properties of supercritical

fluid are greatly influenced on the slight pressure change which is possible to control the

properties as solvent just using one fluid. The solvent strength of supercritical fluid is a
function of densities in which involves temperature and pressure. The relationship between

pressure, temperature and density may be describe by an equation of state which is a number

developed by various worker.

Generally, density and solvating power of supercritical fluid is increasing at higher

pressure for a given temperature, while reduction in density and solvent strength was observed
with increasing temperature at constant pressure [11]. In addition, supercritical fluids exhibit

significantly lower viscosities than liquids (typically an order of magnitude), which provides

favorable flow properties. This allows supercritical fluids to penetrate matrices with low

permeability more readily than conventional solvent [11 ]. Because oftheir tunable properties,
the supercritical fluids can be used in various applications with different nature ofcompounds.

Below is the critical temperature and pressure of selected fluid which commonly found in

industries. From Table 4, it shows that C02 have the lowest critical temperature compared to

others types of solvents.

Solvent Critical Temperature, Tc (°C) Critical Pressure, Pc (bar)

C02 31.1 73.8

Ethane 32.2 48.8

Ethylene 93.0 50.4

Cyclohexane 280.3 40.7

Toluene 318.6 41.1

Benzene 289.0 48.9

Water 374.2 220.5

Table4 : Critical Temperature and Pressure of Selected Fluids
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23 Ionic-Carbon Dioxide System

Supercritical carbon dioxide (scC02) is the most widely used solvent in various

supercritical fluid industries, such as waste water treatment, solvent for extraction, polymer

manufacturing and etc [12], This is due to its non flammability, non toxity, non polarity, low

critical temperature and pressure values and ofcourse its low price in the market [13]. In the
original form ofgas phase, carbon dioxide is volatile, non-viscous, non-conducting, non-polar

and unable to dissolve large and unsaturated compounds. When it had been used under

supercritical conditions, however, the solubility of organic compounds in C02 improves

considerably.

The scC02 is always been used in a lot of separation processes. Supercritical carbon

dioxide has been found to be able to extract or precipitate substance without any cross-

contamination [7,13,14,15]. C02 can easily be removed from the ionic liquid by simple
depressurization whereas ionic liquid is not soluble in C02 [17]. Therefore, there is no

contamination ofproduct with ionic liquid can take place. Blanchard and Brennecke [24] show

that numerous type of organic compound, polar or non polar, volatile or non volatile with a

variety offunctional group can all be extracted from the ionic liquid [Bmim][PF6] with scC02.

In addition, ionic liquids can be considered as a good solvent for carbon dioxide, C02.

Mainly the anion type and its interactions with C02 molecules affect the extent ofdissolution

[9,18]. Negligible expansion ofthe liquid phase is detected when the C02 dissolve in the ionic

liquids [9,15,19]. The strong interactions that keep the molecules of the ionic liquid close

inhibit expansion when C02 is dissolved, increasing the density of the mixture. Ionic liquids

and carbon dioxide, C02 combination in reaction and extraction media has known to be very

attractive. The advantage of both having non-toxic, non flammable and cheap in prices of C02

make them highly demanded in industries.
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2.4 Selection of Ionic Liquid

In this study, two ionic liquids were selected for simulation modeling approach which are

l-butyl-3-methylimidazolium acetate, [Bmim][Ac] and l-butyl-3-methylimidazolium bis

(trifluoromethylsulfonyl) imide, [Bmim][TF2N]. Both these ionic liquids are examined at room
temperature, 298.15 K with variable ofpressure condition. Then, those selected ionic liquids

are known as room temperature ionic liquid, RTIL since their operating condition is at room

temperature, 298.15 K. Structural variations in the cations and anions ofboth selected ionic
liquids that enhance or diminish solubility are identified. Figure below shows the molecular

structure of both ionic liquids.

CH-

0
ii

0

F3C-S-N-S-CF3
° II II !

