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# # 5472887023 : MAJOR PETROCHEMISTRY

KEYWORDS: CARBON DIOXIDE ABSORPTION, TERTIARY AMINES, EQUILIBRIUM SOLUBILITY,

CARBON DIOXIDE KINETICS, STOPPED-FLOW APPARATUS
SUDKANUENG SINGTO: DEVELOPMENT OF SOLVENT SYSTEMS CONTAINING
TERTIARYAMINES FOR CO, ABSORPTION. ADVISOR: PROF. SUPAWAN TANTAYANON,
Ph.D., CO-ADVISOR: PROF. PAITOON TONTIWACHWUTHIKUL, Ph.D., TEERADET SUPAP,
Ph.D., 190 pp.

The new tertiary amines were synthesized by varying the alkyl chain length with and without (-OH)
hydroxyl groups in the structure. The effect of chemical structure of newly synthesized tertiary amines; 4-
(dimethylamino)-2-butanol (DMAB), 4-(dipropylamino)-2-butanol (DPAB), 4-(dibutylamino)-2-butanol (DBAB),
4-((2-hydroxyethyl)(methyl)amino)-2-butanol ~ (HEMAB) and  4-((2-hydroxyethyl)(ethyl)amino)-2-butanol
(HEEAB) were evaluated based on CO, equilibrium solubility and cyclic capacity, rates and heats of CO,
absorption and regeneration, the kinetics of CO, absorption, as well as physical properties such as density,
viscosity and refractive indices. The results showed that three amines (i.e. DMAB, HEMAB and HEEAB) had
substantially high CO, absorption capacity (0.88, 0.44 and 0.68 mol CO,/mol amine at 313 K temperature and 15
kPa CO, partial pressure, respectively), and cyclic capacity (0.52, 0.26 and 0.40, respectively, at 313-353 K
temperature range, 15 kPa CO, partial pressure). These amines also had fast CO, absorption rates (0.082, 0.111
and 0.142 mol CO,/min, respectively) and CO, regeneration rates (0.512, 0.452 and 0.295 mol CO,/min,
respectively) while maintaining a low heat of CO, absorption (-34.17, -56.21 and -69.79 kJ/mol CO,, respectively)
and heat input of CO, regeneration (39.73, 60.48 and 72.44 kJ/mol CO,, respectively).

The three blended amine solutions (MEA-DMAB, MEA-HEMAB and MEA-HEEAB) at the ratio
5:1.25 M all had high CO, absorption capacity (0.50 and 0.48 and 0.50 mol CO,/mol amine, respectively, at 313 K
temperature and 15 kPa CO, partial pressure), and cyclic capacity (0.12, 0.13 and 0.13, respectively, at 313-353 K
temperature range, 15 kPa CO, partial pressure). These blended amines also had fast CO, absorption rates (0.094,
0.108 and 0.129 mol CO,/min, respectively) and CO, regeneration rates (0.070, 0.072 and 0.064 mol CO,/min,
respectively) and low heat input of CO, regeneration (130.27, 171.85 and 188.78 kJ/mol CO,, respectively).

The kinetics of the reactions of CO, absorption of DMAB, HEMAB and HEEAB in terms of the
second-order reaction rate constant (k) using the stopped-flow technique at the temperature range of 298-313 K
and amine concentration range of 0.1-1.0 mol/L. The second-order reaction rate constant (k,) of CO, in amine
solutions (HEEAB and HEMABY) were the first and second highest (1096.9 and 1043.6 m®/kmol.s) comparing to
DEAB, DMAB and MDEA (47.25, 19.94 and 11.15 m*kmol.s), respectively. The Arrhenius relationship of the
second-order reaction rate constant (k) at different temperatures of all amines related to their respective activation
energy (E,) and frequency factor (A) were then evaluated. HEMAB and HEEAB showed lower E, values (26.78
and 24.45 kJ/mol) than those of DMAB and DEAB (54.34, 52.65 kJ/mol). Physical properties such as density,
viscosity and refractive indices of these newly synthesized amines were lower than that of MDEA. Based on these
results, HEMAB, HEEAB and DMAB, can be considered to be promising amine components for a post-

combustion CO, capture process.
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CHAPTER |

INTRODUCTION

1.1 Introduction

Carbon dioxide (CO,) is one of the major greenhouse gases known to
contribute to climate change and give rise to environmental problems. There are
several technologies currently employed for the separation and capture of CO, from
flue gases such as absorption, adsorption, cryogenics distillation, and membrane
separation [1-6]. Based on the literature [1, 7-11] one of the most mature technologies
for reducing CO; emissions, especially from large point sources including fossil fuel
based power stations is the post-combustion capture process using amine reactive
solvents. However, the use of a highly reactive amine is one of the key factors to the
success of the capture technology in industrial process, which can satisfy several
essential requirements, such as, high absorption capacity, cyclic capacity, solvent
stability and mass transfer coefficient, fast reaction Kkinetics, low corrosion,

degradation and heat duty requirement for the solvent regeneration [12-15].

