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ABSTRAK

Karbon dioksida (CO>) ialah salah satu komponen gas rumah hijau yang menyumbang
kepada kesan pemanasan global. Penyerapan gas CO penting bagi mengurangkan
kepekatan CO> dalam atmosfera. Proses penyerapan menggunakan pelarut amina
merupakan satu teknologi yang dipercayai keberkesanannya untuk menyerap gas CO..
Banyak kajian melibatkan pembangunan model dan simulasi proses pada skala makro
telah dijalankan. Tujuan kajian ini dijalankan adalah untuk mengkaji proses penyerapan
CO2 menggunakan pelarut amina pada skala molekul bagi mengetahu interaksi antara
molekul semasa proses penyerapan. Kajian interaksi antara molekul dalam proses
penyerapan CO: dijalankan dengan menggunakan simulasi Molekul dinamik (MD)
melalui perisian Material Studio (versi 7.0). Beberapa kajian kes telah dijalankan untuk
mengkaji kesan suhu, kepekatan pelarut amina, kepelbagaian jenis pelarut amina,
perbandingan antara amina tunggal dan campuran amina ke atas proses penyerapan.
Kesan perbezaan molekul karbamat untuk proses penyahserapan turut dikaji. Simulasi
MD dijalankan pada keadaan NVE (molekul, jisim, tenaga) (selama 200 ps) dan NVT
(molekul, jisim, suhu) (selama 1 ns) ensemble. Model COMPASS digunakan untuk
mengira medan daya manakala model Ewald digunakan sebagai kaedah penjumlahan
pengiraan tenaga dalam kotak simulasi. Enam langkah telah dilaksanakan dalam
metodologi kajian ini iaitu lakaran struktur molekul, pengoptimuman geometri,
pembentukan kotak simulasi dan pengurangan tenaga didalam kotak simulasi, simulasi
pada fasa keseimbangan dan fasa penghasilan struktur molekul untuk dianalisis, dan
analisis RDF. Graf RDF yang diperolehi akan menunjukkan hubungkait antara r iaitu
jarak antara satu atom dengan atom yang lain dan g(r) adalah kadar kebarangkalian untuk
interaksi antara molekul berlaku. Perbincangan hasil kajian dibahagikan kepada enam
bahagian. Parameter simulasi 1: hasil dari kajian menunjukkan bahawa, kekuatan
interaksi antara molekul pelarut MEA dan CO> meningkat apabila meningkatnya suhu
sistem penyerapan. Parameter simulasi 2: keputusan yang sama juga didapati dengan
peningkatan kepekatan pelarut amina. Peningkatan kepekatan pelarut amina
menyebabkan sifat akali MEA meningkat. Oleh itu, kecenderungan untuk berlakunya
daya tarikan dengan molekul berasid (CO.) juga bertambah. Parameter simulasi 3: hasil
daripada kajian menunjukkan bahawa MEA merupakan pelarut yang mempunyai potensi
paling tinggi untuk berinteraksi dengan gas CO berbanding dengan DEA dan MDEA.
Ini kerana MEA mempunyai keupayaan untuk bertindakbalas secara langsung dengan
CO2 dan membentuk ion karbamat. Amina pengaktif iaitu PZ dan steric hindered amina
iaitu AMP juga menunjukkan keberangkalian yang tinggi untuk berinteraksi dengan gas
CO,. Disebabkan kekurangan ikatan nitrogen-hidrogen (—-NH) pada MDEA
menyebabkan pelarut ini kurang reaktif. Ketiadaan atom hydrogen yang terikat dengan
tom nitrogen menyebabkan tidak berlaku pembentukan ion karbamat. MDEA tidak boleh
berinteraksi secara langsung dengan CO.. Justeru, disarankan MDEA dicampurkan
dengan pelarut lain yang lebih reaktif untuk meningkatkan kereaktifan MDEA terhadap
CO». Parameter simulasi 4: hasil daripada kajian ini menunjukkan bahawa campuran
AMP dan PZ ke dalam larutan MDEA mampu meningkatkan kereaktifan MDEA dalam
proses penyerapan gas CO,. Molekul AMP dan PZ berfungsi untuk membantu interaksi
antara MDEA dan CO». Parameter simulasi 5: interaksi intra- dan inter- molekul dalam
proses penyahserapan CO2 menunjukkan ion MEA karbamat sukar memutuskan ikatan
molekul jika dibandingkan dengan AMP dan PZ amina. Kecenderungan tinggi untuk
interaksi intra- dan inter- molekul bagi pelarut AMP dan PZ, membuatkan amina ini
menjadi pilihan untuk dicampurkan dengan pelarut amina yang kurang reaktif. Hasil



kajian ini dapat memberi penjelasan asas kimia kepada keputusan eksperimen dan
simulasi yang dilaporkan dalam kajian terdahulu. Aplikasi MD simulasi dalam proses
penyerapan menggunakan pelarut amina mampu meningkatkan pemahaman mengenai
proses ini pada peringkat molekul dengan mengkaji pengaruh interaksi fizikal antara
molekul dalam proses penyerapan gas CO> menggunakan analisis RDF. Interaksi fisikal
antara atom atau molekul akan berlaku sebelum berlakunya tindakbalas kimia. Kajian
mengenai interaksi fizikal penting untuk lebih memahami mengenai proses penyerapan
menggunakan pelarut amina.



ABSTRACT

Carbon dioxide (COy) is a major greenhouse gas that causes global warming effect. It has
to be captured to reduce its concentration in the atmosphere. Amine absorption process
Is a promising technology to be applied for CO2 mitigation. Modeling and simulation of
amine absorption process for CO> removal at macro-scale is well established. This study
was aimed to investigate the amine-CO> absorption process at the molecular level and
their intermolecular interaction during the absorption process. The study on the
intermolecular interaction in amine absorption process for CO> capture was performed
using molecular dynamic (MD) simulation via Material Studio (version 7.0) software.
Several case studies were conducted to investigate the effect of temperature, amine
concentration, different types of alkanolamines for CO, absorption process and
comparison between single and blended amines for absorption process. Next, effect of
different carbamate molecules for CO> desorption process were also performed. The MD
simulation was carried out at NVE (moles, volume, energy) 200 ps (picosecond) and
NVT (moles, volume, temperature) 1 ns (nanosecond) ensemble. COMPASS and Ewald
models were used within simulation box for force field and summation method
calculation. Six steps were performed to simulate the selected molecules representing the
CO. absorption system which were molecular structure sketch, geometry optimisation,
simulation box creation and energy minimization, simulation at equilibrium and
production phase, and analysis of the last trajectory for output data for RDF (radial
distribution function). RDF plot shows the relationship between r which is the distance
between atom pairs in each of the trajectory distance of atom with other neighbouring
atom and g(r) is the tendency of atom to interaction/probability to have interaction
between atoms. The discussion of result was divided into six sections. For simulation
parameter 1, the simulation results shows the strength of intermolecular interaction
between MEA (monoethanolamine) solution-CO2 was increased with the increased in
temperature. For simulation parameter 2, the simulation results shows the similar
behavior is observed as the amount of amine concentration is increased. Due to high
concentration, high basicity of MEA was produced. Hence, it tended to have strong
intermolecular attraction with acidic, CO>. For simulation parameter 3, the simulation
results shows the MEA solvent showed the highest tendency to interact with CO>
compared to DEA (diethanolamine) and MDEA (methyl diethanolamine) because it can
directly react with CO> and easily form carbamate ions. A good performance of activator
amine, PZ (piperazine) and steric hindered amine, AMP was observed in this study. Both
showed high tendency to have intermolecular interaction with water and CO>. Due to the
lack of —HN bond in MDEA, this solvent was determined to be less reactive. This is
because MDEA has lack of hydrogen atom attached in amino group there will be no
formation of carbamate ion. MDEA cannot directly absorb CO.. Therefore, it is suggested
to be blended with other reactive amines in order to increase reactivity of MDEA with
CO.. For simulation parameter 4, the simulation results shows the blended MDEA/AMP
and MDEA/PZ improved the efficiency of MDEA in CO2 absorption process. The
addition of AMP and PZ assisted MDEA to have intermolecular interaction with COo.
For simulation parameter 5, the simulation results shows the inter- and intra-molecular
interaction on stripping process showed that carbamate ions of MEA were difficult to
break compared to AMP and PZ. The high tendency for inter and intra molecular
interaction happened on AMP and PZ, making them a good choice to be blended with
other amine solvent to overcome the limitation of other less reactive amines. The
simulation results obtained from this study gave fundamental explanation on the
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experimental and simulations results reported in the literature. The application of MD
simulation in amine absorption process is capable to improve the understanding and give
insight about this process at molecular level. The research gap in this study is to
investigate the influence of physical interaction between molecules on CO> capture
process by analysing system with RDF. Physical interaction between atoms or molecules
will happen before chemical reaction occur. Learning about physical interaction was
essential to understand the amine-based absorption process.
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

Anthropogenic carbon dioxide (CO.) emissions occur when CO; is produced
from burning activities and enters the atmosphere. The increased CO> concentration in
the atmosphere leads to global warming effects. The main objective of CO, removal or
capture from fuel gas is to reduce the acid gases in atmosphere and prevent global
warming from happening. The concentration of COz in atmosphere is increasing year by
year. For example, in China, the CO, emission was increased by 3% in 2012 due to the
increased use of electricity and fuel demand (Olivier et al., 2013). It was also estimated
that, around 90% of the total CO> emissions was caused by fossil-fuel. This combustion

was identified as the major sources of CO, emission (Lee et al., 2010).

Greenhouse gases that contribute to air pollution are carbon dioxide (COz), carbon
monoxide (CO), sulphur dioxide (SOz), nitrogen dioxide (NO2) and burning of fossil
fuels (Arapatsakos et al., 2012). Figure 1.1 shows the percentage of greenhouses gases
which emit from fossil fuel combustion between 1990 and 2012 (U.S. Environmental
Protection Agency, 2014). It shows that CO. has the highest percentage compared to

others greenhouse gases.
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Figure 1.1 Percentage Greenhouse Gases 1990-2012 based on U.S. Inventories.
Source: U.S. Environmental Protection Agency, (2014)

The emission of CO; can increase the temperature of the earth and leads to climate
change. The concentration of CO> in the atmosphere has risen by 40 per cent in 2007
(Barker, 2007). Figure 1.2 shows the trend of CO, emissions from fossil fuel combustion.
The amount of CO> release is increasing dramatically by year. Therefore, the efforts to
capture CO> are needed to prevent its release to the atmosphere and avoid negative effects

to the people and the environment.
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Figure 1.2 Trend of CO, emissions from fossil fuel combustion.
Source: IEA, (2015)

The main cause for greenhouse gases emission is the human activities especially
the burning of fossil fuels. The fossil fuel power plant is the largest source of
anthropogenic CO> emission into the atmosphere (Tran, Nguyen, & Le, 2013). High
usage of fossil fuel, coal, natural gas and petroleum for power generation were identified
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as the main cause for the increase in CO. emission which contributed to high global CO>

emission as high as 86% in 2010 (International Transport Forum, 2010).

The statistics of CO2 emission from fossil fuels sources has encourage many
researchers to explore about technologies to capture CO2. There are many technologies
nowadays to capture and store CO> in order to prevent its emission to the atmosphere.
The available technology used to capture CO: are physical and chemical absorption, low
temperature (cryogenic) distillation, gas separation membrane and advance process such
as using ionic liquids (Liang, 2003). At present, the most promising technology for CO-
removal from coal-fired power stations is agueous amine-based post combustion capture
(Robinson, McCluskey, & Attalla, 2011). The process for post combustion capture occurs
when fossil fuels and air are burned together before CO; is removed from fuel gases.
Amine-based absorption process is a process where a chemical solvent is used to capture
CO. from flue gas. Even though the amine-based absorption technology is already proven
to capture and remove CO> more studies needs to be conducted in order to improve its
efficiency and cost of the regeneration process by focusing on the chemical absorbent

used in process.

Molecular dynamic (MD) is a computer simulation technique of complex systems
that is modelled at the atomic level. This computational technique is an effective method
to discover more details about absorption process and also CO: capture (Maginn &
Elliott, 2010). Besides that, MD simulation offers a systematic and more accurate,
calculation that gives results closer to the actual absorption process (Xing et al., 2013).
MD simulations is also used to explain the theory in chemistry studies for the microscopic
behaviour at the nano-scale, such as diffusion, (Li et al., 2010). It also helps in saving the
experimental time and cost (Charpentier, 2002). The understanding of fundamental in
chemistry at the molecular level gives benefit in the study of the removal of CO.. Strength
of attraction or repulsion interaction can be observed by analysing absorption process

system with the radial distribution function analysis (RDF).
1.2 Problem Statement

Simulation works for amine absorption process for CO> capture at macro scale
that emphasises on process simulation, optimization and control is well established. One

of the challenges of amine-based absorption process for CO2 removal is the stability of



the carbamate ion formed was strong and it requires high heat for the process of solvent
regeneration (Desideri & Paolucci, 1999). Another challenge of this process is solvent
degradation due to thermal and oxidation process in the presence of oxygen. The solvent
degradation products can cause corrosion problem to the system. As many amine-based
solvents are corrosive, there are limitations with regard to the concentration of amine that
can be applied economically. Yu (2012) suggested that the future research should focus
on the solvent formulation so that the chemical absorption process efficiency can be

improved.

Considering the amine-based solvent characteristics, it is important to develop a
clear understanding on the solvent molecular structure and its intermolecular interactions
that influence the CO» absorption process. Molecular scale study will provide the insight
of intermolecular interactions involve in the absorption process of CO. using amine-
based solvent. So far, studies on amine absorption process at molecular level are still at

an early stage and not many studies have been published.

Thus, this study was aim to apply MD simulation to describe the CO_ absorption
process at molecular level and definitely can give insight on molecular behaviour to
improve the absorption process and overcome the limitation of this process in real plant.
This simulation software has been reviewed as powerful and versatile tool to describe the

chemical engineering processes at the atomic level.
1.3  Research Objectives
The objectives of the study are as follows:

1. To study the intermolecular interactions in amine-based solvent for CO>

capture using MD simulation.

2. Toinvestigate the effect of temperature, concentration and types of amines

for CO. absorption process.

3. To evaluate the effect of single and blended amines on intermolecular

interaction in amine absorption process.

4. To analyze the effect of carbamate molecules in the removal of CO; for

regeneration process.



1.4 Scope of Research

This study focused on several scopes in order to achieve its objectives. The scopes

are as follows:

1. To investigate the intermolecular interaction in amine solution and amine-
CO. absorption process based on binary (amine + water) system and

tertiary system (amine + water + CO>) system.

2. To analyse the intermolecular interaction by using radial distribution

function (RDF) analysis.

3. To study effect of different operating conditions on intermolecular

interaction and diffusivity of CO> in amine solution.
(@) Temperature: 25, 35, 40 and 45°C

Temperature and pressure used in this simulation work is based on the
actual process condition in absorption plant. From literature, study
experimental a review of CO, capture by absorption and adsorption
process at temperature and pressure in ranges 273 K-423 K and 1 bar (Yu,
2012) (Ye, Chen, & Yuan, 2012) (Aaron & Tsouris, 2005) (Silva et al.,
2007).

(b) Amine concentration; 10, 20, 30 and 40 wt.%

Weight percent of solvent MEA aqueous is choose based on the literature
data and actual absorption process in industry. Based on literature, study
the MEA degradation oxygen (O2) mass transfer effects under CO:
conditions, the range weight percent of MEA aqueous used is 15 wt.%-30
wt.% (Goff & Rochelle, 2004).

4. To study effect different types of amine such as primary, secondary and

tertiary amines were used.

(@) Primary amine: Monoethanolamine (MEA), 2-Amino-2-methyl-1-

propanol (AMP), Piperazine (PZ)



(b) Secondary amine: Diethanolamine (DEA)
(c) Tertiary amine: Methyl diethanolamine (MDEA)

5. To compare the intermolecular interaction of pure and blended amines

system for absorption process.
(@) PZ (10 wt.%) + MDEA (30 wt.%) + CO2 (10 wt.%)
(b) AMP (15 wt.%) + MDEA (30 wt.%) + CO> (10 wt.%)

Speciation of the liquid phase in this thesis has been determined mainly
based on reactions and experimental data given by (Lionel Dubois &
Thomas, 2011).

6. To study effect different type of carbamate amines for stripping process.
(@) Primary amine: Monoethanolamine carbamate (MEACOOQ")

(b) Sterically  amine:  2-Amino-2-methyl-1-propanol  carbamate
(AMPCOO)

(c) Activation amine: Piperazine carbamate (PZCOOQO")
1.5  Significant of Study

Research on molecular modelling of amine absorption process for CO, capture
was proposed in this study to give insight about this process at molecular level and to
analyse the intermolecular interaction between CO and amine solution. The strength of
intermolecular interaction represents the effectiveness of absorption process. Better
understanding on the solvent molecular structure and intermolecular interaction of
solution mixture is crucial to improve CO, removal process using amine-based solvents
to be more energy efficient and reduce losses and corrosion rates. The findings of this
work explain the effect of varying process operating condition i.e.; temperature,
concentration, and different types of solvent amines on absorption process for CO-
capture. The outcomes from this research can be applied as guideline in the selection of
solvent based on its characteristics that give significant effect to absorption process. This
will help in improving the existing solvents and the consideration of using blended amine



solvent in the future so that the performance of this process can be improved. The research
gap is to investigate the influence of physical interaction between molecules on CO:

capture process by analysing system with RDF.
1.6 Thesis Organization
The thesis is organised in five chapters.

e Chapter 1 is the introduction part of this study. This chapter consist of
research background, problem statement, research objective, scope of
research and significant of research.

e Chapter 2 review the published information related to this work. Details
description of amine based absorption process includes types of amine
solvent and molecular dynamic (MD) simulation was provided in this
chapter. The chemistry of the intermolecular interaction and
thermodynamic properties involved in this process also are explained in
this chapter.

e Chapter 3 provides the explanation for the methodology part. This chapter
describes the simulation tool used in this study, molecular speciation,
procedure to simulate the system, and analysis for simulation results.
Explanation on the methods to analyse and interpret graphical results is
also provided in this chapter.

e Chapter 4 discus the results obtained from the MD simulations. The
analyses involved the radial distribution function (RDF) results.
Discussion on all simulation result gives insight on how MD simulation
at molecular level can contribute to the absorption process.

e Chapter 5 is the conclusion part. The outcomes of this study are
summarised and concluded in this chapter. The recommendations are also

provided in order to improve the future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter reviews the fundamental of amine-based absorption process and the
application of molecular dynamic (MD) simulation in the absorption process. It starts
with the technologies available for CO> capture and details description of amine-based
absorption process including the types of amine solvents. It is followed by the review of
main computational simulation used in this research, which is MD simulation.
Conceptual of molecular mechanics and all theoretical information regarding to the

component in MD simulation software is also briefly discussed.
2.2  CO2 Capture Process

Many studies have been published to optimise the existing CO2 capture process
so that it can operate at optimum conditions. In addition, the target is to minimise the
operating and capital cost and to have an environmentally friendly process (Energy,
2013). Three main methods for the capture of CO2 from power plant generation are post

combustion, pre-combustion, and oxy-fuel combustion.

Pre-combustion process to capture CO: occurs after the conversion of carbon
monoxide (CO) into CO> in synthesis gas. Based on Kanniche et al., (2010), the treatment
in gasification coal synthesis gas and reforming process with oxygen will produce CO
and hydrogen. Then the CO will react with steam to convert to CO; and hydrogen (H>).
Pre-combustion technology requires high energy costing since it uses high conditions of
pressure (2.5-5 MPa), CO> concentration (25-40%), and temperature (Babu et al., 2013;
Kim et al., 2011). Babu et al. (2013) presented pre-combustion CO- capture by using the
clathrate hydrate process and Kim et al. (2011) used gas hydrate crystallisation.



In oxy-fuel combustion, CO> capture occurs during the combustion of oxygen or
air with recycled flue gas. It is also recognised as the combustion in air/CO2 mixture
(Fryda et al., 2010). The oxy-fuel combust ion produces high concentration of CO..
Disadvantages of oxy-fuel combustion are the limitation in finding the optimum amount
of coal particles, the process requires pure oxygen, which is up to 90% purity to generate
the absorption (Glarborg & Bentzen, 2007; Toftegaard et al., 2010), low energy
efficiency, and leakage of air into the flue gas system (Chen, Yong, & Ghoniem, 2012).