0 o i
CH-, |

[Bmim][TF2N]

Figure 5 :Molecular Structure of Selected Ionic Liquids

The l-butyl-3-methylimidazolium, [Bmim] cation as one sample of imidazolium cation

family is widely used in recent years due to high stability in ionic liquids compound compared
to other ionic liquids containing the cation family such as pyridinium and sulfonium [20].

[Bmim] cation isregarded as a common model cation for the analysis ofstructural variations in

thering cations within imidazolium femily [23]. [Bmim] cation also generally has high value in

the lengths of alkyl chain that enhance the solubility of C02 in that particular ionic liquid.

Based on data available towards this selected cation seems to indicate that the longer the alkyl

chain in ionic liquids, the higher the free volume within ionic liquids and consequently the

higher the solubility ofC02 in ionic liquids rather than only having high stability property in

the ionic liquids compound.
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Besides that, the acetate, [Ac] and bis (trifluoromethylsulfonyl) imide, [TF2N] anion is

widely used in recent years in researching the solubility of C02 in ionic liquids due to high

stability in ionic liquid compound compared to other anions such as methylsulfate, CH3OSO3'

and tetrafluoroborate, BF4" [14]. In general, the ionic liquids containing these anions are

actually very highly electronegative in which having strong negative charge within them [21]

and the solubility of C02 is very high in these types of anions. This is due to the strong

interaction between C02 and negative charge of anions in the increasing temperature and

pressure [16].

The anions are less amenable to systematic structural variation but usually have larger

impact on gas solubility. The presence of fluorine-containing anions or fluoroalkyl group is

also taking place in the C02 solubility in ionic liquid results [24] but it presents lesser effect

compared to electronegative of anions. However, those behaviors of anion are yet poorly

understood. Some authors emphasize the role of the interactions between the C02 with [Ac]

and [TF2N] anion [7,11,12,13] while others identify the large free volume ofthe ionic liquids as

a factor responsible that can be considered for higher solubility of C02. Hence, the result of

high solubility ofC02 in this research is developed by the combination ofacetate, [Ac] and bis

(trifluoromethylsulfonyl) imide, [TF2N] anion with l-butyl-3-methylimidazolium, [Bmim]

cation as a good pair to absorb C02.

Although both anion and cation influence the C02 solubility in ionic liquids but the anion

has the higher and stronger influence towards C02 solubility compared to cation in the ionic

liquid compound [7,11,12,13]. The dominance of cation can be dramatically influenced by the

anions paired to it for determine the solubility of C02 as the anion-C02 interaction being

dominant by the secondary location some C02 molecules adopt at higher pressures is actually

closer to the partial positive on N3 (nitrogen with the methyl substituent) instead of the acidic

C2 hydrogen. Overall, the effect of alkyl chain length within the [Bmim] cation has a very

minor effect on C02 solubility [25].



Mohd Fauzi bin Yean

Chemical Engineering
ID: 10044

Final Year Project 2
Dissertation

2.5 Absorptions ofCarbon Dioxide by RTILs

The worldwide research on thermodynamic and transport properties of room-temperature

ionic liquids (RTILs) and their mixtures with various chemicals has been conducted since past
several years for possible applications of this new class of compounds [26,27,28]. Among

others, one of the promising applications with RTILs is a nonvolatile or so-called "green"

solvent for capturing unwanted compounds such as C02 in the exhaust gas stream of power

plants. Although there are commercial organic solvents to capture these flue gases at the
present, newRTEL solvents may provide viable and more environmentally friendly alternatives.
The capture and sequestration ofcarbon dioxide in the power plant are urgently needed in order

to reduce anthropogenic C02accumulations in theatmosphere [29].