Post-combustion process involves the capture of CO, from the flue gas of
conventional pulverized-coal-fired power plants at low partial pressure (Harun et al.,
2012). This process is divided into chemical absorption and physical absorption.
Chemical absorption by using amine absorbent is getting attention for its efficiency to
capture CO> for decades (Lawal et al. 2011; Merkel et al., 2010). Amine-based absorption
process is a promising technology to capture CO2 in term of development and
applicability, and it can be retrofitted to the existing power plants (MacDowell et al.,
2010). Furthermore, chemical absorption process is more energy efficient and less
expensive compare to adsorption process, cryogenic separation and membrane separation
(Herzog, 1999). Many initiatives are done under carbon capture and sequestration (CCS)
using amine absorption process, but improvement has to be carried out to reduce the cost
of processing and energy requirement. Currently, researchers are struggling to improve

the efficiency of absorption process by developing highly efficient absorbents.
2.3  COg2 Separation Technologies

On the basis of three CO2 capture processes, post-combustion process was
selected to be used due to its suitability to capture CO> produced from fossil fuel source.
Many technologies are applied to pilot plants for fossil fuel power plants, but studies are
being done for the large scale amine based absorption to capture CO. (Shao &
Stangeland, 2009). This study employed the post-combustion process to investigate the
effects of amine parameter and blends on CO: absorption process. Figure 2.1 shows the

technologies to capture CO; that are available in the industries.
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Figure 2.1 CO. separation and capture technologies.
Source: Rao & Rubin (2002)

Five types of technologies are available for CO2 capture, which are adsorption,
cryogenics, membranes, microbial/algal system, and absorption process. For gas
separation using adsorption process, many conventional adsorbents can be used such as
activated carbons (Rahman et al., 2005), metal oxides, pillared clays and zeolite (Nor
Kamarudin, Khairul Sozana & Mat, 2009), aluminosilicate zeolite molecular sieves, and
titanosilicate molecular sives (Ebner & Ritter, 2009). The fundamental theory of
adsorption process is the equilibrium between the amount of the adsorbed material and
the pressure or concentration at constant temperature (Wang & Giammar, 2013).
Adsorption process for CO, capture can be classified as either physical adsorption
(physisorption) or chemical adsorption (chemisorption), depending on the type of forces
between the adsorbent and CO.. Physical adsorption from a gas occurs when the inter-
molecular attractive forces between molecules of the solid adsorbent and the gas are
greater than those between molecules of the gas itself. In chemisorption, there is a transfer

or sharing of electron, or breakage of the adsorbate into atoms or radicals which are bound
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separately. The adsorption processes used in the separation of CO> are temperature swing
adsorption (TSA), pressure swing adsorption (PSA), and hybrid of PSA/TSA (Ebner &
Ritter, 2009). The advantage of adsorption process is that it is an economical purification
process. The COz content within purification process is reduce from 3 to 0.5% (Keskes,
Adjiman, Galindo, & Jackson, 2006).

Membrane is a porous material that acts as a filter (Folger, 2013). The pressure
differential across a membrane is the driving force for this separation process. Membrane
technology was already established before 1980 and improvement to fabricate high-
performance membranes is still on going. The important criteria in membrane process to
produce high CO; absorption are high CO: selectivity, high CO, permeability, cost
effective, and thermally and chemically robust (Baker, 2002; Powell & Qiao, 2006). In
order to achieve high permeation rate, the effective thickness of membrane for gas
separation has to be thin, for example less than 0.5um. The weaknesses of using hollow

fibre or flat asymmetric membranes are high cost and brittle (Powell & Qiao, 2006).

For gas separation, cryogenic separation uses the principle of cooling and
condensation. Cryogenic separation is mostly used for Oz separation from air and for
oxyfuel combustion (Li et al., 2011). Temperature and pressure are manipulated to
effectively liquefy the CO>. The disadvantage of cryogenic separation is that it requires
high energy for its cooling system (refrigeration energy) and to pressurise the system.
However, this technique yields CO- that is ready to store and transport (Aaron & Tsouris,
2005; White et al., 2003).

Absorption is a process to transfer one or more compounds from one phase into
another. The species transferred to the liquid phase are commonly called as absorbates.
Physical absorption involves the transfer of gas molecules to liquid solvent. Organic or
inorganic solvents are used to physically absorb CO2. This process uses the concept of
Henry’s law, which the absorption occurs at high CO> partial pressure and low
temperature (Li et al., 2011). The advantage of this process is that it requires low energy
demand. Physical absorption is better compared to chemical absorption because it can
produce higher CO: loading capacity at high CO> partial pressure (Keskes et al., 2006).
The examples of solvents used commercially for physical absorption are tributyl
phosphate (TBP), propylene carbonate (PC), normal methyl pyrrolidone (NMP),
methanol, dimethyl ether, and mixture of polyethylene glycol dialkyl (Newman, 1985;
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Olajire, 2010). The application of ionic liquids in CO absorption can be done by
combining both chemical and physical absorption, which is also known as
physisorpion/chemisorption of CO> (Pinto et al., 2014). 1-Ethyl-3-methylimidazolium
acetate and 1-lethyl-3-methylimidazodium ethylsulfate are used for chemical and

physical absorption, respectively.

Chemical absorption process is the most commonly used method for CO>
removal. Absorber and stripper are two processes that utilise the principle of absorption.
In an absorber, gas compound (solute) is injected and mixed with solvent. In a stripper,
the opposite process occurs, in which the gas is separated from the solvent. The pressure
and temperature normally used in chemical absorption processes are 1.0 bar and 40-60°C,
respectively (Yu, 2012). Chemical reaction occurs between the substances presence to be
absorbed and the absorbing medium. Chemical absorption process is a chosen method
for post-combustion process and already practised since the 1930’s (Kothandaraman,
2010). The list of advantages and disadvantages of amine-based absorption process are

as follows:
The advantages of amine-based absorption using amine as absorbent are:

(@) The most matured technology for CO2 capture and already established for
many decades (Derks & Versteeg, 2009).

(b) The chemical reaction of amine with CO and absorption are faster even at
low partial pressures of CO: (Kallevik, 2010).

(c) Thistechnology is suitable for retrofitting of the existing power plants (Mores,
Scenna, & Mussati, 2011).

(d) Pure CO- can be obtained by using different amines or blended amines and it
is suitable application for industrial flue gas (Mores et al., 2011).

(e) Amine solvent can be recycled because the reaction is reversible (Strazisar,
Anderson, & White, 2001).

The disadvantages of amine-based absorption using amine as absorbent are:

(a) The process is energy-intensive and the cost is expensive (Mufioz et al., 2009).
(b) The amount of CO> capture is low. It require high amount of amine solvent to

capture CO; (kg CO> absorbed per kg amine) (James & Henry, 2004).
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(c) Potential to have corrosion in the equipment and degradation when excessive

solvent containing O: is used (Mores et al., 2011).

By using amine-based absorption, almost 90% CO> capture can be achieved but
the capital and operating costs were very high (Fisher, 2007). The selection of amine for
absorption process were based on the characteristics of aqueous solubility, basicity and
stability (Mufioz et al., 2009). Different amines have different reaction rate for CO-
absorption process. The most commonly used amine in the chemical absorption processes
IS a primary amine. Primary amine is used for its fast reaction to bond with CO> compared
to secondary or tertiary amine. MEA is always used as a benchmark in most studies
(Dubois & Thomas, 2012). Nevertheless, MEA has limitation such as low CO; capacity
loading, high energy demand during regeneration process, and corrosion of equipment
(Fauth et al., 2005; Yeh et al., 2005).

2.4 Amine-Based Absorption Process

The post-combustion CO> capture process is one of the promising technologies.
The aqueous amine solvent in the absorber and stripping can enhance the CO; capture.
Nowadays, there are many industries use aqueous amine in their plants for CO2 removal.
Figure 2.2 shows an example of the process flow diagram for the simulated process plant
of amine post-combustion CO- capture process (Lee et al., 2013). The flue gas from
power plant is pre-cooled first in a contact condenser and compressed slightly before
being sent to the bottom of the absorber column. Solvent with low CO2 concentration, or
lean amine, enters the top of the absorber and reacts with the amine solvent in the
absorber. The solvent stream rich in COz2, or rich amine, exits the bottom of the absorber.
The CO- lean overhead flue gas stream exits the top of the absorber and capture with
store in a tank for prevent CO emitted to the atmosphere. The rich Amine solution is pre-
heated in a cross flow heat exchanger by hot lean amine solution before entering the
stripper. The CO: is thermally driven out of solvent, regenerating the amine and a
moisture rich in CO> leaves the bottom of the stripper is cooled first before sending it
back to the absorber as lean amine. The CO2 from the overhead stream of the stripper
column is captured. The established operating condition for CO> absorption process is by
using 30 wt.% MEA amine solvent solution, with the temperatures of 40 °C and 120 °C
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for the absorber and stripper at the atmospheric pressure, respectively (Puxty & Rowland,
2011).

COy

“Lean Amine @ ! )

Absorber Siripper
Flue Gas Contact Cooler \L::B

Flue Gas

w

Rich Amine

Figure 2.2 Process flow diagram of amine post-combustion CO> capture process
from simulated process plant.

Source: Lee et al., (2013)
2.4.1 Experiment Work using Single Amine

There are a few reports that highlighted about the amine-based CO; absorption
process. Cullinane and Rochelle (2004) studied the CO; absorption process in wetted-
wall column using potassium carbonate and piperazine (PZ). The addition of 0:6 M PZ
to 20 wt.% potassium carbonate increased the rate of CO2 absorption at 60 °C. PZ has a
cyclic diamine structure that may favor rapid formation of the carbamates. As a mild
base, it may catalyse the proton extraction in the reaction mechanism. Also theoretically,
one mole of amine can absorb two moles of CO». The promoted potassium carbonate is
expected to retain its low energy of regeneration, and the reaction of carbonate in bulk
solution is expected to increase the absorption capacity. Rayer and Henni (2014) studied
the CO> absorption process using MDEA, Triethanolamine (TEA), 1-dimethylamino-2-
propanol (IDMAP), and 3-dimethylamino-1-propanol (3DMAP) by experimental flow
calorimeter. Eighty per cent of the operational cost comes from the cost of solvent
regeneration. Therefore, there is a need to develop solvents that require low energy
consumption during regeneration. Abdul Halim et al. (2015) studied the absorption

experiments using MEA. The processes were performed in a 2.040 m high and 0.046 m
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inside diameter (ID) packed column. At a high pressure of 5.0MPa, CO> removal
percentage was increased with the increased of MEA concentration. The optimum
temperature for CO> absorption was 40°C. Lopez et al. (2015) studied the absorption
process using new amine, Diisopropanolamine (DIPA) and Monoisopropanolamine
(MIPA) in a bubble column reactor. The mass transfer coefficient was decreased with the
increased amine concentration. The application of DIPA increased the viscosity and
reduced the mass transfer coefficient. Rayer and Henni (2014) found that the heat of
absorption was decreased when the steric hindrance group was increased by the alkyl
group. The order of the heat of absorption values is TEA < MDEA < 3DMAP <
DMAEOE < IDMAP. As the number of “OH group increases, the heat of absorption
values decrease. The position of the —OH group from the amino also influences the heat

of absorption.
2.4.2 Experimental Work using Blended Amine

The success of amine solvent is due to meet criteria of give high rate of reaction
in absorber and requires low heat of reaction in stripper. The combination of primary or
secondary amine with tertiary amine is identified as a good way to improve the efficiency
of amine solvent. The sequence of high to low degradation is straight chain di- and
triamines > MEA > tertiary amines > alkanolamines with steric hindrance> long chain

alkanolamines > cyclic amines with no side chains (Davis, 2009).

Barzagli et al. (2010) studied the CO, absorption process using DEA, MDEA, and
AMP. AMP showed the highest absorption efficiency and MDEA was best for
regeneration at any amine concentration and desorber temperature. At high amine
concentration (2.00 M), lowest CO2 absorption efficiency was observed. DEA showed
modest performance compared to other amines. Blended AMP/MDEA showed highest
absorption rate compared to AMP/DEA and AMP/MEA because DEA and MEA
produced carbamate that influenced the efficiency of absorption and desorption
processes. Choi et al. (2009) studied the CO: absorption/regeneration experiment using
MEA and AMP. High CO: loading of blended MEA/AMP solutions was obtained
compared to single MEA and AMP amines. This work also showed that MEA had more
influence in CO; separation (regeneration part) but AMP was more dominant for fast
reaction during the absorption. At high concentration of MEA, the reaction rate of
blended MEA/AMP was increased and CO> loading was decreased. However, at high
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concentration of AMP, the result was reversed. Because, for MEA can directly react with
CO; through carbamate reaction and produced a stable carbamate. Due to this, CO;
loading was limited by stoichiometry to 0.5 mole CO2/mole amine. Meanwhile, AMP
had unstable carbamate and fast hydrolysis reaction, which resulted in the stoichiometry
of 1.0 mole CO2/mole amine from the reaction of zwitterion mechanism. Nainar and
Veawab (2009) carried out the electrochemical corrosion experiments using the potential
dynamic polarisation technique for corrosion measurements for MEA and PZ. Blended
MEA/PZ resulted in more corrosion compared to MEA alone. When the concentration of
PZ was increased, the corrosion rate was increased. The corrosion rate of carbon steel
was increased with the increased in the concentration of PZ, total amine concentration,
CO2 loading of solution, solution temperature, and the presence of heat stable salts.
Tertiary amines have a lower regeneration energy requirement, but also a lower
absorption rate. Meanwhile, primary and secondary amines are effective in the absorption
process, but both are more difficult to regenerate because of the high heat of reactions
involved. Dinca (2015) studied the MEA and DEA based absorption process using the
circulating fluidized bed combustion (CFBC) technology. The increased concentration of
DEA influenced the increased in absorption capacity of CO in blended MEA/DEA
solutions. The highest absorption capacity of CO, was 0.23 mole CO./mole DEA at 40
wt.% concentration. Conway et al. (2015) studied the absorption process using MEA,
N,N-dimethylethanolamine (DMEA), N,N-diethylethanolamine (DEEA) and AMP in
wetted wall column (WWC) contactor. The absorption capacity of blended MEA/AMP
was significantly higher than single MEA solution. For CO2 mass transfer analysis, a
single MEA solution gave higher result compared to blended solvent amine at similar
CO: loading and total amine concentrations. Zhang et al. (2016) studied the blended
amine of MEA, 1-Dimethylamino-2-propanol (IDMA2P), and MDEA using 3C NMR
technique. Solution that was blended with tertiary amine showed low energy
consumption in the regeneration process. In addition, the bicarbonate ions breakdown
with low heat duty was also observed compared to MEA. Blended MEA/1IDMAZ2P
produced more bicarbonate ions than MEA/MDEA which made 1DMAZ2P a better choice

in the regeneration process.

Mandal et al. (2001) studied about the simulation of blended amine MDEA/AMP
and AMP/MEA for CO. absorption process using the subroutine DDASSL in double
precision FORTRAN. The results showed that the additional of MEA in MDEA or AMP
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solution can increase the CO; absorption. Blended amine solution of AMP/MEA gave
high absorption rate compared to MDEA/MEA solution. Mandal et al. (2003) reported
about the effect of blended amines of AMP/DEA solution on the CO, absorption process.
Blended AMP/DEA showed high rate of CO> absorption compared to blended amine
MDEA/DEA. Sterically amine such as AMP can enhance the CO> absorption rate
compared to DEA solution. Mandal and Bandyopadhyay (2005) studied the effect of
blended amine AMP/DEA on the simultaneous CO, and Hydrogen sulfide (H.S)
absorption process. They found that blended amine AMP/DEA was an effective solvent
used to absorb CO; and H2S. Mandal and Bandyopadhyay (2006) studied the effect of
aqueous blended amine of AMP/MEA in CO; absorption process. The results showed
that AMP/MEA blended amine was a potential solvent to absorb CO; with fast reaction

rate of 9500 m®/kmol.s at 313K and high amount of CO was being absorbed.

Aroonwilas and Veawab (2004) studied about single and blended amine in a
packed column CO; absorption process. They found that sequence of CO, absorption rate
capacity for single amines are MEA > DEA > AMP > DIPA > MDEA. Blended amines
such as MEA/MDEA, DEA/MDEA, MEA/AMP, and DEA/AMP were also tested. The
result showed that high CO2 absorption performance on blended AMP solvent especially
MEA/AMP was observed compared to blended MDEA solvent.

Dubois et al. (2010) studied the CO> absorption into single and blended amines
of (piperazinyl-1)-2-ethylamine (PZEA), AMP, MEA, and MDEA. They reported that
blended amines of AMP/MEA solution gave effective absorption efficiency compared to
blended amine AMP/MDEA. For amine activation, PZEA solution produced high CO>
absorption rate compared to AMP solutions. Higher amine concentration increased the
liquid phase reaction and yielded good absorption efficiency. Based on CO; absorption
performance, PZEA and AMP efficiencies were in between the MEA and MDEA

solutions.

Barzagli et al. (2010) studied the absorption and regeneration process of CO2 by
single and mix DEA, MDEA, and AMP amines. Compared to pure amine, AMP solvent
was good for absorption process and MDEA solvent was effective in regeneration
process. Meanwhile, high performance for absorption and regeneration was exhibited by
blend amine AMP/MDEA compared to AMP/DEA alone.
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2.4.3 Computational Chemistry Study

Other than experiment works, several studies were conducted to analyse this
process using computational approach. This section will describe previous studies done

for CO- absorption process at micro level.

Farmahini (2010) studied about the blended PZ/MDEA absorption proses for CHa
and COz using MD simulation. From this dissertation, it shows that small amount of PZ
can accelerate the CO; absorption process by MDEA solvent. The following year,
Farmahini et al. (2011) reported that blended of MDEA and PZ gives good combination
for CO, absorption process. PZ molecule forms protonated piperazine (PZH") and
piperazine carbamate (PZCOOQO) that cause high solubility in water. Formation of

PZCOOQO" accelerated the absorption process.

Maiti et al. (2010) conducted atomistic modelling research for CO> capture using
primary and tertiary amines. This research was done using Quantum chemical and
classical MD simulation. The speciation was evaluated based on the fraction of ionic
species, density and volume changes and ionic association. The density of carbamate was
increased in MEA compared to bicarbonate ion in MDEA. It shows that MEA was able
to absorb more CO; than MDEA.. Similar methodology approach used by Singh (2011)
but using solvent Hexamethylenediamine (HMDA) for CO: absorption process.
Absorption rate was decreased with the increased in chain length of amine. The potential
of HMDA was also investigated in that study. Interaction of amine and CO. was
discussed using molecular dynamic simulation. (Singh, Niederer, & Versteeg, 2007,
2009) performed the modelling studied of CO; absorption using alkanolamine solutions.
Their simulation work used the Density Functional Theory (DFT) with dielectric
continuum solvation models and Conductor-like Screening Model for Realistic Solvents
(COSMO-RS) model. They found that the alcohol chain length of alkanolamine affected

the yield of CO. absorption process.

Yamada et al. (2013) performed computational investigation of CO> absorption
using alkanolamine solutions. This simulation work used Density Functional Theory
(DFT) with dielectric continuum solvation models and Conductor-like Screening Model
for realistic solvents (COSMO-RS) model. From that study, it was found that alcohol

chain length of alkanolamine affected the yield of CO. absorption process. Calculation
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was based on intramolecular for hydrogen bond (NCOO--HO) in carbamate. Matsuzaki
et al. (2013) applied Polarizable Continuum model (PCM), Ab initio molecular orbital
method to study inter conversion of carbamate and bicarbonate for MEA. They proposed
a new pathway mechanism, in which proton ion was transferred from carbamate to form
bicarbonate ion and MEA. Besides that, study reported by Emmanuelle Masy (2013)
shows that MEA has high CO- diffusivity compared to MDEA and ethylamine due to
small spatial configuration and low amount of hydroxyl group in amine structure.

Hydroxyl group contribute more significant affect to diffusivity than geometry of amine.

Sumon et al. (2014) studied about reaction mechanism involved in CO:
absorption process using Ab initio in MD simulations. Structures for carbamate
zwitterions (R1R2NHCOO®) and carbamic acid (RiR2NCOOH) was observed. This report
was aimed to improve mechanism for kinetic model. Hwang et al. (2015) also studied
about chemical reaction mechanism. From quantum chemical calculation, a zwitterion-
mediated two-step mechanism is used in reaction of amine with CO, absorption and
desorption process. It was observed that proton was transferred in MEA+CO2+H,0 by
H-bonded water bridges. Current research done by Kachko et al. (2016) using an Aspen
Plus model32—34 with chemometrics approach for the simulation of CO2 absorption by
aqueous MDEA. Solutions activated by PZ were used for the properties estimation of the
liquid solvent under pilot plant conditions. The model used was the unsymmetrical
electrolyte NRTL (eNRTL) method and the PC-SAFT equation of state was used to
compute liquid and vapour properties, respectively. Prakash and Venkatnathan (2016)
studied CO; absorption process using ionic liquid (IL). The CO2 was absorbed in the bulk
IL layers during the first ten nanoseconds. The interaction of CO, was more on cations

of the IL compared to anions.

Idem et al. (Idem, Edali, & Aboudheir, 2009) conducted experimental and
simulation work at various concentration of MDEA/PZ, temperature and CO> loading to
determine the reaction rate constant. Edali et al. (Edali, ldem, & Aboudheir, 2010)
developed a 2D model for the blended amines MDEA/PZ using COMSOL software to
study the concentration profiles of all the species considering both the radial and axial
directions. It was revealed that PZ may be depleted when a loading of the solvent blend
MDEA/PZ was greater than 0.015 mol/mol is exposed to CO- from the top of the laminar
jet absorber.
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2.4.4 The Gap of Study

Most of the previous research work has focused on the computational chemistry,
notably regarding the calculation of ionic and enthalpy effect for the CO2 absorption
process. This study aims to apply the computational chemistry studies focusing on the
physical inter- and intra-molecular interaction in the CO. regeneration process. There is
research gap for the physical molecular interaction in the open literature for CO>

absorption and regeneration process.
2.4.5 Alkanolamines Solvent

Alkanolamine is an amine/ammonia compound that contain hydroxyl (-OH) and
amino (-NH) functional groups on an alkane chain. The hydrogen atom in ammonia
compound (NH3) is replaced first by alkyl or aryl group to form an amine compound. The
alkanolamine can be classified into three categories, which are primary (1°), secondary
(2°), and tertiary (3°) amines based on the number of alkyl group replacing the hydrogen
atom (Farmabhini, 2010). Besides that, there are sterically hindered amines that act as
catalyst to enhance the reaction of amine solution with CO2 gases. Sterically hindered

amine can save the regeneration cost up to 40%.
2451 Primary Amine

Primary amine is a molecule containing one substituent alkyl group and two
hydrogen atoms attached to the nitrogen atom. MEA is one of the primary alkanolamines
(Toon, 2003). Alkanolamine is a base compound that forms a weak base when dissolved
in water. The functional groups in MEA are one (-OH) group and one (-NH) groups.

MEA is a primary alcohol and it is corrosive in the presence of H-O.
2.45.2 Secondary Amine

Secondary amine is a molecule that has two substituents alkyl group and one
hydrogen atom bonded to the nitrogen atom (Toon, 2003). DEA is a secondary
alkanolamine with two hydrocarbons attached to the nitrogen atom. Other names of DEA
are bis(hydroxyethyl)amine and diolamine. DEA exhibits the properties of amine and

alcohol. Due to the alcohol group, it can be soluble in water as hydrophilic molecule.
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Besides that, DEA is known as an effective solvent in absorption process with pressure
of more than 30 kPa (Lunsford & Bullin, 2006).

The chemical reactions of primary and secondary amines are similar as both will
form a stable carbamate. The comparison of primary and secondary amine with tertiary
amine is these amine capable to react with CO; since it has free hydrogen attach at
nitrogen atom and can form a stable carbamate ion. But, primary and secondary are
difficult to break the bond and remove CO; from the solvent. In addition, high energy is
required at the regeneration process. The CO> loading capacity product by
primary/secondary amines is also low at 0.5 mole COz/mole amine (Bougie & lliuta,
2012).

2.45.3 Tertiary Amine

Tertiary amine is a molecule that has three substituent alkyl groups attached to a
nitrogen atom (Toon, 2003). MDEA is a tertiary amine that has three hydrocarbons
attached to the nitrogen atom. Other name of MDEA is bis (2-hydroxyethyl)
methylamine. TEA is also a tertiary amine, but the difference is that MDEA has two
hydroxyl (-OH) bonds and TEA has three hydroxyl (-OH) bonds. Other names of TEA
are triethylolamine and 2, 2°, 2”’-trihydroxy-triethylamine.

The chemical reaction of tertiary alkanolamine is the opposite of the reactions of
primary and secondary amines. The reactivity of tertiary amine with COz is significantly
slow compared to primary and secondary amines due to absence of carbamate ion and
only involves bicarbonate ion formation. Nevertheless, it requires less energy to break
the bond of amine-CO> during the regeneration process. Bicarbonate formation has low
heat of reaction and it leads to low solvent regeneration cost (Vaidya & Kenig, 2007). In
addition, CO> loading capacity by absorption tertiary amine was high with the value of 1
mole CO2/mole amine (Bougie & lliuta, 2012).

2.4.5.4  Sterically Hindered Amine

Sterically hindered amine is a new class of amine that gets great attention. The
chemical reactions of sterically hindered amines with CO2 form unstable carbamate (low
stability) due to presence of hindrance beside (-NH) group. However, the hydrolysis

process with unstable carbamate leads to the formation of bicarbonate ion.
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AMP is one example of sterically hindered amine. Other names of AMP are
isobutanol-2-amine and aminomethyl propanol. AMP is a primary amine which contains
one (-NH) group bonded to the tertiary carbon atom and one (-OH) group. AMP acts as
additive in the absorption process and co-dispersant for particulate system. Moreover,
AMP can be a corrosive inhibitor for steam-condensate equipment (“AMP Properties,”
2000).

2.455 Cyclical Amine

Cyclical amine is an amine in which the nitrogen atom is allocated in a ring
structure. Cyclical amines can be secondary or tertiary amines. The aim of blending
cyclical amine with tertiary amine is to improve the absorption rate. Cyclical amine acts
as activator in amine solvent. One example of cyclical amine is PZ. PZ is an advanced
amine that is always blended with conventional amine, such as MEA and MDEA, and
acts as promoter to increase absorption rate.

Other names of PZ are piperadine and diethylenediamine. PZ is also known as a
cyclical diamine or primary cyclical. PZ is an organic compound that only has (-NH)
group and without the (-OH) group like other alkanolamines compound. PZ is presence
in cyclic with six-member ring structure. Cyclical amine is mainly used in pharmaceutical
field (Tangallapally, Yendapally, Lee, Lenaerts, & Lee, 2005). Rayer et al. (2011)
demonstrated the kinetic reaction of CO> with amines using the stopped flow technique
at 303.15 K. They reported that cyclic amine gave the highest reaction rate compared to
primary, secondary, and tertiary amines due to the high quantity of -CHsz and —CH>
groups that increase the electron donor to the nitrogen atom. Tan & Chen (2006) also
studied about CO> absorption process using PZ. The results showed that PZ was the most
effective absorbent compared to MEA, AMP, and MDEA.. The sequence of amines based
on the reaction rate was PZ > MEA > AMP > MDEA, with PZ gave the highest reaction
rate. Overall volumetric mass transfer coefficient (Kga), value of PZ was much higher
compared to other amines. Amine scrubbing study by Rochelle et al. (2011) reported that
double reaction kinetic was obtained by the reaction of PZ with CO, compared to MEA.
Also, PZ is unaffected by oxidation and thermal degradation. Cyclic amine also has lower
molecular weight and high absorption rate compared to polyamines. In addition, Dugas

& Rochelle (2009) studied the comparison between absorption and desorption rates of
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CO2 with MEA and PZ. They reported that the CO, absorption capacity by PZ was 75%
higher than MEA and the reaction rate was also 2-3 times faster than MEA at 40°C.

2.4.6 The Reaction Mechanism between Alkanolamines and CO2

Thorough understanding about the reaction and mechanism is important to
produce better solvent and improve its efficiency. The CO: reaction for absorption
process is an exothermic reaction (Eswaran, Adhikari, Chowdhury, Pal, & Thomas,
2010). The reaction of alkanolamines with CO. affects the process of amine-based
absorption. It is also known as COz-amine-H2O chemistry reaction. The kinetics of the
reaction affect the absorber height. As a consequence, the capital cost of the capture unit
is high. Alkanolamines have different reactions and mechanisms with CO> due to the
differences of the molecular structure. The reaction of CO2 with amine solution produces
carbonate, carbamate, and bicarbonate ions through acid-base mechanism reaction
(Aroua, Ramasamy, Haji-Sulaiman, & Ramasamy, 2002). Primary, secondary, and
sterically hindered amines go through zwitterion mechanism while tertiary amine

undergoes the base-catalysed hydration of CO> process (Vaidya & Kenig, 2007).
2.4.6.1 The Reaction Mechanism of Primary and Secondary Amines

Reaction and mechanism of primary and secondary amines proposed by Caplow
(1968) is also known as two-step mechanism. The mechanism starts with the reaction of
CO2 with an amine as an intermediate reaction or zwitterion instantaneous reaction. Then,
proton from zwitterion will be transferred to base to form carbamate ion. This step is also
known as deprotonation of zwitterion. The base can be water (OH), hydroxyl ion (OH"),
or amine functionality (Gutowski & Maginn, 2008; Vaidya & Kenig, 2007). This step is
also called as deprotonation of amine. Mechanisms for zwitterion and carbamate

formation are shown in Equation (2.1) to (2.4).
Zwitterion pathway:
RNHz + CO2 «> RNH2"COO (2.2)
Carbamate formation water as base:

B + RNH,*COy <> RNHCOO" + BH* (2.2)
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Carbamate formation amine as base:
CO2 + 2RNH2 <> RNHCOO" + RNHH* (2.3)
Carbamic acid formation:
RNH; + CO; <> RNHCO2H + B <> RNHCO; + BH* (2.4)
2.4.6.2 The Reaction Mechanism of Tertiary Amine

Reaction and mechanism of tertiary amine with CO2 were presented by
Donaldson and Nguyen (1980). Tertiary amine cannot form carbamate ion directly
because of the lack of N-H bond to be displaced by CO». Therefore, it promotes the
hydrolysis of COz first to form carbonic acid. This step is also called as base-catalysed
hydration mechanism. The function of CO- hydration mechanism is to be the catalyst for
hydrogen bonding between tertiary amine and water (Donaldson & Nguyen, 1980).
Hence, it will reduce the H-O bond strength and the reactivity of nucleophilic between
water and CO; will be increased. Next, the carbonic acid will react with another amine to
form bicarbonate ion and protonated amine, but the Kinetics of the reaction is slower than
primary and secondary amine. Second-order rate constant used for tertiary amine was
reported by Garcia-Abuin et al. (2011). Two important products from tertiary amine are
carbonic acid (H2COs) and bicarbonate ion (HCOs) Mechanism reactions involve in

tertiary amine is shown in Equations (2.5) to (2.8).
Carbonic acid formation:

CO2 + H,0 < HCOs + H' < H2CO3 (2.5)

lonisation of water:

H20 <> OH + H* (2.6)

Bicarbonate formation:

RsN + H2CO3 <> RNH3" + HCO3 (2.7)
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Dissociation of bicarbonate:

HCOs < COs> + H* (2.8)

2.4.6.3  The Reaction Mechanism of Sterically Hindered Amine

The reaction and mechanism of sterically hindered were proposed by Vaidya and
Kenig (2007). As the sterically hindered amine is characterised as primary or secondary
amines, it will form carbamate first by reacting with CO2 But due to the unstable
carbamate ion, it will react with base by hydrolysis process to form bicarbonate ion and
free amine molecule. Consequently, the zwitterion undergoes rapid reaction with base
compared to conventional primary or secondary amine. This reaction is also known as
hydrolysis of carbamate ion. Free amine molecules react with CO2 and leads to high CO»
loading. The production of these amines is found to be a great finding in the development
of good solvent due to high CO, absorption capacity, fast amine-CO> reaction, and low
heat regeneration cost. The mechanisms involve in sterically hindered amine is shown in
Equations (2.9) and (2.10).

Zwitterion pathway:

RNH + CO; < RNH*COO" (2.9)

Bicarbonate formation water as base:

B + RNH'COO <> HCOOO™ + RNHH* (2.10)

2.4.6.4 The Reaction Mechanism of Cyclical Amine

The rate constant for the reaction of PZ-CO: is identified to be the first order
(Bishnoi & Rochelle, 2000). The reaction will produce PZ carbamate and protonated PZ.
The reaction and mechanism of carbamate formation for cyclical amine is shown in
Equation (2.11).

Carbamate formation:

PZ + CO2 + H20 <> PZCOO" + H30" (2.11)
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2.5  Stripping Process

The stripping process occurs after amine has successfully bound with CO2. At this
stage, a breakdown of bond between amine and CO> happens and amine will be recycled
back to the absorber. In industrial processes, high temperatures of more than 100 °C are
used to regenerate amine solutions (Singh et al., 2007). The reaction and mechanism of
amine and CO; are shown in Equations (2.12) to (2.14):

The absorption of CO2 in amine solution.

CH,CH,NH, + CO, & H* + CH,CH,NHCO0~ (2.12)

The regeneration process of CO2 removal

CH,CH,NHCOO~ + H,0 < CH,CH,NH, + HCO3 (2.13)

HCO3 + H,0 & CO03™ + H;07 (2.14)
2.6 Molecular Dynamic Simulation

There is a huge amount of experimental work done to study the CO, absorption
process by amine absorbent. Recently, computer simulations are widely used all over the
world including Molecular Dynamic (MD) simulation. MD is a modelling technique for
complex systems and is modelled at the atomic level. It will explain the molecular
interaction and atomic in macroscopic and microscopic behaviours of the physical
systems. This computational tool applies the concept of motion to molecules (Lewars,
2010). It is used to investigate the structure, dynamics, and thermodynamics of
materials/chemical and biological system. MD simulation is initially started as the need
to incorporate physical theory (electron and nuclei) to explain the details in chemistry
(Berendsen et al., 1987).

The macroscopic behaviour is replicated to microscopic system and constructed
in manageable box in MD simulation. MD simulation computes the initial configuration

and system properties of the molecules based on the calculation of length and angle of
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bonds, forces applied, and other parameters as input data. Molecular forces applied
depend on the interaction that occurs in the system with a given force field. The
calculation in MD simulation was initially developed to integrate Newton’s second law
of motion by B.J Alder and T.E Wainwright in the 1950s. The integration simulates the
dynamic of molecules by calculating the particle positions and forces acting on the
particles within. The law is shown in Equation (2.15) and (2.16) (Toon, 2003).

2, (2.15)

fi=ma;=m—7

fi = ViV () (2.16)

Where the mass of a particle is represented as mi, a; is acceleration, t is time, fj is
the force acting on the particle and V(ri) is the potential energy with respect to the
particle’s position. The structure constraints and molecular interactions use the Newton

equation of motion in the integration of simulation.

MD simulation is employed to calculate the chemical reaction, kinetic energy,
and diffusion coefficient. This computational method has become an effective tool to
explore about absorption process and also CO, capture. In MD simulation, a modern
simulation technique for high-quality simulation will be employed. It consists of double
time step algorithm for fast and slow modes, electrostatic interaction by an optimized

Ewald method, and a constant temperature-constant-pressure algorithm,

There are many advantages using computer as tool for research purposes.
Computer simulations can be used to study the real process through the process model
that is related to theoretical and laboratory work. The theory can be verified by doing
simulation and compare the model by experimental results. MD simulation benefits the
researchers to understand more about the properties of molecule, its structure, and the
microscopic interaction between molecules (Allen, 2004). MD simulation acts as a virtual
experiment to analyse system at atomic scale (Tu, 2011) and is used to study the
properties of nano-scale materials which cannot be observed in experimental work (Kim
et al., 2009). Furthermore, MD simulation can be used to study the thermodynamic
properties of pure molecule and mixtures (Lopez-Rendon, 2008). RDF analysis is
performed to analyse the results from the simulation of interatomic interactions and intra-

atomic interactions. The benefits of computational tools compared to experimental work
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are less expensive (does not require to buy materials, equipment, and laboratory
apparatus), environmentally friendly, and less time consuming (Lewars, 2010). MD
simulation also acts as a computer graphic image software to show the progress of the

process (Mizukami et al., 2001).
2.6.1 Force Field

In MD simulation, it applies the molecular mechanic concept with forces as
important elements. Every potential energy functions are required to incorporate into
force field concept to become the driving force of simulation. Force field is an equation
used to calculate the potential energy between atoms and functional groups which also
consist of parameter and partial atomic charges (Farmahini et al., 2011). The types of
force field available in MD simulation are OPLS/AA, AMBER, CHARMM, Compass,
Compass26, Compass27, Dreiding, Universal, cvff, pcff, and pcff30. The selection of
force field depends on the degree of complexity and systems applied. The force field can
be described as mathematical expression which depends on energy of the system and
coordinates of atoms (Gonzalez, 2011). The molecules involved have bonded interaction
(bond stretching, angle bending, proper torsional angle, and improper torsional angle)
and non-bonded interactions (van der Waals and electrostatic) as shown in Equation
(2.17).

VFF = Vbond + Vangle + Vtorsion + Vimproper + VVdW o Velec (2-17)

The force field element in MD simulation involves the calculation of the potential
energy of system during specific time step. But, there are some problem faced by
researchers or experimentalists to describe and analyse the results from computer
simulation. Therefore, the current features of force fields are available now in the
software calculation such as Charmm, NAMD, Amber, Gromacs, Gromos, and
DL _POLY (Gonzalez, 2011). Each type of force field has its own sensitivity of some
properties to the specific trajectory (Price & Brooks, 2002). In each force field, there is a
calculation algorithm to follow. The calculation algorithm suits the system or the
objective of the simulation research. Furthermore, recently, many studies have been done
to improve the knowledge about MD simulation, such as the algorithmic and force field
used in MD simulation (Lucas, Bauer, & Patel, 2012).
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2.6.2 Time Integration Algorithm

The application of time integration algorithms was widely used in the molecular
dynamic computational analysis (Chung & Hulbert, 1994). The condition for stable
algorithms was the size of the time step that was inversely proportional to the highest
frequency of the discrete system (Hilber, Hughes, & Taylor, 1977). To analyse the
interaction of system from MD simulation, the Newton’s equations of motion can be used
with some initial conditions. The time of integration method has gained attention for the
past several of years (Bajer, 2002). The common time integration algorithms available
for MD simulation are Verlet, Velocity Verlet, and Leap-Frog algorithm (Young, 2014).

The conditions for using integration algorithms were (Martini, 2009):

(a) Computational efficient

(b) Enable a “long” time step of integration

(c) Only used one force in evaluation per time step and energy conservation

The movement of particle is shown in number of trajectories result which was
analysed and displayed with averaged properties (Farmahini, 2010). By this algorithm,
the changing of particle position with time is defined as ri(t) and the velocities as vi(t).
Verlet algorithm from Taylor expansion is used to calculate the velocity explicitly which
may affect the simulation with constant pressure. Modest operation mode and storage are
required for velocity of Verlet. This allows the usage of a relatively long time steps
duration as the position (r), velocities (v), and acceleration (a) are calculated at the same
time with high precision. Besides this, the capability to conserve energy with numerically
stable and time reversible properties becomes the reason for the software developer to
use this algorithm (Farmahini, 2010). The Verlet algorithm was used for the calculation

of the atomic motion.

The simple Verlet algorithm uses the atomic positions and accelerations at time t
and the positions from the prior step, X(t - At), to determine the new positions at t + At as
shown in Equation (2.18) (Adcock & McCammon, 2006).
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2
X(t -+ A) = 2x(8) — x(t — AE) + dxt(zt) At? (2.18)

2.6.3 Periodic Boundary

The periodic boundary is used to visualize the interaction of molecules of the
whole system. Therefore, this boundary is used to simulate the chemical molecule in a
small part of the large system. The simulation box is where the molecules are initially
placed in a periodic boundary model. The interactions of atom with their neighbour occur
in the simulation box. The simulation box represents the whole atoms/molecules (bulk
system). Attractive or repulsive interactions can be seen when the molecule is simulated
in periodic boundary box. Before creating the simulation box, it is important to ensure
amount of molecule inserted in simulation box was fix to density box and specific
operating condition because the periodic boundary box was representative to the whole
model system. Therefore, by calculate the pair correlation functions can identify the size
simulation box. The size of simulation box was referring to the amount of molecule in
amorphous box. In principle, size of the simulation box should be appropriately chosen
so that the box can contain dimensions of the fluctuations or interactions which are

supposed to be observed during the simulation (Farmahini, 2010).

There are two major types of boundary conditions which are isolated boundary
condition (IBC) and periodic boundary condition (PBC). In MD simulation, periodic
boundary condition (PBC) will be used to simulate a bulk environment but replicate in
only small number of molecules. Figure 2.3 shows the 2-D periodic boundary condition.
The temperature was controlled by means of scaling the atom velocities under 3-D
periodic boundary conditions. The calculations were made with the time step of 1.0 fs
(Mizukami et al., 2001).
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Figure 2.3 2-D periodic boundary condition.
Source: Farmahini, (2010)

2.6.4 Thermodynamic Ensemble

There are three common ensembles available in MD simulation, which are NVE
(Mole, Volume, Energy), NPT (Mole, Pressure, Temperature), and NVT (Mole, Volume,
Temperature). It is important to decide the types of ensemble in MD simulation to ensure
the stability in term of moles, volume, temperature, pressure, and enthalpy of the system.
The time integration algorithm will generate the trajectories of NVE, NPT, and NVT
(Machado, 2012).

NVE ensemble can be described as controlling the constant of mole, volume, and
energy. NVE is also known as the microcanonical ensemble. This assemble corresponds
to an isolated physical system which involves the space coordinates and the velocities of
the particles (Griebel & Hamaekers, 2005). In NVE, the number of particles, the volume,

and the total energy are constant over time.