CCMI + [bmimJfAc] (2)

r/K P/MPa 100.x,

29M 0.0102 16.2

298.0 O.O503 25.1

29R.2 0.1003 27.5

298, i 0,3994 32.6

298.1 0.7001 35.7

298.1 0.9996 38.3

298.3 1.3002 40.6

298.t 3.5000 42.0

298.1 1.9994 45.5

CO, 1) + |bmim][Tf2N3 (2)

r/K P/MPa lOQv,

298.2 0.0100 0.4

298.1 0.0500 3.5

298,0 0.0998 3.0

297.9 0.3998 10.7

298.2 0.6998 17.4

298.2 0.9997 23.4

298. i 1.2999 28.7

298.1 1.4995 33.7

298.1 1.9998 39.0

Figure 6 : Sample ofExperimental Solubility (PTx) Data for C02 and Ionic Liquids

As often stated elsewhere, effectively capturing acid or sour gases from exhaust gases

requires very strong absorption because of the relatively small partial pressures ofthese gases

in the gas stream. The strong absorption means that the gas absorption needs to be "chemical"

absorption which is involved reversible chemical complex formation instead of the simple

"physical" absorption which is no chemical reactions involved would be practical for high

pressure gas absorption. It is well-known that C02 possesses relatively high solubility in RTILs

compared with the case ofhydrocarbons [30]. However, most reported cases for C02 seem to

be the physical absorption [30,3! ,32].
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2.5.1 Physical Absorption of C02

Physical absorption is about absorbents allow a gas to permeate a solid or liquid

under one set of conditions, and desorbs under others. The rateof absorption or desorption

is temperature and pressure dependent. Smaller differences in conditions require less

energy, but require more absorbent to capture C02 at an equivalent rate. The solid

absorbent such as activated carbon is passed through the gas stream and the C02is held on

the surface of the particles by surface forces with no chemical reactions get involved [33].

Once collected, the particles are heated and desorbing the C02.

Absorption of C02 in most current physical solvent systems occurs at high partial

pressure ofC02 and low temperatures. The solvents are then regenerated by either heating,

pressure reduction, or a combination of both. The interaction between C02 and the

absorbent is weak relative to chemical solvents, decreasing the energy requirement for

regeneration. The capacity can behigher than chemical solvents, since it is not limited by

the stoichiometry of the chemical system. Physical solvent scrubbing of C02 is well

established. The use of lis as solvents for C02 absorption has been of great interest in

recent years, and much work is being carried out to explain the behavior of C02-Ils

systems [34,35,36],

A physical solvent selectively absorbs C02 without a chemical reaction. The

loading that can be achieved depends upon the solvent being used, the partial pressure of

C02 in the gas stream, and the temperature, with higher partial pressures and lower

temperatures being more favorable. Based on physical solvents, capacity is generally

proportional to C02 partial pressure. The weaker bonding between C02 and this solvent

allows the C02 to be separated from the solvent in a stripper by reducing the totalpressure.

Since the main problem with physical solvents is that their capacity is best at low

temperatures, it is necessary to coot the syngas before capturing C02. Overall, most

reported cases of C02 absorption seemto be physical absorption [33].
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2.5.2 Chemical Absorption ofCO2

The most commonly used technology today for low concentration C02 capture is

absorption with chemical solvents. This chemical absorption process is involving the

reversible chemical complex reaction [33] and has been used commercially for the removal

of acid gas impurities from process gas streams. The problems of scale, efficiency, and

stability become barriers when chemical solvents are used for high volume gas flows with
a relatively smaller fraction ofvaluable product. The processes require large amounts of

material undergoing significant changes in conditions, leading to high investment costs and

energy consumption.

As chemical reactions occur, more C02 is driven from the gas phase into the

solution due to the lower chemical potential of the liquid phase compounds at this

temperature. When the solution has reached the intended C02 loading, it is removed from
contact with the gas stream and heated to reverse the chemical reaction and release high-

purity C02. The flue gas must first be cooled and treated to remove reactive impurities
such as sulfur, nitrogen oxides, and particulate matter. Otherwise, these impurities may

react preferentially reducing the capacity for C02, or irreversibly poisoning the solvent.