NPT ensemble can be described as controlling the constant of mole, pressure, and
temperature dynamics. NPT is also known as the isothermal-isobaric ensemble. In NPT,
it controls the pressure and temperature thermodynamics (Griebel & Hamaekers, 2005).
The MD simulation is run to obtain the equilibrium thermodynamic properties for
temperature and pressure. The NPT ensemble better or suitable to study molecule
interaction by MD simulation. There were many studies of MD simulation that used the

isothermal-isobaric (NPT) at constant temperature and pressure (Machado, 2012).
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NVT ensemble is known as canonical ensemble. It involves the constant moles,
volume, and temperature dynamics. NVT ensemble is suitable to be used in the study of

diffusivity coefficient and is widely used in biological molecular simulations
2.6.5 Radial Distribution Function

Radial distribution function (RDF) is an analysis run in MD simulation with the
objective to know the intramolecular/intermolecular interactions of molecules. RDF plot
shows the relationship between the distances (r) of atom pairs in each of trajectory, the
distance of atom with other neighbouring atom, and the tendency of atom to
interaction/probability to have interaction between atoms, g(r).

Radius in RDF graph represents the distance between atomic valences of the
molecule. The interaction can be seen by setting the main atomic position. The radius
reflects the distance between an atom and the neighbouring atoms. When the value of
peak Armstrong can be seen, it means that there is interaction and when the value of peak
Armstrong cannot be detected, it means that no interaction between the atoms. RDF
depends on the distance between atoms/molecules. The distance of radius atoms actually
based on origin atom (chosen atom). RDF analysis is done to know the intensity of the

interactions at certain distance from the origin atom.

RDF is important for three main reasons. First, it is useful for pairwise additive
potentials. Knowledge of RDF is sufficient to provide information to calculate
thermodynamic properties, particularly the energy and pressure. Second, RDF is a very
well developed integral equation theory that permits estimation of the RDF for a given
molecular model. Last but not least, RDF can be measured experimentally using neutron-
scattering techniques. Figure 2.4 shows the schematic explanation of g(r) of a
monoatomic fluid. In this current research, the maximum distance of atoms was 20A
represents the typical radial distribution function from MD simulation of the liquid. The
atom at the origin is highlighted by a black sphere. The dashed regions between the
concentric circles indicate which atoms contribute to the first and second coordination

number shells.
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Figure 2.4 Schematic explanation of g(r) of a monoatomic fluid.

The g(r) pattern basically depends on the phase of the system. The ideal gas will
approach g(r) = 1. These patterns can be seen in Figure 2.5. The RDF pattern for solid
phase fluctuates more frequently as compared to liquid and gas phase. According to
kinetic molecular theory of matter, the atoms of solid phase are arranged accordingly so
they will vibrate constantly. Vibration between the atoms will cause repulsive forces
against each other. Therefore, many fluctuations occur as shown in Figure 2.5 (c).
Because liquid atoms are closely arranged to each other and gas atoms are far apart from

each other, their RDF patterns are quite stable as compared to solid phase.
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Figure 2.5 The atomic configuration and RDF pattern for (a) gas, (b) liquid, and (c)
solid phase.

2.7 Molecular Mechanics

Molecular modelling, which is also known as computational chemistry, is a tool
use to solve the problems related with chemical processes by a computer. The basic
concept of molecular mechanics is based on a set model of balls (atoms) that are attached
together by springs (bonds) (Lewars, 2010). It starts with the calculation of length of
spring, angle, and the energy of stretch and bend. Molecular mechanic (MM) applies
force field methods for the prediction of energy between molecules and it calculates the
structure and geometries of large molecule. In molecular dynamic simulation, it will
calculate the motion of large molecules such as DNA and proteins. Molecular dynamic
simulation is one of the computer programmes used to study molecular mechanics, in
which the potential energy on large molecules that describes the intramolecular and
intermolecular interactions will be studied (Sherill, 2001). The intramolecular interaction
is the interaction forces between atoms inside a single molecule whereas the

intermolecular interaction is the interaction forces between different molecules. With
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additional information to calculate the energy of molecules, suitable calculation modules
are molecular mechanics, Ab initio or the density functional theory, and Schrodinger

equation (Lewars, 2010).
The principles used for molecular mechanic are (Bansal, 2011):

(@) Atom-like particles are spherical (the radii are obtained from measurements)

and have a net charge.
(b) Interactions must be obtained from specific set of atoms.

(c) Interactions is analysed from spatial distribution of atom and energies.

The limitations of molecular mechanics models are (Hehre, 2003):
(@) The study of the equilibrium geometries and equilibrium conformations
(b) The calculation of chemical bonding or electron distribution in molecules

(c) The available force field cannot be obtained from non-equilibrium forms

It is crucial to understand about the molecular mechanic to study the features of
organic chemistry. The concerns in molecular mechanics theory are molecular structure,
dynamic, and energies. The sum of potential energy of molecule such as bond stretching,
bond bending, torsion, van der Waals’ forces, and electrostatic interaction are particularly
the constituents to form a force field. Force field is one of the important elements required

to run the molecular dynamic simulation.

Intra and intermolecular interactions will result in the bonding of chemical
molecules. Chemical bond is defined as a binding of more than one atom by the attraction

forces to form chemical compound (Toon, 2003)
2.7.1 Intramolecular Interaction

The intramolecular interaction is due to the attraction between cations and anions,
nuclei and electron pairs, and cation-delocalized valence electron, or also known as ionic

bonding, covalent bonding, and metallic bonding, respectively (Istadi, 2007).
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2.7.1.1 lonic Bond

lonic bond is also known as electrovalent bond. Electrovalent bond is formed by
the transfer of one or more electrons in the valence or outermost shell of one atom to
another. Moreover, the transfer of electron from metal compound with low ionisation
energy to non-metal compound with high electron tendency can form an ionic compound
(Toon, 2003).

lonic bonds are formed when there are attractions between different charges or
cation and anion particles (Lee, 1991). It also involves the transfer of the opposite charges
between two atoms. The attractions between two ions can form Coulomb force.
Coulomb’s laws describes the relationship of charge ions and the distance of the ions
itself (Charless, 2003). This force is much stronger compared to the force of covalent
bond. The example of ionic bond is the interaction between Na* (metal) and CI- (non-
metal) ions and example ionic compounds are Lithium Fluoride (LiF), Sodium chloride
(NaCl), Magnesium chloride (MgCl2), and Magnesium sulfate (MgSOa). The boiling

point of a compound is high when the force is strong.
The flow for the formation of ionic compound is as follows (Toon, 2003):
1. The electronic structure for lithium and fluorine
Lithium (Li) 1s?2st
Fluorine (F)  1s%2s? 2px? 2py> 2p:*

2. Electron from 2s* orbital is transferred to a fluorine atom to form a lithium ion.
Because of the oppositely charged ions, Li* ions (positive charge) and F ions

(negative charge), electrostatic attractions between two atoms will occur.
Li(1s?) - Lit(1s*) + e~

F(1s? 252 2p°) + e~ » F~(1s2 252 2p°®)
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3. The transfer of electron 2s orbital (lithium) to 2p orbital (fluorine) occurs to form
ionic compound.

an

Li- + -.F.: — Lit + :P‘.:“

2.7.1.2 Covalent Bond

Single covalent bond is formed by sharing a pair of electron between two atoms.
Both atoms will achieve the electronic configuration of a noble gas to form a molecule.
Within the molecule, a pair of electron is held together by the electrostatic attraction
covalent bond. It commonly involves the non-metallic elements (Toon, 2003). Covalent
bond also involves electron sharing between polar atom joined with other atom that has
different electronegativity (Istadi, 2007). Molecular polarity occurs when there is a net
imbalance of charge electron. Polar covalent bond occurs when electron on each atom
shifts between partial negative charge and partial positive charge. Non-polar covalent
bond occurs when two atoms share a pair of electrons with each other. The example of
covalent bond is Bromine (Br). Figure 2.6 shows the example of covalent bond.
Br ¥ Xfxgir; — ::B:r;E{r:

\
\

bond pair  lone patir

Figure 2.6 Example of covalent bond

2.7.1.3 Metallic Bond

The metallic bonds occur when the metal cation is attracted towards the ‘sea’ of
electron of delocalised electrons. In metal, valence electron cannot connect with others
by ionic or covalent bonds. But, metal is easily ionised in delocalised valence electrons.
Delocalised valence electrons are free to move from negative to positive electrodes where
metal can be an electrical potential. The metal has tendency to have high melting points
and boiling points because the metallic bond is strong (Clark, 2012). The example of
metallic bond is iron, copper, tin, and zinc. Figure 2.7 shows the example of a metallic
bond.
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Figure 2.7 Example illustration of metallic bond

2.7.2 Intermolecular Interaction

Intermolecular force is either attractive or repulsive interaction between a
molecule and its neighbouring molecule (or covalent molecules) (Toon, 2003).
Intermolecular forces include polar and non-polar molecules, ionic force, dipole-dipole
force, hydrogen bond force, dipole-induced dipole force, instantaneous dipole-induced
dipole force, and ion-dipole force (Adams, Williams, & Rory Adams, 2011). Polar
molecules force is the interaction between atoms in the molecule which has different
electronegativity. The force of attraction in polar molecules is high since it has interaction
between positive and negative charges. Repulsive interaction occurs for non-polar
molecules which have the same electronegativity charge. Intermolecular interaction also
plays an important role in physical properties such as boiling point, solubility, and
melting point (Toon, 2003). The sequence of strength from the strongest to weakest force
is charge-charge (ion-ion) > charge-dipole (ion-dipole) > hydrogen bonding > dipole-
dipole > charge induced dipole > dipole-induced dipole > instantaneous dipole-induced
dipole or van der Waal’s (Israelachvili, 1992). Figure 2.8 shows the type of forces

involves in intermolecular interaction.
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Figure 2.8 Type of forces involve in intermolecular interaction
2.7.2.1 Dipole-Dipole Force

Dipole-dipole interaction depends on the internal electronic of the atoms. The
molecule has positive and negative ions called dipole (Brennen et al., 2000; Brown &
Lemay, 2001). The dipole-dipole forces occur when the dipole molecule with positive
end charge attracts with another dipole molecule with negative end charge. The greater
the polarity of the molecule, the higher the boiling point. The main factor for strength of
a dipole-dipole force is dipole moment size of the molecule (Toon, 2003). Polar molecule
has electronegativity imbalance due to the different charges of atoms in the molecule. In
organic molecule, polar group normally contains O or N atom (Brittain, 2007). An
organic molecule that has hydrocarbon is non-polar and it does not has dipole-dipole
forces. The examples of molecules that exhibit dipole-dipole attractions are CHsCH2CHjs,
CH3OCHs, and CHsCN. Figure 2.9 illustrates the example for dipole-dipole force

interaction.
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Figure 2.9 Example illustration for dipole-dipole force interaction.
Source: Toon, (2003)

2.7.2.2 Hydrogen Bond

Hydrogen bond will occur when there is electrostatic attraction between covalent
bond of hydrogen atom with high electronegativity atom of neighbouring atom such as
nitrogen (N), oxygen (O), fluorine (F), or chlorine (ClI). H-bonding is a very strong
attraction interaction forces in which the small hydrogen atom is bound to a large atom
such as oxygen and nitrogen (Israelachvili, 1992). Hydrogen atom with partial positive
charge is attracted to the oxygen atom which has partial negative charge. The dipole force
tends to align themselves in order to make the positive charge closed to the negative
charge of other molecules (Roussel, 2012). The strength of the hydrogen bond is higher
than van der Waals’ bond but lower than covalent bond (Toon, 2003). The examples of
molecules that possesses hydrogen bonding are H20, NHs, and HF. Figure 2.10 illustrates

the hydrogen bonds in water molecules.

.

Figure 2.10  Example illustration of hydrogen bond
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2.7.2.3 Dipole-Induced Dipole Force

The dipole-induce dipole force is also known as London dispersion forces. A
polar molecule will induce other dipole molecule or non-polar molecule. This interaction
force is weak. The first molecule is polar and the second molecule is non-polar. Dipole-
dipole interaction forces occur when then second molecule is polar. The induce dipole
happens when the polar molecule tends to create electric field force of electron of other
molecules (Roussel, 2012). The calculation of how large the induce dipole is produced
from an electric field is called as polarisability. The induce dipole causes the attraction

force in polar molecule.
2.7.2.4 Instantaneous Dipole-Induced Dipole Force

Instantaneous dipole-induce dipole force occurs due to the interaction of
molecules by dispersion forces. When a cloud of electron exists, the electron clouds can
be seen as thick and thin (Brittain, 2007). Once the negative charges of electron
overshadow the positive charges, it will form a thick cloud. On the other hand, when the
positive charges of electron overshadows the negative charges, it will form a thin cloud.
Instantaneous dipole-dipole interaction is weak attraction forces because the electron is
instantly having reaction between each other and constantly moving in the clouds. This
type of forces is available for hydrocarbon molecules and non-polar molecules. The
example of instantaneous dipole-induced dipole attractions are halogens and Nobel gases

such as Ar, He, and Kr. Figure 2.11 illustrates an instantaneous dipole-induce forces.

S+ oE-

Figure 2.11  Example illustration for instantaneous dipole-induce dipole forces.
Source: Toon, (2003)
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2.7.2.5 lon-Dipole Force

lon-dipole force involves an electrical interaction between partial charges on the
end of a polar molecule and an ion (Toon, 2003). This is the strongest forces between
ions and dipoles and it is proportional to the charge of the ion and the strength of the
dipole (Roussel, 2012). The interaction of ion-dipole force is faster than ion-ion forces.
The intermolecular force of ion and polar solvent is strong when the distance between
them are small. The example of ion-dipole force is the interaction of ionic compound that
dissolves in water (Istadi, 2007). The ions are separated when the attraction of ions and
the opposite charge poles of the water molecule overcome the attraction of ions-ions.

Figure 2.12 illustrates the ion-dipole forces.

Figure 2.12  Example illustration for ion-dipole forces.
Source: Toon, (2003)

2.8 Summary

In conclusion, several studies have been conducted to improve the amine
absorption process for COz capture. However, there are several issues that need to be
resolved to enhance the process of CO; absorption. Fundamental understanding of
molecular behaviour of this process is not well explored, especially on the effects of
different types of molecule at different operating conditions on the performance of CO;
absorption process. Most of the studies conducted experimental and simulation work of
this process at macro scale. Several studies on computational chemistry focused on the
ionic carbamate stability without considering the physical interaction of molecules during
absorption. MD simulation is a computational tool selected to analyse the physical
interaction involved in CO2 absorption process. By using MD simulation, inter- and intra-
molecular interactions can be observed between pure amine, blended amine, water, and
CO..
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter describes the methodologies applied to study the CO, absorption
process by amine solution. The intermolecular interaction of amine/CO2/H,O system via
MD technique was performed in this work. The methods can be divided into two parts,
which are molecular speciation and process simulation. After the simulation was
completed, the results obtained were analysed in terms of RDF to determine the
intermolecular interaction. The purpose of using MD simulation was to understand the

microscopic interaction between molecules involved in CO2 absorption process.
3.2  Material Studio Software

MD simulation study of amine-based absorption for CO; capture were performed
using Material Studio version 7.0 software on HP Z400 workstation with 8 GHz dual core
processor . Material studio software was supplied by Accelrys (Accelrys, 2014). Setting
parameter used in this simulation was atom based summation method (for geometry
optimization), Ewald summation method (for equilibrium and production phase),
COMPASS force field (for energy interatomic potential calculation), and velocity Verlet

algorithm (for time integrator algorithm calculation).
3.3  Flowchart of Methodology

MD simulation was used as a computational tool to analyse the intermolecular
interaction of amine-COz-water systems. Figure 3.1 shows the process flow of the MD
simulation steps. The details for every simulation steps are discussed in the following

subsections.
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Error in MD simulation occurred due to:
(@) Density of the solution is not accurate

(b) The geometry of molecular structure such as length of bond and angle

between bonds was not optimized.

(c) The type of force field, time integration algorithm and thermodynamic

ensemble choose was not suitable to process used.
34 Molecular Specification

In order to replicate true behaviour of the system in actual condition, speciation
of the system needs to be determined accurately based on experimental results of CO>
absorption process using amine solutions published in literature. Three different

molecules were identified which is alkanolamine, H20, and COs,.
3.4.1 Carbon Dioxide

Carbon dioxide (COy) is a main molecule in this simulation. CO2> molecule
consists of C-O polar bonds. Figure 3.2 shows the geometrical structure of CO:
molecules. Carbon atom that is located at the centre of the molecule electrophilic

(electron-lover) has tendency to bond with high electronegativity oxygen atom.

Figure 3.2 The geometrical structure of CO>
3.4.2 Water

A water (H20) molecule consists of two hydrogen atoms bonding to oxygen atom.
The bond of oxygen-hydrogen is resulted from electron sharing. The oxygen atom has
higher tendency to electron compared to hydrogen atom (Shakhashiri, 2011). The
electron in oxygen-hydrogen bond has more tendencies to attract with oxygen atom.
Water is a polar molecule when it has different electron charge. The attraction interaction

in water is high because the hydrogen atom that has positive charge interacts with oxygen
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atom which has high tendency for electron. Oxygen-hydrogen bond has high attraction

interaction. Figure 3.3 shows the geometrical structure of H.O.

Figure 3.3 The geometrical structure of H.O

3.4.3 Alkanolamine

Amine solvents used in this study were MEA, DEA, MDEA, AMP, PZ,
MEACOO", AMPCOO" and PZCOO'. The geometrical structures and molecular weights
of each solvents are depicted in Table 3.1 and used as input parameters in MD simulation.
Noted that red colour represents oxygen atom, blue colour represents nitrogen atom,
white colour represents hydrogen atom, and grey colour represents carbon atom.
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Table 3.1 Properties of alkanolamine molecules

Alkanolamine Type of amine Molecular Geometrical structure Molecular weight
formula (g/mole)
Monoethanolamine Primary C2H7/NO 61.08
(MEA)
Diethanolamine Secondary C4H11NO2 105.14
(DEA)
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Alkanolamine Type of amine Molecular Geometrical structure Molecular weight
formula (g/mole)
Methy| Diethanolamine Tertiary CsH13NO2 119.61
(MDEA)
2-Amino-2-Methyl-1-Propanol Primary, sterically CsHuNO 89.14
(AMP) hindered
Piperazine Primary, cyclical C4H10N2 86.14
(P2)

48



Alkanolamine Type of amine Molecular Geometrical structure Molecular weight
formula (g/mole)
Methyl carbamate Primary C3HsNO3 104.08
(MEACOO)
2-amino-2-methyl-1-propanol Primary, sterically CsH10NO3 132.14
carbamate (AMPCOOQO) hindered
Piperazine carbamate (PZCOO) Primary, cyclical CsHgN202 112.13
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3.5  Molecular Dynamic Simulation

Once the speciation of the system was determined, MD simulation of the selected
molecules was performed using Material Studio software. Procedures for MD simulation
involved four main steps. The first step was sketching and optimising the molecular
structure. All interaction parameters were decided through a suitable force field. Second
step was the creation of simulation box, followed by forcite simulation and lastly was

trajectory output analysis.
3.5.1 Molecular Structure Sketches

The MD simulation was started with replicating the structure of actual molecule.
The structure must be accurate and similar with the real structure. The structure of
molecules were obtained from Royal Society of Chemistry database (Chemspider, 2016).
Three dimensions (3D) atomisation of the actual structure molecule were downloaded
from this database. The advantage of using molecular structure obtained from this
database was to prevent error in the sketches. A 3D molecule structure was used in this
simulation because it involved a movement of the molecule and required in MD
simulation. Then, the molecular structures were imported to MD simulation file. Figure
34 shows the page of Royal Society of Chemistry database

(http://www.chemspider.com/). The step were insert or type name of chemical, click for

3D button and save as .mol file. To insert molecular structure (.mol file) which download
from ChemSpider database, click File and import. After insert the molecular structure,
the file will label as .xsd.
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Figure 3.4 Replicate the molecular structure from Royal Society of Chemistry
Database.