This process modularity of C02 gas chemical absorption can achieve a considerable

reduction in energy consumption [37].

The resulting pure C02 stream is recovered at pressures near atmospheric pressure.

The degradation and oxidation of the solvents over time produces products that are

corrosive and may require hazardous material handling procedures. Hence, the solvent like

ionic liquids at room temperature can be proposed for C02 absorption since it may

provides viable and more environmental friendly alternatives as a solution ofthis issue. A

case ofthe C02and I-butyl-3-methylimidazolium acetate, [Bmim][Ac] system isobserved

having high solubility ofC02 with the chemical absorption can be the best knowledge [33]

as a new solvent in C02 absorption process.
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The current method used for the prediction and screening of C02 solubility in ionic liquids

is COSMO-RS that also known as a quantum-chemical based method. COSMO-RS is the

universal theory to accurately predict a wide range of properties in complex liquid mixtures

such as solubility of gases, phase behavior and vapor pressure. Those characteristics of

measurement are very important and significant towards the research of this project that

involved C02 and ionic liquids for examining the level of C02 solubility in ionic liquids. The

solubility of C02 in ionic liquids of widely varying structures at room temperature, 298.15K

and the relative polarity of ionic liquids can bepredicted using COSMO-RS as well for further

discussion regarding interaction energy in ionic liquids. The trends in C02 solubility are

explained in the light ofmolecular interactions qualitatively through sigma profiles and sigma-

potentials of ionic liquids.

uJ COSMOthermX

COSMOthermX
Version C21JH11

MM 1 COSHOIoote SmW 4 C6 KG

OSMOlogic

Figure 7 : COSMO-RS Software
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3.2 Process Flow Chart

Research on C02 solubility at room

temperature withvarious pressure conditions

-a
Research on selected ionic liquids system

behavior

Final Year Project 2 *
Dissertation

Acquire experimental data on
CO2 solubility in ionic liquids

Understand concept ofCO2
solubility and ionic liquids

V
Study andpractice thesimulation tool used,

COSMO-RS

&
Run a simulation ofC02 solubility in ionic

liquids using COSMO-RS

&
Plot the results of simulation in graph for

each type of ionic liquids

-a
Interpreting results by calculation of

interaction energy in ionic liquids

£X
Analyzing resultsby developing the sigma

geometry and sigmaprofile

JJ~
Validatingthe complete simulation results
by comparing withthe experiment results

Figure 8 : Methodology of Project
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33 Simulation Tool

In this study, the simulation process is currently running by using special software for

simulation of ionic liquid called COSMO-RS or other name COSMOtherm that able to

compute all kinds ofthermodynamical data relevant to chemical process engineering, chemical
and environmental analytics and life science thermodynamic modeling. The simulation process

is selecting two types of ionic liquid which are l-butyI-3-methylimidazolium bis

(trifluoromethylsulfonyl) imide and l-butyl-3methyIimidazolhim acetate as a sample
absorbent for C02 removal. The main variables for this simulation process are temperature and

pressure which is the condition ofthose two ionic liquids must be at room temperature, 25°C @
298K together with multiple values ofpressure conditions.
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3.3.1 Trend of C02 solubility

The trend ofC02 solubility in ionic liquids is the graph plotting results ofsimulation

in which acquiring the experimental data from journal in order to identify the types of

absorption occurred either it involves a physical absorption or chemical absorption.. It can
be more easily seen and understand by using a P-x diagram in which the various conditions

ofpressure (MPa) is plotted against the C02 mole fraction at room temperature, 25°C @

298K.

2,00 •

C02 solubility in ILs

0,10 0.20 0,30 0.40

CO? mol fraction, x

0,50

Figure 10 : P-x Diagram for IL

-Simulation

- Experiment

3.3.2 Interaction Energy

The interaction energy in COSMO-RS is the presentation of interaction between

molecules of ionic liquids compound. It consists of three types ofenergy which are van der

waals energy, hydrogen bonding energy and misfit energy that measured in unit ofkJ/mol.

The total interaction energy is very important for determining the strength ofC02 solubility

in the particular types ofionic liquids and the formula for total interaction energy calculation

as followed:

AHt0tal=Hmx-(H°C02+H°IL)

H.. = interaction energy of C02and ionic liquids mixture compound

ff° = interaction energy ofC02pure compound

ff° - interaction energy ofionic liquids pure compound
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3.3.3 Sigma Geometry

Sigma geometry is a three-dimension (3-D) molecule compounds model consisting

of several color representations for each molecule in the compound. There are three basic

color representations which are blue for very positive charge, green for neutral charge and

red for very negative charge.

Figure 11 : Sigma Geometry for CO;

3.3.4 Sigma Profile

Sigma profile is the representation ofchemical compound characteristics or behavior

based on the peak presentation either in polar area or non polar area. The region of-1< x <1

in sigma profile graph represents the non polar area and having neutral charge within the
compound which is stable composition ofmolecules. The region of lower than -1 having
positive charge while higher than 1(negative charge) in sigma profile and both ofthem are

polar area.

- Poiar character

- H-txHMJ donor

- NONpol3f

character

- Poijr character

- H-bond Acceptor

Figure12 :Graph ofSigma Profile
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CHAPTER 4

RESULT AND DISCUSSION

4.1 C02 Solubility Trending

The table and graph below are the result of simulation using COSMO-RS software for 1-

butyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide, [Bmim][TF2N] ionic liquid.

The experimental data is taken from the journal for simulation in order to determine the

solubility ofC02 in the [Bmim][TF2N] ionic liquid. Both the experimental [33] and simulation

data are plotted in a graph in order to be taken for comparison both ofthem. There are good
agreement results even though a little bit differences ofC02 mol fraction data can be seen from

the graph might be due to error during the experiment or simulation process in software.

C02 mol fraction C02 mol fraction
Pressure (Mpa) (experiment) (simulation)

0.00955 0.0050 0.002245

0.04935 0.0175 0.011554

0.09905 0.0335 0.023088

0.39705 0.1165 0.090285

0.69600 0.1885 0.154396

0.99435 0.2520 0.215237

1.28782 0.3065 0.272187

1.49075 0.3385 0.309957

t.98730 0.4115 0.397249

Table5 ; Solubility of C02 in [Bmim][TF2N] Ionic Liquid Data

Solubility of C02 in [Bmtm]rTF2NJ

0.00 0,10 0,20 0,30

COa mol fraction, x

0,40 0,50

Figure 13 : Graph ofC02 Mol Fraction vs Pressure for [Bmim][TF2N] Ionic Liquid
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The table and graph below are the result ofsimulation using COSMO-RS software for 1-butyl-
3-methylimidazolium acetate, [Bmim][Ac] ionic liquid. The experimental data is taken from

the journal too for simulation in order to determine the solubility ofC02 in the [Bmim][Ac]
ionic liquid. Both the experimental [33] and simulation data are plotted in agraph in order to be
taken for comparison both ofthem. There are huge differences ofC02 mol fraction data and a

deviation from experimental data can be seen from the graph due to chemical absorption has

occurred in the reaction.

C02 mol fraction C02 mol fraction
Pressure (MPa) (experiment) (simulation)

0.0102 0.1620 0.002278

0.0503 0.2510 0.011171

0.1003 0.2750 0.022115

0.3994 0.3260 0.084541

0.7001 0.3570 0.142473

0.9996 0.3830 0.195897

1.3002 0.4060 0.245888

1.5000 0.4200 0.277263

1.9994 0.4550 0.350250

Table 6 : Solubility ofC02 in [Bmim][Ac] Ionic Liquid Data

0.00

Solubility of C02 in [Bmim][Ac]