Source: “ChemSpider Database,” (2014)
3.5.2 Geometry Optimization

Geometry optimisation step was carried out on each of the molecule to ensure the
stability of molecular geometry to be used in further simulation steps. The well-
equilibrated molecular structure was required for starting the simulation work. Figure 3.5
and Figure 3.6 show the steps for geometry optimisation. The force field used in
optimization step is Forcite calculation. Forcite calculation used in this simulation
because capable to calculate the dynamics simulations, energy and geometry
optimization. This Forcite calculation allow to analyze simple properties such as density
variations and also complex properties such as dipole autocorrelation functional
(Accelrys, 2014). Time integration algorithm used in geometry optimization step is verlet
algorithm from Taylor expansion. It is used to calculate the velocity explicitly which may
affect the simulation with constant pressure. This allows the usage of relatively long time
steps duration as the position (r), velocities (v), and acceleration (a) are calculated at the
same time with high precision. Besides this, the capability to conserve energy with
numerically stable and time reversible properties becomes the reason for the software
developer to use this algorithm (Farmahini, 2010). The Verlet algorithm was used for the

calculation of the atomic motion. The step were click module, Forcite, Calculation. Setup,
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Task: geometry optimization, Quality: Fine. Energy, Forcefield: COMPASS, Charges:
Forcefield assigned, Quality: Fine, Summation method: Atom based. Job control, ok.
Then, click Run. Finish, click OK.
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Figure 3.5 Step 1 for geometry optimisation of molecular sketches in MD
simulation i
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Figure 3.6 Step 2 for geometry optimisation of molecular sketches in MD
simulation

3.5.3 Construction of Amorphous Cell Box

There were two steps involved in box creation stage, which were box creation and
energy minimisation. The simulation box was constructed using the amorphous cell
calculation model in Material Studio software. The cubic periodic boundary condition
was enabled to overcome the surface effect. The size of simulation box depended on the
amount of molecules inserted. The simulation box size should be chosen correctly
because the dimension and fluctuation of the box will be observed through simulation
run (Farmahini, 2010). Figure 3.7 shows the box creation for MEA molecule in MD
simulation process. Figure 3.8 and Figure 3.9 show the step for the construction of
amorphous cell. The simulation box represents the whole atoms/molecules (bulk system).
The step were double click on .xsd file. To continue for construction box step. Click
Modules, Amosphous Cell and Construction (available for 4.4 version only). Input data
need are: number (how many molecule which you want to simulate), temperature (depend
on temperature for what process you want to study), target density (the density of
simulation box. If you want to simulation two (2) type of molecule such as H20 and CO2,
So have to insert density of this mixture). Click Add (make sure the file .xsd is appear)

and click Run.

53



Figure 3.7
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Figure 3.9 Step 2 for amorphous cell construction in MD simulation

After the simulation box was developed, this model was simulated for box energy
minimisation. Smart Minimize module was used for energy minimisation step and the
convergence was set at fine level. Minimisation step was run to minimise the energy of
structure in the amorphous box. Energy minimisation method was also used to correct
the unrefined molecular structure with distorted bond angles and lengths or with steric
clashes between atoms (Adcock & McCammon, 2006). The minimum interaction was set
up to 10,000. 10,000 is maximum value of energy in simulation box. The minimization
step was done to minimize the energy in box until 10,000. If energy in box higher than
10,000, the simulation will be error. Figure 3.10 and Figure 3.11 show the steps for energy
minimisation. The step were double click .xtd file, click Modules, Amorphous Cell,
Minimize. Method: Smart Minimizer, Convergence level: Fine, Maximum iterations:
10000.
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Figure 3.11  “Smart Minimizer” setting with fine convergence level and 1000
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The steps to construct the amorphous cell box required a few input parameters
such as temperature, pressure, number of molecule, and density. Temperature and

pressure that were obtained from the literature. The density of mixture was calculated as
follows:

(a) Weight per cent of solution was based on literature. Conversion of mass of
molecule to particles using Equation (3.1) as follows:

-+ molar mass

xAvogardo's number
mass «————— moles

number of particles (3.1)

(b) Density of liquid mixtures. i is species of liquid and x is number of particles.

The density values were taken from ‘Thermodynamic Properties of Chemical

and Hydrocarbon’ book based on specific temperature used.

D (pi % ) (3.2)

Xtotal
where o is density for species i, xi is number of particles for species i and Xiotal IS

the total amount of particles used.
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3.5.4 Equilibrium Phase

The next step after constructing and minimising amorphous cell was to simulate
equilibrium phase. The simulation was started with the equilibration of the system under
constant NVE (number molecules, volumes, and total energy) ensemble for 200 ps with
random initial velocities. The purpose of equilibration step was to ensure the system
configuration was stable with energy conservation. The number of time steps between
each output was 1 fs. The time step employed in MD simulation is 1 fs because in this
simulation was run using the Verlet algorithm calculation. This algorithm calculation was
used to calculate the positions and velocities of all atoms. Therefore, generally the time
step was set to 1 fs which is very small and it is represent to bond stretching motions of
C-H bonds vibration vibration (Jean M., 2015). The equilibrium phase was also known
as molecular relaxation. Ewald summation method was used to evaluate both van der
Waals and electrostatic interactions (Essmann et al., 1995). Figure 3.12, Figure 3.13 and
Figure 3.14 show the steps to simulate the equilibrium phase. COMPASS was types of
force field used. COMPASS is condensed-phase optimized molecular potentials for
atomic simulation studies. COMPASS suitable to be used for inorganic gas molecule,
polymers and organic molecule. COMPASS force field is adds to the cross coupling term
for the prediction of structural variation and vibration frequencies (Matthew, 1997).
COMPASS also a licensed force field and it is a third generation of force field. In this
study, type of time integration algorithm will be used is Verlet algorithm. The step were
double click on .xsd file, click Modules, Forcite, Calculation. Setup, Task: Dynamic,
Quality: Fine, Click MORE. Ensemble, choose NVE for equilibrium phase, Initial
velocities (I dont know, But usually i choose current), Temperature: based on your system
temperature, Time Step: 1 fs, Total simulation time: 200 ps, Number of steps/ Frame
output every = usually I used 100 frame, Run. Energy, Forcefield: COMPASS, Charges:
Forcefield assigned, Quality: Fine, Summation method: Ewald. Job control. Run in
parallel on: put 8, Click Run. To proceed simulation or next run, Double click on .xtd
file.
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Figure 3.14  Step 3 for equilibrium phase and production phase in MD simulation

3.5.5 Production Phase

After the system was simulated for 200 ps in equilibrium phase, the simulation
process was continued in the production phase under constant canonical ensemble, NVT
(number of moles, volume and temperature) for 1 ns and a time step of 1 fs. Ewald
summation method was applied in this study to simulate the molecular solution. Ewald
summation method was only available when a periodic box was presence. After
completing the simulation until 1 ns, final structure was obtained for step analysis and
evaluation (Wongsinlatam & Remsungnen, 2013). Figure 3.14 shows the step for
production phase. The step were rename .nvt file as nvtl. Step production phase was

similar as equilibrium phase except ensemble: NVT.
3.5.6 Trajectory Production Analysis

The final structures were obtained from the trajectory output for analysis when
the simulation under NVE and NVT ensembles were completed. RDF results were used
to analyse the final structure and its molecular interactions. In the RDF calculation, the

cut off interval was set to half of the box length with an interval of 0.5 A. Cutoff distance
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was set to 20.0 A. Cutoff distance is a distance, in A, at which how long the interaction
energies would be calculated. Molecular interaction was determined by selecting
inter/intramolecular interaction box and periodic table. The RDF graph was used to
analyse the attractive and repulsive interaction of molecule. The radial distribution
function became equal to one at the edge of the box (Allen & Tildesley, 1991). Whereas,
MDS graph was used to analyse the diffusivity of CO2 in amine-based absorption process.
The program used real units of kiloJoules and angstroms for RDF analysis. Figure 3.15

and Figure 3.16 show the steps to generate data for analysis.
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Figure 3.15  Step 1 for analysis sample in MD simulation
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3.5.7 Calculation in RDF

RDF plot shows the relationship between r and g(r). As assume the model system
was in a homogeneous distribution of the atoms/molecules, the g(r) represents the
probability to find an atom in a shell dr at the distance r of another atom chosen as a
reference point. Equation (3.3) shows the calculation for RDF. The number of atom dn(r)
at a distance between r and r + dr from a reference atom can be calculate by dividing the
model system volume into shell dr.

dn(r) = %g(r)élnrzdr (3.3)

where, where N represents the total number of atoms, V the model volume and
where g(r) is the radial distribution function. The volume of the shell of thickness dr is
approximated as Equation (3.4):
(3.4)

Vsheu = i7t(7" + dr)3 — é1'[1”3 = 4nridr
shell 3 3 -
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3.6 Simulation Parameter 1: The Effect of Temperature

The selection of temperatures used in this case study was based on literatures.
According to Kim et al. (2013) and Yu (2012), more CO2 were absorbed for the system
at the temperatures between 313 and 333 K. Therefore, temperature of 298, 308, 313, and
318 K were selected to study the effect of temperature on intermolecular interaction of
water and CO,. Temperature of the system affected the diffusion coefficient of CO; in
amine solution, reaction rate constant, and Henry’s constant (Ye et al., 2012). Number of
molecules for all system was kept constant. Mass ratio for binary system was 30 wt.% of
MEA and 70 wt.% of H20 while for tertiary system was 30 wt.% of MEA, 60 wt.% of
H-0, and 10 wt.% of CO,. Table 3.2 shows the input parameters used for case study 1.

Table 3.2 Input parameters used to analyse temperature effect on the system
Pressure: 1 atm
Temperature 298 K 308 K 313K 318K
Density 1.01244 1.00477 1.00089 0.99698
mixture for
binary system
(g/ml)
Number of A: 50 A: 50 A: 50 A: 50
molecule for ——
. B: 400 B: 400 B: 400 B: 400
binary system
Density 1.00610 0.99737 0.99297 0.98855
mixture for
tertiary system
(g/ml)
Number of A:110 -  A:110 = A:110 A: 110
molecule for
tertiary system B: 800 B: 800 B: 800 B: 800
C:50 C: 50 C: 50 C:50

where, A is amine: B is H,0: C is CO»
3.7 Simulation Parameter 2: The Effect of Amine Concentration

Amine concentration is one of the important parameters to determine the
performance of amine absorption process to capture CO2. High concentration of MEA is
commonly used because it gives high production of CO, absorption process. However

concentration higher might cause corrosion problem. CO2 absorption process using MEA
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absorbent was normally applied with the amine concentration in the range of 10-30 wt.%
(Goff & Rochelle, 2004). Four different amine concentrations were selected in this work
in term of weight per cent (wt.%) which refers to the mass of the species divided by the

total mass of all species. For example:

10 wt.% MEA in H0 = 10 g MEA in 90 g H20

t"/MEA—lOO[ 108 ]
WEAREA= M 10g+90g

=100 x 0.10
=10

In this case, the temperature was kept constant at 313 K for all different amines
concentration used. The composition of CO2 was kept constant at 10 wt.%. Table 3.3

shows the input parameters used for this case study
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Table 3.3 Input parameters used to analyse amine concentration effect on the

system

Temperature

313K

Pressure

1 atm

Molar ratio for 10 wt.%
amine

20 wt.%

30 wt.%

40 wt.%

Density 1.00078
mixture for
binary system
(g/ml)
Number of A: 50

1.00083

A: 50

molecule for - X
binary system :

B: 650

Density 0.99354
mixture for
tertiary system

(g/ml)

Number of A: 50
molecule for

tertiary system B 1350
- @

0.99295

A: 50

B: 590

C:35

Where, A is amine; B is H»O; C is CO»

1.00088

~ A:50

1.00096

A: 50

B: 400

B: 250

0.87576

0.88565

A: 50

A: 50

B: 340

B: 220

C:23

C:20

3.8  Simulation Parameter 3: The Effect of Different Types of Alkanolamines

Different type of amine classes used, such as primary, secondary, tertiary and

activator amines, gives different effects in the efficiency of the CO, absorption process.

The reaction of amine with CO2 and water will produce carbamate, bicarbonate, and

carbonic ions. The aim of this case study was to determine the best amine that has fast

intermolecular interaction with CO» and water, and to discover causes for it to happen.

The ion molecules form has its own stability which affected the stripping process later.

In this case study, amine concentrations for all systems were kept constant at 30 wt.%.

Mass ratio for binary system was 30 wt.% of MEA and 70 wt.% of H>O, while for tertiary
system was 30 wt.% MEA, 60 wt.% of H>O, and 10 wt.% of CO.. Table 3.4 shows the

input parameters for different alkanolamines case study.
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Table 3.4 Input parameters to analyse the effect different types of amine on the
system

Temperature 313 K
Pressure 1 atm
Type amines MEA DEA MDEA AMP PZ
Density 1.00088 1.00642 1.00157 0.99366 0.99401
mixture for
binary system
(9/mi)
Number of A: 50 A:50  A:50 A: 50 A: 50
molecule for -~ 206~ - 681 B:772  B:578 B: 554
binary system
Density 0.99244 0.99786  0.99259 0.98399 0.98455
mixture for
tertiary system
(g/ml)
Number of A: 50 A: 50 A: 50 A: 50 A: 50
molecule for —
B: 340 B: 580 B: 660 B: 490 B: 478

tertiary system
C: 23 C: 40 O Al C:34 C:33

Where, A is amine; B is H2O; C is CO»

3.9  Simulation Parameter 4: Comparison of Single and Blended Amines

System

Several studies such as Dubois et al. (2010) and Barzagli et al. (2010) proposed
the use of blended amine to increase efficiency of single amine for CO2 absorption
process. This case study aimed to analyse how the addition of other amine will affect the
intermolecular interaction between amine and CO,. MDEA is a tertiary amine that is
known as a less reactive compared to other amines. Two amine activators, i.e., AMP and
PZ were identified to be able to increase the efficiency of MDEA (Mandal &
Bandyopadhyay, 2006). Mass ratio of the species in system was decided accordingly
from the literature review (Dubois and Thomas, 2011). In this case study, temperature
and pressure were set at 313 K and 1 atm, respectively. Table 3.5 shows the mass ratio
specified for single and blended system to intermolecular interaction between amine and
water. Table 3.6 and Table 3.7 show the input parameters for single and blended system,

respectively to intermolecular interaction between amine solution and CO..
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Table 3.5 Molar ratio for single and blended system of MDEA, AMP, PZ,
MDEA/AMP and MDEA/PZ solution

Single Binary MDEA: 30 AMP: 30 wt.% PZ: 30 wt.%
wt.% H20: 70 wt.% H20: 10 wt.%
H20: 70 wt.%

Tertiary MDEA: 30 wt.% MDEA: 30 wt.% MDEA: 30 wt.%

H->0: 60 wt.% H>0: 60 wt.% H-0: 60 wt.%
COy: 10 wt.% CO2: 10 wt.% CO2: 10 wt.%
Blended  Binary MDEA: 30 wt.% MDEA: 30 wt.%
AMP: 15 wt.% PZ: 10 wt.%
H>0: 55 wt.% H20: 60 wt.%
Tertiary MDEA: 30 wt.% MDEA: 30 wt.%
AMP: 15 wt.% PZ: 10 wt.%
H20: 45 wt.% H20: 50 wt.%
CO2: 10 wt.% CO2: 10 wt.%

Table 3.6 Input parameters for single system of MDEA, AMP and PZ solution

Single system MDEA AMP PZ
Density 1.0016 0.9934 0.9985
mixture for
binary system
(g/ml)
Number of MDEA: 50 AMP: 50 PZ: 50
molecule for Ho0: 772 H.0: 578 H20: 1750
binary system
Density L B 3 IR A 0.9911
mixture for
tertiary system
(g/ml)
Number of MDEA: 56 AMP: 74 PZ: 50
molecule for L [
tertiary system H>O: 733 H>0: 733 H>0: 1150
CO2: 50 CO2: 50 CO2: 80
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Table 3.7 Input parameters for blended system of MDEA/AMP and MDEA/PZ
solution

Blended MDEA/AMP MDEA/PZ
system
Density 0.9974 0.9942
mixture for
binary system
(9/mi)
Number of MDEA AMP H.O MDEA PZ H>O
molecule for N

binary system 45 30 543 60 30 870

Density 0.9857 0.9886
mixture for
tertiary system
(g/ml)
Number of MDEA AMP H20 CO, MDEA PZ H.O CO;

molecule for o 0 g 44 20 478 40
tertlary SyStem

3.10 Simulation Parameter 5: Comparison of Different Types Carbamate Amine
(Stripping Process)

One of the challenges in amine absorption process is high energy requirement for
stripping process to remove CO; from the carbamate ion. Process at desorption column
occurred at high temperature and the mixture of amine and acid gas was separated at this
stage. MEA, AMP, and PZ carbamate amines were used in this case study due to the
stability of carbamate ions that required high heat for separating CO2 from amine
solution. The study of intermolecular and intramolecular reaction of amine carbamate
with water can show the tendency of carbamate to break the bond and release COo.
Temperature and pressure were kept constant at 393 K and 1 atm, respectively. Molar
ratio for three carbamate amines were similar for all systems. Table 3.8 shows the input

parameters for carbamate amines system in stripping process.
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Table 3.8

Input parameters for carbamate amines system in stripping process

MEACOO- AMPCOOr

Type
carbamate

amine

PZCOO-

Density 0.9337 0.9088

mixture (g/ml)

0.9241

Number of MEACOO H.O  AMPCOO H20

PZCOO H20

molecule 428 1000 272 1000
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter is organized as follows: Section 4.2 discusses the effect of
temperature on MEA/H20/CO; absorption process. Section 4.3 presents the effect of
amine concentration on MEA/H>O/CO; absorption process. Next, Section 4.4 discusses
the effect of different types of alkanolamines. Section 4.5 explains the comparison of
using single and blended amines while Section 4.6 evaluates the results of different type
of carbamate amine for desorption process. The elaboration of intermolecular interaction
between amine/water/carbon dioxide molecules may give more understanding into CO-

absorption process by amine-based solution.
4.2  Simulation Parameter 1: Effect of Temperature on MEA/H20/CO2 System

4.2.1 Intermolecular Interaction between MEA and Water for Binary
(MEA+H20) and Tertiary (MEA+H20+CO2) Systems

This section discusses the effect of temperatures on intermolecular interaction for
MEA-water-carbon dioxide systems. The temperatures selected were 298, 308, 313, and
318 K. Temperature of the system can affect the diffusion coefficient of CO2 in amine
solution, reaction rate constant, and Henry’s constant (Ye et al., 2012). Binary system
was used to represent the solubility of MEA solvent in water. The interaction of nitrogen
and oxygen atoms in MEA and oxygen atom in H.O was analysed through
characterisation of RDF. RDF plot shows the relationship between r which is the distance
between atom pairs in each of the trajectory distance of atom with other neighbouring
atom and g(r) is the tendency of atom to interaction/probability to have interaction

between atoms. MEA and H>O molecules represented the aqueous mixture that could
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form hydrogen bonding (chemical bonding). Table 4.1 shows the RDF result for
temperature 298, 308, 313 and 318 K. Binary system’s data acts as a reference to interpret

tertiary system.

HOmea: Hydrogen atom at oxygen in MEA
Owater: OXygen atom in water
HNmea: Hydrogen atom at nitrogen in MEA

Table 4.1 Summary data of RDF result for binary and tertiary system at 298 K, 308

K, 313 Kand 318 K of MEA

] ‘Binary i Tertiary

Homea-Owater Hnmea-Owater Homea-Owater Hnmea-Owater

298K 1.75, 1.4073 3.25,0.9993 1.75, 1.6381 3.25, 0.9993
308K 1.75,1.4168 3.25,1.0111 1.75, 1.5527 3.25, 0.9558
313K 1.75, 1.4989 3.25, 1.0368 1.75, 1.5970 3.25,1.0160
318K 1.75, 1.6447 3.25, 1.0468 1.75, 2.2408 3.25, 1.1456

Based on RDF plot as shown in Table 4.1, the probability to find the first
neighbouring atom for HOamine-Owater Was higher compared to HNamine-Owater. Hydroxyl
group (-OH) was more influenced in this simulation compared to amino group (-NH).
The stronger interaction of -OH group with water was observed due to the hydrogen
bonding. In addition, water had stronger intermolecular force of polar bond with —OH
group of amines compared with —NH group since the electronegativity for the oxygen
atom was bigger than the nitrogen atom. Electronegativity is an influence to attract
electron in order to achieve maximum stability. Referring to the periodic table for orbital
energy levels and the Pauli principle, atomic number and electron configuration for

oxygen and nitrogen are shown as follows:
O atomic number: 8, 1s? 2s? 2p*
N atomic number: 7, 1s? 2s? 2p®

Nitrogen has a half filled p-orbital containing 3 electrons and oxygen has an
incomplete p-orbital containing 4 electrons. P-orbital can accommodate a maximum of 6
electrons. In Pauli’s principle, half-filled and completely filled orbital are more stable and

has greater ionisation energy (Toon, 2003). In this case, the nitrogen atom is already
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stable and the oxygen atom was not. The oxygen atom requires two electrons to have a
completely filled p-orbital. Therefore, oxygen was more electronegativity than nitrogen.
This results proved that the interaction of HOmea-Owater Was higher compared t0 Nmea-

OW&TEI’-

Stronger interaction was observed at 318 K compared to other temperatures. For
binary system, the r and g(r) value for HOamine-Owater Were (1.75, 1.4073), (1.75, 1.4168),
(1.75, 1.4989), and (1.75, 1.6447) at the temperatures of 298, 308, 313, and 318 K,
respectively. Around 16.87% increment of strength intermolecular interaction between
temperature 298 K and 318 K. Based on RDF results, as the temperature increased,
stronger intermolecular interaction was observed and it was expected that MEA to

dissolve faster in water.