0,10 0,20 0,30 0,40

C02 mole fraction, x

0,50

Figure 14 :Graph ofC02 Mol Fraction vs Pressure for [Bmim][Ac] Ionic Liquid
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4.1.1 Evaluation ofC02 Solubility

To establish trends due to structural variations in the anions with the same cation in

the model ionic liquids, l-butyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide,

[Bmim][TF2N] and l-butyl-3-methylimidazolium acetate, [Bmim][Ac] are used.The cation

[Bmim] is regarded as a representation model cation that having long alkyl chain ring in

which can enhance solubility of C02. As the best knowledge, the cation modifications

might diminish C02 solubility in ionic liquid ifthere are having the presence ofhydroxyl,

phenyl and ether but in this case, they do not. Then, cation is highly can contribute to high

solubility of C02.

The result showed that COSMO-RS predicts a different data of C02 solubility in

two type of ionic liquid which is containing two different anions, [TF2N] anion and [Ac]

anion. The combination of [Bmim] cation and [TF2N] anion is showing a good agreement

towards the experimental data from journal and itcan be said that a physical absorption has

occurred within [Bmim][TF2N] compound since the COSMO-RS can only predicts the

physical properties ofionic liquids but not the complex reaction within it. Meanwhile, 1he
combination of [Bmim] cation and [Ac] anion is showing a deviation between simulation

data and experimental data from journal and it explained that the complex chemical

reaction has occurred within it known as chemical absorption.

Anions are less amenable to systematic structural variation but usually have larger

impact on C02 solubility. The presence offluorine in [TF2N] anions shows the lower result

of C02 solubility compared to the presence of strong hydrogen bonding reaction in [Ac]

anion due to the factor of electronegative order. The more electronegative of anion, the

higher the possibility of C02 will be attracted and the solubility of C02 will be high.

Therefore, theorder of electronegative for anion mainly is a factor to determine which one

is having higher C02 solubility.
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4.2 Interaction Energy of Ionic Liquids

In order to obtain the accurate data for solubility of C02 in both [Bmim][TF2N] and

[Bmim][Ac] ionic liquid, nine iteration ofdata has been done by simulation ofsoftware with

the nine different assumption ofC02 solubility for each ionic liquid. The interaction energy is

very important information which is presenting the strength of interaction between among

molecules within ionic liquids compound. In COSMO-RS, the total interaction energy consists

of three types energy which are misfit energy (Hmf), hydrogen bonding energy (Hhb) and Van

der Waals energy (Hvdw). The result of nine iterations will be obtained in the term of total

energy interaction for each both ionic liquid using the equation below:

MiMat=HmiI-(HaC02+H\)

H = interaction energyof C02 and ionicliquidsmixturecompound
mix

ff° ~ interaction energy ofC02 pure compound

H°n = interaction energy ofionic liquids pure compound

For further discussion of total interaction energy in both [Bmim][TF2N] and [Bmim][Ac]

ionic liquid, the comparison between each pure ionic liquid and mixture of ionic liquid will be

done in terms of three components of interaction energy which are molecular fiision energy

(Hmf), hydrogen bonding energy (Hhb) and Van der walls energy (Hvaw)- The pure ionic liquid

is the condition where no presence of C02 in the ionic liquid molecular component while

mixture of ionic liquid is the condition where the presence of C02 taking apart in the ionic

liquid molecular component. The pure C02 is also very important data to be taken as a

consideration during determining the total interaction energy for obtaining the accurate data of

C02 solubility.
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4.2.1 Evaluation of Interaction Energy

Iteration CO2 mol% AHco2-[Bmim][TF2N] VdW HB MF

l 0,002245 -1,4213 -2,153210 0,001530 0,730240

2 0,011554 -1,4050 -2,136300 0,011460 0,718760

3 0,023088 -1,3840 -2,113810 0,022370 0,705240

4 0,090285 -1,2530 -1,974750 0,091680 0,621030

5 0,154396 -1,1128 -1,827400 0,165400 0,532990

6 0,215237 -0,9631 -1,671820 0,243520 0,441310

7 0,272187 -0,8059 -1,510540 0,325410 0,347400

8 0,309957 -0,6909 -1,393670 0,384980 0,280230

9 0,397249 -0,3850 -1,088160 0,542400 0,107940

Table 7 : Interaction Energy of [Bmim][TF2N] Ionic Liquid Data
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[Bmim][TF2N] interaction energy
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•• MF

Number of Iteration

Figure 15 :Graph of Interaction Energy for [Bmim][TF2N] Ionic Liquid

From the graphs above, we can see that Van der walls energy in all iteration is the

highest value regardless the sign of negative in the mixture of [Bmim][TF2N] interaction

energy component but there are showing hydrogen bonding energy tends to get increase

slightly while the others two get decrease in the last iteration. However, Van der walls

energy still the dominant component in the mixture of[Bmim][TF2N] interaction energy.
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Iteration
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0,002278

0,011171

0,022115

0,084541

0,142473

0,195897

0,245888

0,277263

0,350250

AHco2-[Bmim][Ac]

-1,296130

-1,312890

-1,327440

-1,417890

-1,495180

-1,558020

-1,608520

-1,632920

-1,665310

VdW

-3,806770

-3,768090

-3,717130

-3,413550

-3,107600

-2,802010

-2,494000

-2,288300

-1,769430
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HB

0,013200

0,037560

0,068610

0,257350

0,451420

0,648960

0,852690

0,991450

1,352120

MF

2,497390

2,416440

2,318680

1,728290

1,143210

0,569380

-0,000950

-0,375220

-1,301100

Table 8 : Interaction Energy of [Bmim][Ac] Ionic Liquid Data
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Figure 16 :Graph ofInteraction Energy for [Bmim][Ac] Ionic Liquid

From the graphs above, we can see that Van der walls energy in all iteration is the

highest value regardless the sign of negative in the mixture of [Bmim][Ac] interaction
energy component but there are showing hydrogen bonding energy highly increase while

the others two get decrease drastically in the last iteration. Hence, hydrogen bonding

energy is taking place and will be the dominant component in the mixture of [Bmim][Ac]

interaction energy.
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4.3 Sigma Geometry and Sigma Profile

Sigma geometry is a three-dimension (3-D) molecule compounds model consisting ofthree

basic color representations which are blue for very positive charge, green for neutral charge and

red for very negative charge. Meanwhile, sigma profile is the representation of chemical

compound characteristics or behavior based on the peak presentation either in polar area or non

polar area. The region of -1< x <1 in sigma profile graph represents the non polar area and

having neutral charge while the region oflower than -1 having positive charge, then the region of

higher than 1 in sigma profile having negative charge and both charges actually are polar area

with different properties.

- Interaction with POLAR

group / H-bond donor

300

- interaction with

NONPOLAR group

- Interaction with POLAR

group / H-bondacceptor

Figure 17: Graph ofSigma Potential for Ionic Liquids Compound

There aretwo key interactions criteria for both polar andnonpolarregion:

» The overlapping within non polar area isattractive interaction. The higher overlapping

area or total peak area leads to higher interaction.

» The overlapping within the polar area is repulsive interaction. ForH-bond group, the

interaction is acceptor-donor andvice versa instead of the overlapping peak.
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Figure 18 : Sigma Geometry of [Bmim][TF2N] Compound

Figure 19: Sigma Profile of [Bmim][TF2N] Compound

Ionic liquids l-butyl-3-memylirnidazolium bis (trifluoromethylsulfonyl) imide,

[Bmim][TF2N] presents peak and unresolved peak within non polar area. The [Bmim]

cation presents moderate electropositive charge inthe left hand side polar area and H-bond

becomes a donor to [TF2N] anion. The [TF2N] anion presents strong electronegative-

charge in the right hand side polar area and becoming H-bond acceptor from [Bmim]

cation and C02. The higher interaction between [TF2N] anion and [Bmim] cation

compared to C02 has proved Van der Waals isthe dominant in interaction energy.
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Figure 20 : Sigma Geometry of [Bmim] [Ac] Compound