For tertiary system, it was observed that the probability of intermolecular
interaction to occur between MEA and water was changed with the addition of CO: in
the amine solution. CO> molecules caused the probability interaction between
neighbouring H20 molecules and MEA to be higher compared to binary system.
Intermolecular interaction of HNamine-Owater Was slightly changed with the presence of
CO.. The temperature effect on tertiary system was similar with binary system. The
probability of intermolecular interaction between MEA and water molecules was

increased as the temperature increased.

As the temperature increased, the kinetic energy of the molecules will increase.
When more heat was supplied to system, the rate of collisions, attractions, and repulsion
of atoms to each other were also increased. Therefore, as temperature increased, the rate
of intermolecular interaction was also increased. Molecules were colliding with each
other in periodic boundary resulting the repeated motion. When heat was supplied, the
atom will be in vibrational motion and collided with other neighbouring atoms (May &
Atoms, 2013). Therefore, raising the temperature was one of the appropriate methods to

accelerate the rate of reaction dynamic (Hwang et al., 2015).
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4.2.2 Intermolecular Interaction between MEA Solution and COz in Tertiary

System

The tertiary system, MEA+H>0+CO., which represented CO. absorption process
in MEA solution was simulated to study the effect of temperature on intermolecular
interaction between these molecules during the absorption process. Intermolecular
interaction between MEA and CO- was analysed to observe the strength of van der Waals
forces between MEA and CO> during the absorption process. Table 4.2 shows the RDF
result for intermolecular interaction between MEA and COa.

Omea: Oxygen atom in MEA
Cco2: Carbon atom in CO>
Nmea: Nitrogen atom in MEA

Table 4.2 Summary data of RDF result for intermolecular interaction between
MEA and CO>
Omea-Cco?2 Nmea-Cco2
298K 3.75, 1.0456 4.75, 1.2312
308K 3.75, 1.1360 4.25, 1.4268
313K 3.75,1.1791 4.25,1.5724
318K 3.75, 0.9637 3.75, 1.1386

Based on RDF results, intermolecular interaction between Omes-Cco2 OCCuUrred at
the distance of 3.75 A at first neighbouring atom. But Nmea-Ccoz bond showed higher
tendency to has interaction with g(r) = 1.5724 compared to Omea-Cco2 bond. This result
supports the reaction mechanism proposed by Hwang et al., (2015) when COz is directly
binding with N atom of MEA by the zwitterion pathway to absorb CO. and form
carbamate ion. Subsequently, the carbamate ion was dissolved in water to form
bicarbonate species. Higher intermolecular interaction of Nmea-Cco2 compared t0 Omea-
Cco2 Obtained from this study support this reaction mechanism. For example at
temperature 318 K, around 18.15% increment of strength intermolecular interaction
between temperature Nmea-Ccoz and Omea-Ceo2. Figure 4.1 shows the single-step for
reaction of CO2, H>O and amine. Lone-pair electron of nitrogen in amine created reaction

with carbon in CO». Figure 4.1 shows the electron in a nitrogen was transfer to carbon in
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CO: to form covalent bond. From RDF result give clear explanation on this mechanism
where covalent bond occur by a strong physical intermolecular interaction between

nitrogen and carbon.

0O

I

R C

| Il

R — M: 0
"~
H: —= H

Figure 4.1 Single-step for reaction mechanism between CO., H20 and amine
Source: Crooks & Donnellan, (1989)

The strength of intermolecular interaction for MEA-CO2 was weaker compared
to binary system, which was represented by MEA-water intermolecular interaction. In
binary system, the distance of atom with another neighbouring atom was 1.75 A. While
in tertiary system, the distance was 3.75 A for Oamine-Ceoz and 4.25 A for Namine-Cooz. It
shows that hydrogen bonding formed in binary system through molecular interaction of
HOmea-Owater was stronger than the van der Waals’ interaction occurred in tertiary system.
Physical absorption which relies on intermolecular interaction alone is not sufficient for
CO2 removal at low concentration of CO.. Thus, chemical absorption which involves
reactions between CO2 and MEA is preferable technology to increase CO> absorption

efficiency at low CO> concentration.

Based on temperature condition, when the temperature of the system was
increased from 298 K to 318 K, the rate of intermolecular interaction between MEA and
CO- was increased. This finding is in agreement with the study by (Yu, 2012) which
reported that more CO> was absorbed for the system at the temperature between 313 K
and 333 K. The amount of CO, absorbed was decreased for the process operating at the
temperature higher than 333 K. This resulted in the increasing rate of intermolecular
interaction between MEA and CO> from 298 K to 318 K that is also supported by Ye et
al. (2012) when the diffusivity coefficient of CO2 and MEA ascended from 1.1x107%° to
2.4x10° m?st and 3.8x10%° to 8.2x1071° m?s! at 298 K to 338 K, respectively. Many
literatures used 313 K as operating temperature for CO2 absorption process because it is

reported that a zwitterion mechanism for reaction of CO. with the amine to form
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carbamate occurs at this temperature (D’Alessandro, Smit, & Long, 2010). Higher
temperature cannot be used in the industries due to the problems of amine loss,

degradation, corrosion, and cost of operation (Goff & Rochelle, 2004).

The factor of temperature was important to speed up the reaction but has to limit
at certain value because it is related to cost of operation. Absorption process should
operate at low temperature. Hydrogen bond has significant influence in CO> absorption
reaction in aqueous MEA solution (da Silva et al., 2007; Scheiman, 1987). The hydrogen
bond between HOmea-Owater Was formed when a weak base (MEA) was dissolved in H,O
and neutralised by acidic compound. This reaction produced the ionic compound. In
primary amine, the carbamate ion was formed (NH2COQO"). The carbamate ion formation
shows the absorption of CO2 in MEA solution. The absorption rate was increased with
the increase of the system temperature. This was due to the increase of the chemical
reaction rate constant (Abharchaei, 2010; Nair & Selvi, 2014).

4.3 Simulation Parameter 2: Effect of Amine Concentration on MEA/H20/CO>
System

4.3.1 Intermolecular Interaction between MEA and Water for Binary
(MEA+H20) and Tertiary (MEA+H20+CO2) Systems

The effect of amine concentration to the strength intermolecular interaction of
CO- absorption process will be discussed in this section. Values of amine concentration
selected for MEA solvent were 10, 20, 30, and 40 wt.%. In RDF analysis, r(A) represents
the distance of reference point atom to another atom and g(r) represents the probability
to find interaction of atoms at that distance. Table 4.3 shows the results of intermolecular
interaction between MEA and water for binary and tertiary systems. Binary system
consists of amine and water molecules, while tertiary system contains amine, water, and

carbon dioxide molecules.

HOmea: Hydrogen atom at oxygen in MEA
Owater: OXygen atom in water
HNmea: Hydrogen atom at nitrogen in MEA
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Table 4.3

Summary data of RDF result for binary and tertiary system at 10 wt.%,
20 wt.%, 30 wt.% and 40 wt.% of MEA

Binary Tertiary
HOmea-Owater HNmea-Owater HOmea-Owater HNmea-Owater
10% 1.75,1.2071 3.25, 1.0023 1.75, 1.3627 3.25, 0.9527
20% 1.75, 1.2877 3.25,1.0150 1.75, 1.4589 3.25, 0.9694
30% 1.75, 1.4150 3.25, 1.0236 1.75, 1.5970 3.25, 1.0160
© 40%  175,15379  3.25,1.0435 1.75, 1.7608 3.25, 1.0627

The intermolecular interaction of MEA and water in tertiary system was higher
than in binary system around 27.40% for HOmea-Owater. In binary system, hydrogen bond
for HOmea-Owater Were (1.75, 1.2071), (1.75, 1.2877), (1.75, 1.4150), and (1.75, 1.5379)
at MEA concentration of 10, 20, 30, and 40 wt.%, respectively. For tertiary system,
hydrogen bond for HOmea-Owater Were (1.75, 1.3627), (1.75, 1.4589), (1.75, 1.5970), and
(1.75, 1.7608) at MEA concentration of 10, 20, 30, and 40 wt.%, respectively. The
addition of CO2 molecule in the system affected the diffusivity of MEA in water. The
higher and closer position of peaks predicted that atom would likely make a bond with
other atom. Water molecules play a role in fundamental aspect of amine-CO- reaction.
Water also acts as bridge for proton transfer from MEA to form MEAH™ (protonated
MEA). How CO> molecules affect the diffusion MEA in water is discussed based on NO>
analogy (Emmanuelle Masy, 2013). From this analogy, it can be seen that the presence
of COz in solution influence the diffusivity to water and MEA. Equation (4.1) shows the
analogy of NO..

Dco2
(Dcoz)MEA = (DNzo)MEA(—D )water (4-1)
N20

Molecular simulation for binary system consists of MEA and H2O molecules. In
tertiary system was shows the addition of CO2 will cause the rate of interaction between
amine and water changed. If CO present, the reactivity of amine with water increased.
From Table 4.3, it shows that intermolecular interaction between MEA and water was
increased as molar ratio was increased. The reaction of amine with water involved
molecular diffusion process. Molecular diffusion is a motion of particle that are

temperature, viscosity, and mass of particle dependent. When the amine concentration
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was increased, the molecular diffusion was increased as well (Lionel Dubois & Thomas,
2011).

Based on Figure 7 to Figure 10 in Appendix A, the RDF graph was become less
structured and low interaction to neighbour atoms was observed when the particle was at
large distance around 15 A. Less structured means the number of RDF peak was reduced
when the far distance from the central point. Also, the graph approaches to 1 as the
distance was increased due to the lack of long-range interaction. Besides that, sharp peak

in graph indicates a strong interaction between atoms in the system.

4.3.2 Intermolecular Interaction between MEA Solution and CO: in Tertiary

System

Study on the intermolecular interaction for tertiary system involves physical
interaction of MEA+CO2+H-0 solution in an amorphous cell box. As the primary amine,
MEA can directly react with CO. and intermolecular interaction of MEA and CO>
represent the CO absorption process. Table 4.4 shows the RDF result for intermolecular

interaction of MEA and CO2 molecules.

Omea: Oxygen in MEA
Cco2: Carbon in CO2
Nmea: Nitrogen in MEA

Table 4.4 RDF results for intermolecular interaction between MEA and CO;

Omea-Ccarbon dioxide =~ Nmea-Ccarbon dioxide
- 10% 3.75,0.9793 4.25,1.2846
- 20% 3.75, 1.1646 4.25,1.3013
- 30% 3.75,1.1678 4.25,1.3487
- 40% 3.75,1.2013 4.25, 1.4624

As highlighted on RDF results, as MEA concentration was increased, the strength
of intermolecular interaction between MEA and CO2 was also increased. For example at
intermolecular interaction of Nmea-Cco2, the increment was 13.84% from g(r) result. This
result is supported by the experimental work done by Dubois and Thomas (2011), where
it state that an increase in absorption efficiencies was affected by the increased amine

concentration.
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Besides, the high concentration of MEA was favourable for CO2 absorption, in
which more MEA reacted with CO> at high concentration and made the CO absorption
process faster (Ye et al., 2012). Although the intermolecular interaction between amine
and CO2 was increased with the increased of amine concentration, many literatures used
30 wt.% alkanolamine. Kim et. al. (2013) studied about the comparison of CO> in
aqueous MEA, DEA, TEA, and AMP solution. All alkanolamines analysed were under
30 wt.% (Kim et al., 2013). The high amount of amine concentration will cause corrosive
problem (Lunsford & Bullin, 2006).

Another reason for increasing intermolecular interaction at high amine
concentration was by using high base strength because the reaction of amine and CO: is
based on Lewis acid-base equilibrium (Wispelaere, 2014). Therefore, by increasing the
concentration of amine, it increases the basicity of the amine. High basicity of amine
causes strong attraction to complement bonding to acidic CO2 to form carbamate ions
([BH]*[R2NCOQY]"). The interaction of MEA and CO; represents a classical donor-
acceptor interaction, wherein, CO is the Lewis acid and H20 is Lewis bases (Hwang et
al., 2015).

Results shown in Table 4.4 depict that -NH group of MEA has high probability
to have intermolecular interaction with CO. compared to oxygen atom. The reaction
mechanism for COz and MEA was based on the formation of a zwitterion to form
carbamate ion. CO> will form a bond to the hydrogen atom at amino group rather than at
hydroxyl group (Singh, 2011). Increase the amount of carbamate ion form, it shows the
CO- absorption capacity increased. The reaction mechanism proposed was supported by
molecular dynamic simulation when it shows high intermolecular interaction between

nitrogen atoms with CO..

The amount of CO: loading will increase due to the increased amine
concentration. But high amine concentration will cause the solution to be more corrosive
because amine acts as an oxidizing agent to dissolve bicarbonate ion (HCO3-) or COa,
and induce the increase of oxidiser reduction (Nainar & Veawab, 2009). Therefore,
blending of more than one amine in a solution was one option to increase the amount CO-
absorbed and reduce the corrosion rate. The corrosive problem can occur when used too

high amine concentration. In addition, an increase in dissolved CO> will induce more iron

78



dissolution. A higher CO- loading causes the solution to be more corrosive. Due to these,

30 wt.% of MEA was selected to be optimum amine concentration.
4.4  Simulation Parameter 3: Effect of Different Types Alkanolamines

4.4.1 Intermolecular Interaction between Amine and Water for Binary
(Amine+H20) and Tertiary (Amine+H20+CO2) Systems

Comparison between intermolecular interactions of amine with water in binary
system without CO; and tertiary system with CO, were performed. The strength of
amine-water intermolecular interaction at different types of alkanolamine is discussed in
this section. Table 4.5 show the RDF results of the binary and tertiary system for MEA,
DEA, MDEA, AMP and PZ solutions.

HOamine: Hydrogen at oxygen in amine
Owater: OXygen in water

Namine: Nitrogen in amine

Hwater: Hydrogen in water

Table 4.5 Summary data comparison RDF result for amine solution between
binary and tertiary system
Binary Tertiary
~ HOamine- Namine-Hwater HOamine- Namine-Hwater
Owater Owater

 MEA 17513989  4751.0149 1.75,1.5107 12.75,1.0000
~ DEA 17513867 57510164  1.751.5994 5.75,1.0131
'MDEA  1.75,2.2293 4.75,1.1107 1.75,2.6546 4.75,1.2557
AMP  1.75,2.9029 1.75,1.2976 1.75,1.6362 5.75,1.0364

PZ - 5.75,1.0255 - 5.75,1.0926

Comparison of binary and tertiary system is discussed based on hydroxyl and
amino functional groups. Hydroxyl group in amine was used to increase the solubility in

water and amino group leads to reaction with acidic gas (Kohl & Nielsen, 1997).

For hydroxyl group, binary system result order is AMP > MDEA > MEA > DEA
and tertiary result order is MDEA > AMP > DEA > MEA. The result is read based on the

highest to the lowest intermolecular interaction bonded between two selected atoms. PZ
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amine does not have HOamine-Owater interaction because it lack oxygen atom in its

molecule structure.

In binary system, AMP (1.75, 2.9029) amine has high tendency to make a bond
with water compared to others, the strength percent was 107% (calculated based on g(r)
value) compared MEA (1.75, 1.3989). AMP is a primary amine which has steric
hindrance. The characteristic of AMP leads to stronger intermolecular interaction with
water. AMP is a sterically hindered primary amine but the reaction is similar as tertiary
amine (Tobiesen, Svendsen, & Mejdell, 2007). AMP amine is reactive, soluble in water,
and easier to regenerate to separate CO> gas. It can replace the function of MDEA and be
an option to use compared to MEA and DEA. Tertiary amine with the presence of CO;

also shows high intermolecular interaction with water.

In binary system, hydroxyl group of MDEA (1.75, 2.2293) also shows high
tendency to bond with water similar to AMP. Figure 4.2 shows the molecular structure
of MDEA. The structure of MDEA can influence the result of RDF. MDEA has two —
OH bond which cause it to be more soluble in water compared to MEA and DEA that
only has one —OH bond. Besides that, the presence of CO> in tertiary system also shows
high intermolecular interaction of hydroxyl group in MDEA with water. This is because
MDEA cannot directly react with CO> to form carbamate ion but has to go through
hydrolysis process between CO> and water to form bicarbonate ion. The presence of CO-
and water is essential in order to increase the reactivity of MDEA for CO> absorption
process.

OH

5

\_\

OH

H 3C_

Figure 4.2 Molecular structure of MDEA

Based on binary and tertiary system, the intermolecular interaction of DEA with
water is in average level. From this finding, it shows that DEA amine as secondary amine
has medium potential to dissolve in water and absorb CO> in between primary and tertiary

amine. Compared to these four amines, DEA has the weakest intermolecular interaction
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with water compared to MEA and AMP. This is because DEA is a secondary amine that

is more nucleophilic compared to primary and tertiary amine.

For amino group, binary system result is AMP > MDEA > MEA > PZ > DEA
and tertiary result is MDEA > PZ > AMP > DEA > MEA. The highest intermolecular
interactions with water for amino group for binary and tertiary system are AMP and
MDEA, respectively.

But in the presence of COz in AMP amine solution, intermolecular interaction of
amino group with water was decreased about 25.20%. Binary and tertiary result for AMP
was (1.75, 1.2976) to (5.75, 1.0364). AMP has a-substitute in molecular structure which
led to the reduction of the charge of nitrogen atom (Hook, 1997). Thus, the interaction of
Namine-Hwater Was weaker and it was expected that the reaction rate with CO2 was slow.

The reaction of AMP with CO; produce unstable carbamate ion.

PZ showed weak intermolecular interaction in binary system but had strong
interaction in tertiary system. PZ amine alone was less reactive for the absorption process.
PZ acts as an activator in solvent to accelerate the reaction especially for tertiary amine,
MDEA.

4.4.2 Intermolecular Interaction between Amine Solution and CO:2 in Tertiary

System

The aim of this part is to identify amine solvent that has higher tendency to
interact with CO,. Table 4.6 shows the RDF results of MEA, DEA, MDEA, AMP, and
PZ solutions. Same as previous discussion, the intermolecular interaction of amine with
CO2 was determined by comparing which functional group that had more tendencies to

interact with CO2 molecule.

Oamine: OXygen in amine
Cco2: Carbon in CO2
Namine: Nitrogen in amine
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Table 4.6 Summary data of RDF result for intermolecular interaction of amine
solutions with CO;

Oamine-Ccarbon dioxide Namine-Ccarbon dioxide
MEA 3.75, 1.0612 4.25,1.4058
DEA 3.75,1.1399 5.25,1.4259
MDEA 3.75,1.1488 4.75,1.3461
AMP 4.25,1.0416 4.25,1.0063
PZ - 4.25,1.0705

Based on RDF result, the sequence of the highest intermolecular interaction to the
lowest for hydroxyl group with CO2 (Oamine-Cco2) are MDEA > DEA > MEA > AMP.

At the same distance of r = 3.75 A, MDEA showed the highest tendency for
intermolecular interaction to occur about 8.25% compared to MEA. It is supposed that
MDEA has lower intermolecular interaction with CO2, because it is a tertiary amine. But
this intermolecular interaction occurred between hydroxyl groups of MDEA with CO..
Because MDEA has two —OH bond and other amines only has one —OH bond, molecular
structure of MDEA influenced the reaction with CO2. So this is the reason why RDF
results show MDEA was the highest compared others amine.

For amino group (Namine-Cco2), the trends of the highest interaction to the lowest
are MEA > PZ > AMP > MDEA > DEA.

At same distance of r = 4.25 A, MEA showed the highest tendency for
intermolecular interaction to occur about 39.70% compared to AMP. The results obtained
have good agreement with the literature study. However, CO, absorption efficiencies
reported by Dubois and Thomas (2011) was MEA > PZ > PZEA > AMP > MDEA. MEA
was supposed to have the strongest intermolecular interaction with CO2 because it easily
absorbed CO, compared to secondary and tertiary amine. Based on Zhang et al. (2008),
the trend for absorption performance by experimental work were AMP > MEA > DEA >
MDEA. Based on this experimental result, MEA and AMP were reactive amine to absorb
COo». Characteristic of steric hindered amine made AMP to be significant to be used for

CO; absorption process.
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AMP and PZ also showed high value of g(r) same as MEA. AMP has sterically
hindered amine properties. The reaction mechanism of AMP was proposed by Sartori and
Savage (1983) and explained more by Zhang et al. (2008). The reaction of AMP with
water produces low stable carbamate ion. Then, carbamate ion reacts with water again
through hydrolysis to produce bicarbonate ion and free amine molecule. This free amine
molecule will react with CO>, representing the overall absorption process. However, due
to the molecular structure of AMP, the reactivity with COz is lower than MEA (Tobiesen
et al., 2007). It was reported that when there were more substituents such as methyl and
alcohol groups were added, the reactivity of amine towards CO2 would be decreased. In
AMP structure, it has two methyl groups at a-carbon to the nitrogen atom. The presence
of substituent methyl group to the amino functional group caused the reaction of AMP
with CO> to form unstable carbamate ion. Then, the reaction with CO> was faster than
MDEA (ldris & Eimer, 2014). Moreover, the size of molecule will influence the
reactivity of amine itself. The molecular weights of MEA and AMP is 61.08 g/mole and
89.14 g/mole, respectively. It shows that AMP size is much bigger than MEA and
consequently the intermolecular interaction strength of AMP with CO: is lower than
MEA even both of amines are categorised as primary amines. Furthermore, the attraction
of base (amine) to positively charge CO- for zwitterion reaction became slower when the
sterically hindered properties were presence (Bavbek, 1999). PZ contains two nitrogen
atom in its molecular structure which will result to double CO> absorption compared to
one nitrogen at shorter time interaction. Dubois and Thomas (2011) also stated that
activator amine showed good efficiencies for CO» absorption. AMP and PZ amines are
always chosen to blend with MEA and DEA, because these amines are difficult to
separate from amine-CO> bond in the stripper. Figure 4.3 shows the molecular structure
of MEA and AMP.