Figure 21 : Sigma Profile of [Bmim][Ac] Compound
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Ionic liquids l-butyl-3-methylimidazolium acetate, [Bmim][Ac] presents peak and

unresolved peak within non polar area. The [Bmim] cation presents moderate

electropositive charge in the left hand side polar area and H-bond becomes a donor to [Ac]

anion. The [Ac] anion presents very strong electronegative-charge in the right hand side

polar area and becoming H-bond acceptor from C02. The higher interaction between [Ac]

anion and C02 compared to [Bmim] cation has proved hydrogen bonding is the dominant

in interaction energy.
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CHAPTER 5

CONCLUSION & RECOMMENDATION

5.1 Conclusion

This project is actively considering the ionic liquids as a promising alternative technique

for C02 absorption. Newly introduced C02 absorption with ionic liquid that begins with the

synthesis of ionic liquids reaction by selecting the imidazolium as cation while the bis
(trifluoromethylsulfonyl) imide and acetate as anion for the simulation process using COSMO-
RS software. The project is also undergoing further process by taking some additional
information regarding literature review ofabsorption principle, as well as the types ofpotential

ionic liquids. The proposed method to be used currently is the simulation ofpotential ionic
liquids for C02 removal. Characterization ofthe ionic liquids will be complete done in the end

of the simulation.

Trends in solubility and selectivity as a function ofthe chemical structure ofcations and
anions were analyzed. In general, solubility in ILs containing fluorine containing anions was

higher than ILs containing other anions such as acetate, borate, sulphate, halogenide. Sigma
profiles and sigma-potentials of solvents are valuable tools for apriori solvent characterization.
Gas-liquid interactions were described qualitatively through sigma-potentials of ILs and
quantitatively through activity coefficients. The combinatorial activity coefficients were

correlated with the molar volume of ILs. Solubility of C02 and selectivity for C02/CH4 and

C02/N2 separations decrease with an increase in temperature. C02 is much more soluble than

methane and nitrogen and therefore the solubility ofC02 in ionic liquid and temperature will

play the key role in solvent selection for C02 capture. Low melting point ionic liquids with
such cations and fluorine-containing anions may be investigated further experimentally.

COSMOtherm is a promising preliminary tool for fast screening and design of ILs for such

purpose as it readily provides a number ofpertinent.
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5.2 Recommendation

COSMOtherm is a promising preliminary tool for fast screening and design ofILs for such

purpose as it readily provides a number ofpertinent information. Even though the prediction, as
a whole, succeeded to simulate all the experimental data from respective journal but

COSMOtherm cannot reproduce some ofthe trends that appear in experimental solubility data.

Therefore, there are needed some recommendations that can be done in order to increase the

accuracy of dataobtained from simulation as stated below:

• Quality of prediction needs be improved by considering fugacity correction,

considering interactions between ions in the treatment of ILs and improved

parameterizations of COSMO-RS.

• It is recommended for a simulation to be ran at temperature of 283.15, 298.15, and

323.15 K since ionic liquids (ILs) of widely varying structures at those temperature as

well as the molar volumes and the relative polarity ofBLs.

• Database regarding the types ofionic liquids in the COSMOtherm need to be upgraded

from time to time so that the required ionic liquids for simulation are available and can

be ran easily.

• Other factors and parameters regarding the absorption of C02 should be studied

further in order to obtain the accurate data of ionic liquids properties as a reference for

upcoming research.

• Need an alternative or support simulation tool that can examine both physical and

chemical absorption of C02 since the COSMOtherm can only predict the physical

absorption for ionic liquids.

• Provide a specific guideline and tutorial on COSMOtherm for variable properties of

ionic liquids prediction so that the simulation process will become smooth and can

save the time.
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