HO cH,

OH
rhN—J/_- H;:x;H

(MEA) *  (AMP)

Figure 4.3 Molecular structure of MEA and AMP

MDEA amine has low tendency to create the intermolecular interaction with CO>

about 89.47%. This is because MDEA has lack of hydrogen atom attached in amino group
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there will be no formation of carbamate ion. MDEA cannot directly absorb COo.
Therefore, it is recommended to blend MDEA with activator amine such as AMP and
PZ.

DEA amine also shows low tendency to make intermolecular interaction with CO>
compared to MEA, AMP, and PZ about 80.95%. DEA is a secondary amine and it is
recognised as medium amine in CO> absorption efficiency. It was proved that DEA was
neither the fastest nor the slowest to dissolve in water and to absorb CO». Also DEA poses
medium energy requirement for regeneration. In addition, DEA amine gives moderate

difficulty to break amine-CO. bond.

45  Simulation Parameter 4: Comparison of Single and Blended Amines

System

Since MDEA has limitation in CO; absorption process, blended amine is essential
to improve the strength of intermolecular interaction with water and CO.. In this research,
AMP and PZ were selected to mix with MDEA solution. MDEA, AMP/PZ,
MDEA/AMP, and MDEA/PZ solvents were selected to study the effect of single and
blended amines toward CO absorption process. Mixtures of MDEA with AMP and PZ
were known as activated MDEA.

45.1 Intermolecular Interaction for Blended MDEA/AMP

The system consisted of 15 wt.% of AMP, 30 wt.% of MDEA, and 55 wt.% of
H20 for binary MDEA/AMP blended system was simulated. While, a system with 15
wt.% of AMP, 30 wt.% of MDEA, 45 wt.% of H20, and 10 wt.% of CO was analysed
for tertiary MDEA/AMP blended amine. For single MDEA and AMP, both systems were
simulated with an amine concentration of 30 wt.%. The addition of AMP and PZ that act
as activator were selected to blend with MDEA in order to enhance the strength of

intermolecular interaction between amine-CO,-H,0 systems.
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4511 Comparison Single and Blended MDEA/AMP for Binary and Tertiary
System

In this part, comparison of intermolecular interaction between single and blended
amine with water are discussed. The comparison also includes the interaction of amine

and water for system with and without CO». RDF result was also presented in Table 4.7.

HOmdea: Hydrogen at oxygen in MDEA
Owater: OXygen in water

Nmdea: Nitrogen in MDEA

Huwater: Hydrogen in water

HOamp: Hydrogen at oxygen in AMP
Namp: Nitrogen in AMP

Table 4.7 Summary data of RDF result for binary system of MDEA and AMP, and
blended MDEA/AMP system

Binary
Homdea-Owater Nmdea-Hwater Hoamp-Owater Namp-Hwater
MDEA 1.75, 2.2293 4.75,1.1107
AMP 1.75, 2.9029 1.75, 1.2976

MDEA+AMP 1.75,1.7541 4.75, 1.2915 1.75, 1.9357 5.75,1.2270

Based on Table 4.7, hydroxyl groups of MDEA and AMP in single system has
high intermolecular interaction with water compared to blended system. As can be seen
from Table 4.7, RDF values (r, g(r)) for HOmdea-Owater and HOamp-Owater Were (1.75,
2.2293) and (1.75, 2.9029) using single amine, respectively. While, for blended
MDEA/AMP, the probability intermolecular interaction were (1.75, 1.7541) and (1.75,
1.9357) corresponding t0 HOmdea-Owater and HOamp-Owater, respectively. At a distance of
1.75 A, almost two times higher probability of finding any atom pair of hydrogen bonding
in single MDEA and AMP system was observed.

Single MDEA and AMP were easily attracted to water due to less obstacle to
diffuse in water compared to blended system. Solubility was decreased with the increased
in the number of carbon atoms. That is the reason why blended MDEA/AMP was slow
to dissolve in water compared to single MDEA and AMP. When the length of the carbon
chain was increased, the polar —OH group became smaller and the solubility in water was
decreased. In blended amines, MDEA, CH3N(C2H4+OH),, and AMP, C4H1:NO were
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mixed. This was the reason for the intermolecular interaction between MDEA and AMP
in single system higher than in blended system. The hydroxyl group in amine was to help

amine solubility in water (Abharchaei, 2010).

On the contrary, amino group in blended MDEA/AMP has high intermolecular
interaction with water than single MDEA about 16.28%. At the same distance of 4.75 A,
the tendency the interactions to happen between nitrogen atoms on MDEA in blended
MDEA/AMP was 1.2915 but in single MDEA system the tendency was 1.1107. The lack
of —NH bond in the molecular structure of MDEA causes the water molecule to not
interact directly with nitrogen atom. But the presence of AMP in blended system was
capable to assist the diffusivity of MDEA in water. Whereas, for amino group in single
AMP system, higher intermolecular interactions with water was observed compared to
blended MDEA/AMP. The first peak of Namp-Hwater in single AMP system occurred
at 1.75 A with a probability value of 1.2976 and for blended MDEA/AMP, the
intermolecular interaction was observed at a distance of 5.75 A with the tendency of
1.2270. This result shows that steric hindrance behaviour in AMP gave advantage to —
NH group to dissolve directly in water without the need to blend with other amine. The
limitation of MDEA is that it requires to be blended with activator amine like AMP in

order to enhance the diffusivity in water.

Meanwhile, for tertiary system, CO, molecules were put together in amorphous
cell box to study the intermolecular interactions for CO2 absorption. Table 4.8 shows the
RDF results for intermolecular interaction of single MDEA, AMP and blended
MDEA/AMP with water with the presence of CO». From this analysis, it can be seen that

the presence of CO> has effect to dissolving amine in water.

HOmdea: Hydrogen atom at oxygen in MDEA
Owater: OXygen atom in water

Nmdea: Nitrogen atom in MDEA

Hwater: Hydrogen atom in water

HOamp: Hydrogen atom at oxygen in amp
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Table 4.8 Summary data of RDF result for tertiary system of MDEA and AMP,
and blended MDEA/AMP system

Tertiary
Homdea- Nmdea-Hwater Hoamp-Owater Namp-Hwater
Owater
MDEA 1.75, 2.6546 4.75, 1.2557 - -
AMP - - 1.75, 1.6362 5.75, 1.0364

MDEA+AMP  1.75,2.7162 4.75, 1.3460 1.75, 1.9604 5.75,1.0767

Based on RDF result in Table 4.8, it shows that the intermolecular interaction of
single MDEA, AMP, and blended MDEA/AMP was increased in tertiary system
compared to binary system. The addition of CO2 improved the strength of amine
interaction with water. For example, RDF values of HOmdea-Owater In Single MDEA was
increased from (1.75, 2.2293) to (1.75, 2.6546) (19.08%) and for Nmdea-Hwater, the RDF
values was increased from (4.75, 1.1107) to (4.75, 1.2557) (13.05%), after the addition

of CO: into the solution.

Both hydroxyl and amino groups of MDEA and AMP in blended system showed
higher intermolecular interaction with water than single MDEA and AMP for tertiary
system. Comparing the intermolecular interaction rate of blended MDEA/AMP and
MDEA with water, it was found that the strength of interaction was increased. The RDF
result for HOmdea-Owater aNd HOamp-Owater Were (1.75, 2.6546) and (1.75, 1.6362),
respectively for single MDEA and AMP system. But in MDEA/AMP blended system,
the rate of interaction was increased up to (1.75, 2.7162) (2.32%) and (1.75, 1.9604)
(19.81%) for HOmdea-Owater and HOamp-Owater, respectively. Good combination of MDEA
and AMP was expected to increase the solubility of amine in water. Theoretically, MDEA
and AMP are basic and CO: is acidic. The solubility of amine in water was due to the
hydrogen bonding between lone electron pair at nitrogen atom in amine and proton at
hydrogen in water. The presence of steric hindrance of AMP was identified to increase
the energy of the lone pair of electron, thus enriched the basicity of amine. Therefore, the
acidic-basic reaction within MDEA/AMP/CO2/H,0 system had increased the diffusivity
of amine in water compared to single MDEA/CO2/H20 and AMP/CO2/H20 system.
Clearly, the presence of CO2 can enhance the ability of the MDEA and AMP to make
intermolecular interaction with water. Other than that, the electrostatic factors also play
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a role. In blended MDEA/AMP, there are two nitrogen atoms from MDEA and AMP.
The addition of lone electron pair at nitrogen gives high attraction to positive charge at
hydrogen in water to form hydrogen bond. The strong intermolecular interaction between
HOmdea-Owater and HOamp-Owater Was due to strong hydrogen bond. The probability of
intermolecular interaction tended towards 1 as the distance increased, signifying the

amine solvent was representing the bulk fluid.

45.1.2 Comparison Single and Blended MDEA/AMP for Intermolecular

Interaction with COz2 in Tertiary System

The absorption process happened when gas molecules were dissolved in an amine
aqueous solution. Therefore, RDF analysis on amine and CO2 molecules was generated
in MD simulation to analyse the intermolecular interaction between these molecules. The
strength of intermolecular interaction between single MDEA and AMP, and blended
MDEA/AMP with CO, was compared. Table 4.9 shows the RDF graphs of
intermolecular interaction between amine and CO for MDEA, AMP and MDEA/AMP

system.

Omdea: Oxygen atom in MDEA
Ceco2: Carbon atom in CO»
Nmdea: Nitrogen atom in MDEA
Oamp: Oxygen atom in AMP
Namp: Nitrogen atom in AMP

Table 4.9 Summary data of RDF result for intermolecular interaction between
amine with CO for MDEA and AMP, and blended MDEA/AMP system

Tertiary

Omdea-Cco2 Nmdea-Cco?2 Oamp-Cco2 Namp-Cco2

MDEA 3.75,1.1488 9.25,1.5158 - -

AMP - - 4.25,1.0416 4.25, 1.0063

MDEA+AMP  3.75, 1.5337 5.25, 1.8256 4.25,1.3185 4.25, 1.1560

Based on Table 4.9, the intermolecular interaction between Omdea-Cco2 in single
MDEA system was (3.75, 1.1488) and at the same distance (3.75 A), the RDF result in
blended MDEA/AMP was increased to 1.5337 (33.50%). The similar trend was observed

on the intermolecular interaction between Nmdea-Ceo2. At a distance of 5.25 A, the
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tendencies for the interaction to happen were 1.5158 and 1.8256 for single MDEA and
blended MDEA/AMP, respectively. Moreover, blended MDEA/AMP also showed strong
intermolecular interaction with CO, compared to single AMP system. At a distance of
4.25 A, the tendencies for intermolecular interaction to happen on Oamp-Ccoz Were 1.0416
and 1.3185, for single AMP and blended MDEA/AMP systems, respectively. For Namp-
Ceco2, the tendencies for intermolecular interaction to happen were 1.0063 and 1.1560 for
single AMP and blended MDEA/AMP systems, respectively. RDF results clearly showed
that the blended MDEA/AMP gave strong intermolecular interaction with CO, compared
to single MDEA and AMP.

Figure 4.4 shows the molecular structure of AMP where the addition of two
branches chain of alkyl group to carbon atom caused steric hindrance properties with two
hydrogen atom attach to nitrogen atom. On the other hand, the molecular structure of
MDEA where the nitrogen is connected to three branches of carbon and at least two of
them are quite long. Thus, it can be concluded that it is impossible for carbon dioxide to
form the first intermolecular interaction around nitrogen within a very short distance at
MDEA molecule. That is why the position of the first peak Nmdea-Cco2 Was fairly far for
single MDEA system (5.25A, 1.5158) and (5.25 A, 1.8256) for blended MDEA/AMP
system compared to (4.25 A, 1.0063) for single AMP system and (4.25 A, 1.1560) for
blended MDEA/AMP system. In contrary, such limitation did not exist for CO2 to
surround the oxygen in alcohol group. Oxygen atoms were located at the end of tails of
MDEA and AMP. It was quite feasible for CO> molecules to approach them. Observing
from Table 4.9 the first intermolecular interaction of oxygen with CO2 was closer at 3.75
A for MDEA and 4.25 A for AMP.
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(b)
Figure 4.4 N-O and N-C branches in (a) AMP and (b) MDEA molecular structure

Higher intermolecular interaction of nitrogen atom in blended amine with CO>
than single amine was fit with the expectation. The combination of MDEA and AMP in
one system can overcome the limitation on MDEA. The structural property of AMP can
cover the limitation of MDEA, which is cannot directly react with CO, by forming
carbamate and bicarbonate formation. The properties of sterically hindered made blended
amine to be more reactive and easily formed carbamate ion when reacted with CO>. The
reaction of AMP with CO2 formed less stable carbamate ion. The advantage of using
AMP was the solvent exhibited a high boiling point and formed unstable carbamate ion
(Gangarapu, Marcelis, & Zuilhof, 2013). Reducing the carbamate stability will affect the
electron-withdrawing of the molecule. In addition, AMP will help MDEA to react with
CO..

Schubert et al. (2001) reported the mechanism of chemical reaction of CO with
a tertiary amine (MDEA). CO2 molecules interacted and reacted with MDEA solution.
Figure 4.5 illustrates the CO2 absorption process in MDEA solution. The reaction scheme
was generated from experimental work from previous research work (Schubert et al.,
2001). MDEA cannot directly react with CO,. MDEA was dissolved in water to form
bicarbonate. The reaction was proceeded to react with CO2 to form MDEAH" and HCOs
. The reaction of MDEA with CO> was slower compared to MEA and DEA.
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Figure 4.5 Reaction mechanism for CO, absorption by MDEA solution
Source: Schubert et al. (2001)

The reaction of CO2 with AMP formed an unstable carbamate ion due to the
structure of AMP induces the steric hindrance character which unfavourable for
carbamate formation (Aroua et al., 2002). It was reported that CO2 loading in 2.0 M AMP
solution was higher than 2.0 M MDEA solution due to higher basicity of AMP compared
to MDEA. Therefore, blended of MDEA with AMP was essential to improve the CO>
absorption efficiency and capacity. Sterically hindered amine, AMP will directly react
with CO: first (to form carbamate ion) and then faster transfer of CO2 to MDEA. The
reaction of MDEA with CO» was slow due to the lack of hydrogen atom in amino group.
Therefore, the presence of AMP will accelerate the reaction of MDEA with CO2. This
mechanism shows how AMP overcome the limitation of MDEA by performing fast
intermolecular interaction with CO,. The mechanism of the chemical reaction of blended
MDEA and AMP amines solution with CO2 is shown in Equation (4.2) to (4.4) (Lu,
Wang, Sun, Li, & Liu, 2005).

AMP + CO, & AMPCOO~ (4.2)
AMPCOO~ + MDEA < AMP + MDEACOO~ (4.3)
MDEACOO~ + H,0 & MDEAH* + HCO3 (4.4)
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In blended amine, the presence of more nitrogen atom can increased CO> capture
compared to single amine (Adeosun et al., 2013). Nitrogen atom in the molecule
influences the attraction of CO towards amine solvent. Intermolecular interaction of
amino group with COz reflects the reaction rates with CO». Most of the applications prefer
to use blended alkanolamine because it gives good absorption performance than single

alkanolamine solution (Lu et al., 2005).
45.2 Intermolecular Interaction for Blended MDEA/PZ

Another potential activator amine that can be used to improve the efficiency of
MDEA in CO2 absorption process is piperazine (PZ). Binary MDEA/PZ blended system
consisted of 10 wt.% of PZ, 30 wt.% of MDEA, and 60 wt.% of H.O was simulated.
Meanwhile, 15 wt.% of PZ, 30 wt.% of MDEA, 50 wt.% of H-O, and 10 wt.% of CO>
for tertiary MDEA/PZ blended system was also simulated. For single MDEA and PZ,
both amines were simulated at 30 wt.%. PZ as an activator was selected to blend with
MDEA in order to enhance the strength of intermolecular interaction between amine-
CO2-H20 systems.

4521 Comparison of Single and Blended MDEA/PZ for Binary and Tertiary
System

This part discusses the intermolecular interaction of single MDEA and PZ system
and blended MDEA/PZ with water system. The intermolecular interaction with water
was compared between binary system (absence of CO2) and tertiary system (presence of
CO,). MDEA and PZ were tertiary and secondary amines, respectively. PZ is a cyclical
amine which does not have hydroxyl group but consists of two nitrogen atoms in its
molecular structure. PZ is a special molecule with a symmetrical diamine cyclical. The
capabilities of PZ is already proven where many studies were done using PZ in CO2
absorption process. The intermolecular interaction for CO, absorption was compared
between activated MDEA and MDEA systems. Table 4.10 shows the RDF result for
amine solution in binary system of MDEA, PZ, and MDEA/PZ solution.
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HOmdea: Hydrogen atom at oxygen in MDEA
Owater: OXygen atom in water

Nmdea: Nitrogen atom in MDEA

Hwater: Hydrogen atom in water

HOpz: Hydrogen atom at oxygen in PZ

Npz: Nitrogen atom in PZ

Table 410  Summary data of RDF result for binary system of MDEA and PZ, and
blended MDEA/PZ system

Bina—ry
Homdea-Owater ~ Nmdea-Hwater Hopz-Owater ~Npz-Hwater
MDEA 1.75, 2.2293 4.75, 1.1107 - -
PZ - - - 5.75, 1.0255
MDEA+PZ 1.75, 1.6574 4.75,1.1936 - 5.75, 1.0323

The main reason for performing this simulation was to investigate the distribution
of MDEA and PZ in water. Table 4.10 shows the intermolecular interaction between
single MDEA and PZ and blended MDEA/PZ with water without the CO,. It is clearly
seen that the intermolecular interaction of HOmdea-Owater fOr single MDEA system was
higher than the blended MDEA/PZ. At the same distance of 1.75 A, the tendency for the
interaction to happen for single MDEA and blended MDEA/PZ were g(r) = 2.2293 and
1.6574, respectively. It can be concluded that water had stronger intermolecular force of
polar bond with HOmgea In single MDEA compared to blended MDEA/PZ (34.51%
increment), due to the MDEA structure that had two —OH bonds and it accelerated the
intermolecular interaction with water. But in blended MDEA/PZ, the presence of PZ with
lack of hydroxyl group affected the tendency of HOmgea interaction with water. No
hydrogen atom was directly connected to the nitrogen atom in the molecular structure,

thus it cannot generate carbamate ions.

It contrary with amino group, the intermolecular interaction of Nmdea-Hwater and
Npz-Hwater In blended MDEA/PZ was higher compared to single MDEA and PZ. As
depicted in Table 4.10, the g(r) value of Nmdea-Hwater fOr single MDEA system was 1.1107
and for blended MDEA/PZ was 1.1936 (7.46% increment), at the same distance of 4.75
A. Whereas, g(r) value of Np,-Huwater for single PZ system was 1.0255 and for blended
MDEA/PZ was 1.0323 (0.66% increment), at the same distance of 5.75 A. The presence
of PZ in the solution enhanced the interaction of Nmdea With water.
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Table 4.11 shows the RDF result for intermolecular interaction between single
MDEA and PZ and blended MDEA/PZ in tertiary system with CO; in solution.

HOmdea: Hydrogen atom at oxygen in MDEA
Owater: OXygen atom in water

Nmdea: Nitrogen atom in MDEA

Hwater: Hydrogen atom in water

HOpz: Hydrogen atom at oxygen in PZ

Npz: Nitrogen atom in PZ

Table 4.11  Summary data of RDF result for tertiary system of MDEA, PZ, and
blended MDEA/PZ system

Tertiary

Homdea-Owater Nmdea-Hwater Hopz-Owater Npz-Hwater

MDEA 1.75, 2.6546 4.75, 1.2557 - -
PZ = - = 5.75, 1.0926
MDEA+PZ 1.75, 2.7057 4.75, 1.8805 = 5.75, 1.1562

Based on RDF results, in the presence of CO2, MDEA and PZ solution had strong
intermolecular interaction with water compared to MDEA and PZ solution alone (without
CO; molecules). For example, at same distance of 1.75 A, the tendency for the
intermolecular interaction to occur on binary and tertiary systems of HOmdea-Owater fOr
blended MDEA/PZ were 1.6574 and 2.7057 (63.24% increase), respectively. The
addition of small PZ was capable to increase the solubility of CO2 in amine solution
(Farmahini, 2010). The similar behaviour was observed for blended MDEA/AMP in

previous discussion.

For tertiary system, both hydroxyl and amino groups of blended MDEA/PZ
showed strong intermolecular interaction with water compared to single MDEA and PZ.
For example, at a distance of 5.75 A, the intermolecular interaction of amino group of PZ
for blended MDEA/PZ and single PZ were 1.1562 and 1.0926 (5.82% increase),
respectively. PZ was able to activate the reaction of MDEA with CO2 (Adeosun et al.,
2013). The presence of two nitrogen atoms in PZ increased the uptake of CO, to MDEA.

However, the strength of intermolecular interaction for Npz--Hwater Was weaker

than hydrogen bonding of HOmdea-Owater aNd Nmdea-Hwater Where the result RDF was
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1.0926 at a distance of 5.75 A. PZ as aromatic amine has lone pair electrons which
conjugated and shares an electron in the benzene rings. From this, the possibility to form

hydrogen bonding was reduced that led to low solubility in water.

Based on the explanation, there was a good significant effect on the diffusion of
amine in water with the addition of CO,. Based on (Lu et al., 2005), blended MDEA/PZ
shows good performance for CO> absorption compared to single MDEA solution up to
99%. This study also shows that the small quantity of PZ was capable to improve the

mass transfer in membrane for CO- gas absorption process.

45.2.2 Comparison of Single and Blended MDEA/PZ for Intermolecular

Interaction with COz in Tertiary System

This sub-chapter explains how PZ molecule in MDEA solution influences the
strength of MDEA-CO; bonding compared to single MDEA solution. Table 4.12 shows
the graphical results for intermolecular interaction between amine and CO> for MDEA,
PZ, and MDEA/PZ system.

Omdea: Oxygen atom in MDEA
Ceco2: Carbon atom in CO>
Nmdea: Nitrogen atom in MDEA
Opz: Oxygen atom in PZ

Npz: Nitrogen atom in PZ

Table 4.12  Summary data of RDF result for reaction between amine with CO2 on
MDEA and PZ, and blended MDEA/PZ system

Tertiary
Omdea-Cco2 = Nmdea-Cco2 Opz-Cco2 Npz-Cco2
- MDEA  375,1.1488 525 15158 - -
- PZ - - - 4.25,1.0705
MDEA+PZ 3.75,1.1883 5.25, 1.8766 - 4.25,1.4911

The results for the study on tendency of CO, towards amine solution were
displayed in Table 4.12. From the RDF result, the values of r and g(r) for single MDEA
system were (3.75, 1.1488) and (5.25, 1.5158) for Omdea-Cco2 and Nmdea-Cco2, respectively.
The results show an increment after a small quantity of PZ was added into MDEA, which
were (3.75, 1.1883) and (5.25, 1.8766) for Omdea-Cco2 and Nmgea-ccoz, respectively. Again,

95



the addition of PZ in MDEA solution could increase the strength of intermolecular
interaction between MDEA and CO.. The absorption of CO, by MDEA solution was
more efficient by the additional chemical reaction of PZ (Lu et al., 2005). PZ as an
activator was added to MDEA solution in order to accelerate the intermolecular
interaction of MDEA with CO..

Based on Table 4.12, the distance for intermolecular interaction of Npz-Cco2 (4.25,
1.4911) was shorter than Nimdea-Cco2 (5.25, 1.8766) because PZ was reacted first with CO..
MDEA cannot react directly with CO> due to the lack of hydrogen atom at amino group.
PZ was attracted and combined with CO; then transferred to MDEA rapidly (Lu et al.,
2005). The reaction of PZ with CO> produced carbamate that subsequently reacted with
MDEA to form bicarbonate. PZ was acted as a promoter to activate the MDEA to absorb
COa. The reaction of CO2 and PZ was in parallel with the reaction of CO> with MDEA
in the condition of rapid pseudo-first-order reaction (Zhang et al., 2001). The properties
of activator caused PZ to coalesce with CO; and rapidly transferred to MDEA. Due to
rapid transfer of CO, to MDEA, the concentration of PZ did not depleted. Equation (4.5)
to (4.7) describe the reaction mechanism involved in blended MDEA/PZ system (Lu et

al., 2005). The reaction is also known as instantaneous zwitterion mechanism.

PZ + CO, & PZ — CO, (4.5)
PZ — CO, + H,0 & PZCOO~ + H* (4.6)
PZCOO~ + MDEA + H,0 & MDEAH* + HCO3 + PZ (4.7)

Previous studies were carried out to find the CO> absorption capacity (Adeosun
et al., 2013). The findings show that 30 wt.% of PZ was the highest capacity up to 1.06
mole CO2/mole amine compared to other amines such as MDEA. The molecular structure
of PZ with two nitrogen atoms was expectedly doubled the CO- absorption capacity.
Another study about membrane gas absorption (MGA) process using hollow fibre
contactor, the average overall mass-transfer coefficient of blended MDEA/PZ was 2.25
times higher than single MDEA (Lu et al., 2005). PZ plays an important role for
accelerating the absorption process of CO2 in MDEA solution. Because PZ is a cyclic
secondary diamine, its efficiency is attributed to its cyclic diamine structure that may
favour rapid formation of carbamate with CO. As a mild base, it may serve to catalyse
proton extractions in the reaction mechanism. Also, the molecule can theoretically absorb
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2 moles of CO» for every 1 mole of amine (Cullinane & Rochelle, 2004). Moreover,
Svensson et al. (2013) also stated that blended MDE/PZ required low the heat of
absorption at regeneration phase. Due to this, interest in using hybrid solvents has

increased to date.

4.6  Simulation Parameter 5: Comparison of Different Types of Carbamate

Amine (Stripping Process)

The stripping process is the most costly section in the absorption process due to
high temperature required to break a bond between amine-CO». The stripping process is
also known as regeneration process. Regeneration is a process of removal of acid gases
from the rich solvent phase after absorption process. The simulation was run based on
intermolecular interactions between MEACOO", AMPCOO", and PZCOO" with water to
observe the tendency of CO; to react with water to form bicarbonate ions which represent
the attraction force. Intramolecular interactions between Ncarbamate @d Ccarbamate in MEA,
AMP, and PZ which represent repulsion force was also studied. RDF analysis shows how

inter/intramolecular interaction happen between atoms or molecules.
4.6.1 Intermolecular Interaction between Carbamate lon with Water

In this part, the comparison between carbamate ion of conventional amine, MEA
and activator amine, AMP and PZ was simulated to identify which amine solvent has
strong intermolecular interaction with water where at this interaction bicarbonate ion

form. The simulation results are presented in Table 4.13.

Cecarbamate: Carbon atom in carbamate molecule
Necarbamate: Nitrogen atom in carbamate molecule
Owater: OXxygen atom in water

Hwater: Hydrogen atom in water

Table 4.13 Intermolecular interaction between carbamate ion and water

MEACOO AMPCOO PzCOO
Ccarbamate-Owater 3.75,1.1398 3.75, 1.3833 3.75,1.1309
Ncarbamate-Hwater 3.75, 1.0068 5.75, 1.1036 5.25, 1.0593
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Table 4.13 shows the RDF results for the intermolecular interaction between
MEA, AMP, and PZ carbamate ions with water. As shown in Table 4.13, Ccarbamate-Owater
has high peak attractive interaction compared to Ncarbamate-Hwater. FOr example, MEACOO
has the first peak at 3.75 A with a value of 1.1398 implying that it was almost 13.21%
tendency to find pair of atoms to make interaction for Ccarbamate-Owater COMpared to 1.0068
for Ncarbamate-Hwater. AN AMP molecule, Ccarbamate-Owater has short distance to make first
peak interaction within 3.75 A, while Ncaramate-Hwater has interaction at a distance of 5.75
A. The intermolecular interaction between Cearbamate-Owater Was also higher because ionic
carbamate tended to react with water to form bicarbonate and recycled amine. This
interaction is also knows as ion dipole bonding. Besides that, the interaction between
Ncarbamate-Hwater Was lower because it only formed hydrogen bonding. It is in agreement
with the fact that the ion dipole bonding is stronger than hydrogen bonding. According
to Hunt et al. (2015), the hydrogen bonding only involve the partial charges of the
molecules while the ion dipole bonding involves a full charged ion and partial charge of
the dipole molecule. In the hydrogen bond have ionic and covalent bond. The movement
of charge from ion dipole bonding will forming a hydrogen bond. On the other hand, the
water molecule is not linear and the centre of the positive charges does not coincide with
the centre of the negative charges. Hence, it is a polar molecule (a dipole) that makes the

carbamate ion tends to form ion dipole bonding with water.

Figure 4.6 illustrates the mechanism for intermolecular interaction between

carbamate ions and water in MEA solvent to separate the CO> molecules from amine

compound.
Attractive
HO—CH, Interaction
L S — i HO, .
CHE{N!:. —  + 4% ‘ .+ c—0
-[‘;:f—l—o' /CH%‘ /NH\_ o’
- HO CH, H

o]

Figure 4.6 Example mechanism for interaction between carbamate ions with water
in MEA solvent. Ncarbamate @nd Cecarbamate are red circle and blue circle, respectively.

Comparison between MEA, AMP, and PZ for Ccarbamate-Owater Shows that AMP

has the highest intermolecular interaction with water. At a distance of 3.75 A, the chances
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of finding pair of atoms were 1.3833, 1.1398, and 1.1309 for AMP, MEA, and PZ,
respectively. It is shows that about 22.32% chances to interaction happen on AMP
compared PZ. It is expected due to the steric hindrance properties of AMP that affect the
carbamate stability of AMP.

On the contrary, comparison between MEA, AMP, and PZ for Ncarbamate-Owater
shows that MEA has the highest intermolecular interaction with water. Within short
distance (r = 3.75 A), there is a peak of interaction compared to others at 5 A and above.
The values of r and g(r) for MEACOO, AMPCOO, and PZCOO were (3.75, 1.0068),
(5.75, 1.1036), and (5.25, 1.0593), respectively. Based on RDF results, water had more
tendency to interact intermolecular with MEA. But the main interaction to focus is the
intramolecular interaction of Ncarbamate-Ccarbamate dU€ t0 the high energy requirement to

break bond at carbamate ions during the stripping process.
4.6.2 Intramolecular Interaction between C-Carbamate and N-Carbamate

The strength of the intramolecular interaction between Ccarbamate aNd Ncarbamate 1S
discussed in this subsection. Table 4.14 shows graphical for intramolecular interaction

between carbamate ions and CO..

Ncarbamate: Nitrogen atom in carbamate molecule
Ccarbamate: Carbon atom in carbamate molecule

Table 4.14 Intramolecular interaction between carbamate ions and COO

Ncarbamate-Ccarbamate

MEA 1.25, 20.0273
N AMP 1.25, 36.5978
- PZ 1.25, 42.6252

Table 4.14 shows the intramolecular interaction between three amines and COO.
PZ has the strongest repulsive interaction compared to MEA and AMP. It shows that
212.84% strength of repulsive interaction from PZ compared to MEA. This is because
PZ forms bicarbonate ions. Thus breaking C—O bonds requires less energy in bicarbonate
and carbonate breakdown than that required for breaking C—N bonds in carbamate

breakdown (Kim et al., 2011). The application of PZ and AMP in amine-based absorption
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process is a good choice because the tendency to interact with water to form protonated
amine and breaking bond within covalent bond of N-C were higher compared to primary
amine, MEA. When there was high tendency for intramolecular interaction, it required a
minimum heat to break the bond. It is in agreement with the fact that the application of
AMP and PZ can lower down the heat duty for amine solvent regeneration in CO capture

process (Zhang et al., 2016).

With reference to the repulsive interaction in MEA, carbamate ions of high
stability were produced that caused difficulty in breaking the bond. It is was reported that
MEA was good in absorption but showed limitation in the stripping process (Damartzis
et al., 2015). According to Damartzis et al. (2015), MEA have advantage with high
reactivity with CO2 while the disadvantage is required high heat demand for regeneration
process. The heat duty of solvent regeneration is controlled mainly from the reactions as
described in Egs. (2), (3), and (4) because these reactions are highly endothermic, which
according to (Caplow, 1968). Hydrogen ion was used to catalyze the decarboxylation of
carbamate. In a rapid equilibrium, proton transfer happen from water. The extend study
has been studied by (Shi et al., 2014), where there are an endothermic proton transfer to
proton accepter (HCOsz", H20) from a proton donor (MEAH). The reactions mechanism

proposed for the primary amine can be explained as follows:

Zwitterion formation for MEA:
MEA + CO, + H,0 & MEAH*COO~ (zwitterion) + H,0 (4.8)

Carbamate formation from MEA zwitterion:
MEAH*COO~ (zwitterion) + H,0 «& MEACOO~ (carbamate) + H;0T  (4.9)

Dissociation of protonated amine:
MEAH* + H,0 & MEA + H;0* (4.10)

Based on Table 4.14, less efficiency of MEA in stripping process shows that it
has to be blended with activator amine in order to reduce the stability of carbamate bond
and minimise the energy consumption. AMP and PZ produce bicarbonate ions in an
amine solution during CO; absorption, resulting in an easy bicarbonate breakdown and
low energy requirement to release CO, compared to MEA.
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The peak shown by the repulsive interaction was different from the attractive
interaction. Repulsive interaction has only one peak and no peak is observed in the rest
of the process. This is because the repulsive interaction occurs in a short time. The factor
influences the repulsive interaction is the strength of N-C bond. If the stability of N-C
bond is as high as carbamate ion, it requires high heat to force the repulsive interaction
to happen. The intramolecular interaction (strong bonding) involves the covalent bond,
metallic bond, and ionic bond. The intermolecular interaction (weak bonding) involves
the van der Waals’ forces, hydrogen bond, and non-covalent bond. Intramolecular
interaction requires more energy for the repulsion force to happen compared to the

intermolecular interaction (Kirchner et. al., 2012).

Figure 4.7 shows the repulsive interaction between carbamate ions in MEA
solvent. Bond between —NH and C needs to be broken to allow CO> to react with water

to form bicarbonate ion.

Repulsive
interaction

Figure 4.7 Mechanism for intramolecular interaction between carbamate ions in
MEA solvent
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

51 Conclusions

The study on molecular interaction establishment of CO2 capture by amine-based

absorption using molecular dynamic simulation can be concluded as:

(a) RDF analysis was done to analyse the effect of temperature on intermolecular
interaction of monoethanolamine absorption process for CO, removal using
molecular dynamic simulation. Strong intermolecular interaction of MEA-
H>O and MEA-CO; were observed as the temperature of the system was
increased. A temperature of 313 K was used in the simulation case studies
because because it is reported that a zwitterion mechanism for reaction of CO-
with the amine to form carbamate occurs at this temperature (D’ Alessandro et
al., 2010). Nmea-Cco. bond showed higher tendency to make intermolecular
interaction compared to Omea-Cco> for tertiary system. This results support
the reaction mechanism proposed by Hwang (2014). CO2 was directly bound
with N atom of MEA via zwitterion pathway to absorb CO. and formed

carbamate ions (Hwang et al., 2015).

(b) Intermolecular interaction of MEA-H20 and MEA-CO; was increased with
the increased of amine concentration. Higher amine concentration caused a
strong base to react with CO> to generate carbamate amine ([BH]" [R2NCOO]
). Amine concentration of 30 wt.% was selected for the simulation work due
to the possibility of corrosion problem at higher amine concentration
(Lunsford & Bullin, 2006).
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(©)

Five amines were compared, i.e., MEA, DEA, MDEA, AMP, and PZ. MEA
showed the strongest intermolecular interaction with CO». Due to this, MEA
easily absorb CO> compared to secondary and tertiary amines. It was also
observed that MDEA had low tendency to create the intermolecular
interaction with CO,. Moreover, the good interaction of steric hinder amine,
AMP, and cyclic amine, PZ, with CO., was expected to activate the reactivity

of MDEA absorption process.

(d) Blended MDEA/AMP and MDEA/PZ showed strong intermolecular

(€)

interactions with CO> compared to pure MDEA system. The presence of
activator amine, AMP and PZ, improved the intermolecular interaction of
MDEA with CO..

For stripping process, AMP and PZ carbamate amines showed strong inter
and intramolecular interaction compared to MEA carbamate. AMP and PZ
were capable to break a bond in carbamate molecule and easily removed CO-
compared to MEA carbamate. It was also proven that MEA was good in
absorption but has limitation in stripping process because the repulsive

interaction in MEA carbamate was low.

Recommendations

It is clear that molecular dynamic simulation was useful to identify the process

(a)

operating conditions such as temperature, concentration, and types of amine molecular
that affected the intermolecular interaction and hence influence the CO2 absorption

process. Based on the study conducted, some recommendations are given for future work:

Study must be conducted in a longer time to get better results (above 1 ns).
The simulation can calculate the intermolecular interaction between
molecules and behaviour of molecules with more accurate, efficient and
comprehensive with in the longer time. This work used Material Studio
version of 7.0. Due to the limited time and computer resources, there were
limitation to simulate in longer time. The used of latest version Material

Studio software is recommended for future work.
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(b) Itis also recommend to study the chemistry of the desorption process, i.e., the
breaking bond between carbamate amine formed to remove CO.. It helps to
improve the efficiency of desorption process and hence to reduce cost of

energy in the industries.

(c) Other types of analysis also can be run to valid the computational work with
experimental work in literature such as mean square displacement (MSD)
function and velocity autocorrelation (VAC) function that calculate the

diffusivity of the molecules in the system.
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APPENDIX A
RADIAL DISTRIBUTION FUNCTION (RDF) GRAPH

4.2 Simulation Parameter 1: Effect of Temperature on MEA/H20O/CO, System
4.2.1 Intermolecular Interaction between MEA and Water for Binary (MEA+H:0) and
Tertiary (MEA+H20+CO2) Systems
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Figure 1: RDF molecular attractive interaction of (a) binary and (b) tertiary MEA+H,0
at 298 K
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Figure 2: RDF molecular attractive interaction of (a) binary and (b) tertiary MEA+H,0
at 308 K

1.6 1.8
<
14 ~ 1.75, 1.4989 16 — 1.75, 1.5970
1.2 3.25, 1.0368 & 325 10160
,/ 1.2 22 L
1 A
— i
%-5 08 ' 0.8
0.6 0.6
0.4 0.4
,' Homea-Owater Homea-Owater
0.2 f 0.2
,’ ----- Hnmea-Owater Hnmea-Owater
0 0
0123456 7 8 910111213 0123456 78 910111213
r(A) r(A)
(@) (b)

Figure 3: RDF molecular attractive interaction of (a) binary and (b) tertiary MEA+H>0
at 313 K
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Figure 4. RDF molecular attractive interaction of (a) binary and (b) tertiary MEA+H,0
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4.2.2 Intermolecular Interaction between MEA Solution and CO3 in Tertiary System
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4.3 Simulation Parameter 2: Effect of Amine Concentration on MEA/H>O/CO

System
4.3.1 Intermolecular Interaction between MEA and Water for Binary (MEA+H:0) and
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Intermolecular Interaction between MEA Solution and CO> in Tertiary System
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Simulation Parameter 3: Effect of Different Types Alkanolamines

Intermolecular Interaction between Amine and Water for Binary (Amine+H.0)

and Tertiary (Amine+H.O+CO) Systems
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Figure 16: Tertiary system (a) MEA (b) DEA solution
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Intermolecular Interaction between Amine Solution and CO; in Tertiary System
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Figure 19: Intermolecular interaction of (a) MEA and (b) DEA solutions with CO-
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Figure 20: Intermolecular interaction of (a) MDEA (b) AMP solutions with CO>
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Simulation Parameter 4. Comparison of Single and Blended Amines System
Intermolecular Interaction for Blended MDEA/AMP

4.5.1.1 Comparison Single and Blended MDEA/AMP for Binary and Tertiary System
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Figure 22: Intermolecular interaction of amine and water in binary system using (a)
MDEA and (b) AMP solution
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Figure 25: Intermolecular interaction of (a) MDEA and water and (b) AMP and water for
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4.5.1.2 Comparison Single and Blended MDEA/AMP for Intermolecular Interaction with
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Figure 26: Intermolecular interaction of amine and CO: in tertiary system using (a)
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4.5.2 Intermolecular Interaction for Blended MDEA/PZ
4.5.2.1 Comparison of Single and Blended MDEA/PZ for Binary and Tertiary System
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