Although extensively used conventional amines such as primary amines (such
as monoethanolamine (MEA), 2-amino-2-methyl-1-propanol (AMP)), secondary
amine (such as diethanolamine (DEA)), tertiary amine (such as methyldiethanolamine
(MDEA)), and polyamines (such as piperazine (PZ), 2-(2-aminoethylamino)ethanol
(AEEA), diethylenetriamine (DETA)) are effective for capturing CO, from various
industrial processes (e.g. natural gas sweetening, petroleum refining, reformate gas
stream and carbon dioxide capture from fossil fuel-fired power plant flue gas), there
are still some drawbacks in their use such as low absorption rate, amine loss by
degradation and volatilization, high energy consumption for CO, regeneration and
severe corrosion of equipments. For example, primary amines form a very stable
carbamate with CO, which requires a high regeneration energy in its break-down
process. Secondary amines such as DEA can directly react with NO,, a common
impurity in fossil fuel fired flue gas, emitting potentially hazardous nitrosamines with

the off-gas. Also, although tertiary amines need less heat of regeneration compared to



the other amines, they suffer from having a slow rate of reaction with CO,, thus

affecting the kinetics of capture process.

The kinetics of the reaction of CO, with many amine systems, including
primary amines (such as MEA, AMP), secondary amines (such as DEA), tertiary
amines (such as MDEA), also, mixed-amines (such as AMP mixed with MEA or
DEA) have been successfully studied for many years [16-21]. Currently, tertiary
amines, which are considered to be reasonable solvents because they need less heat of
regeneration compared to other amines, although its disadvantage is that it has a slow
reaction rate with CO, [22-25]. The technique for evaluating the potential of the new
amine solvent that can be used for removing CO, from flue gas in terms of the
kinetics of CO, absorption into aqueous amine solution is the stopped-flow technique,
which is considered to be a direct method because CO, is saturated in the liquid
phase, directly reacting with the amine solvent. This frequently used technique offers
several intrinsic advantages, such as no limitation of a gas-liquid mass transfer, no
effect on reversibility of the reaction, small amount of solvent is consumed (~ 0.1 mL

for every experiment), easy operation, and short experiment runtime [18, 19].

To cope with such inefficiency of these amines, efforts are constantly being
made in developing new amines that can have better CO, capture properties of high
absorption and cyclic capacity, fast reaction kinetics, low corrosion, degradation, and
heat duty requirement for solvent regeneration [14, 15]. Recently, new amino alcohols
have been developed based on an approach of rational molecular design and
synthesis. The synthesis approach involved a systematic modification of the amino
alcohol structure by appropriately placing, specifically hydroxyl (-OH) or alkyl (-R)
groups, relative to the position of the amino group (-NHy) [9-12].

The previously developed tertiary amines, specifically, 4-(diethylamino)-2-
butanol (DEAB) and 4-(ethyl-methylamino)-2-butanol (EMAB) have shown quite an
improvement from the conventional MDEA solvent. Compared to MDEA, DEAB and
EMAB have a higher absorption and cyclic capacity for CO, removal and lower
energy consumption [26-28]. To improve the properties of these amines even further,
a proper molecular structure modification can be done as to help the amines to better

absorb and desorb CO, during the regeneration process while maintaining a low heat



of reaction and heat duty requirement and high CO, absorption rate, and cyclic

capacity.

In this work, new tertiary amines (i.e. DMAB, DPAB, DBAB, HEMAB and
HEEAB) were synthesized by varying the alkyl chain length with and without a
hydroxyl (-OH) group, attached to the amino nitrogen atom based on our DEAB
structure. The development was based on the concept of increasing amine reactivity
of the amines via the use of an effective electron donating alkyl group and proper
placement of hydroxyl (-OH) group within the amine structure [29]. The newly
synthesized amines using 2 M concentration and blended new amines with MEA at
ratio 5:1.25 M were evaluated based on their equilibrium CO, absorption capacity and
cyclic capacity measured in the temperature range of 298-353 K and partial CO,
pressure range of 3-100 kPa. The kinetic absorption and regeneration rates at actual
concentrations were also measured respectively at 313 K and 363 K. The amines were

also measured for heats of absorption and regeneration.

This work also investigated the kinetics of the reaction of CO, absorption of
the newly synthesized tertiary amines (i.e. HEMAB, HEEAB and DMAB) as
compared with DEAB and MDEA using the stopped-flow apparatus in temperature
range of 298-313 K and amine concentration range of 0.1-1.0 mol/L. Furthermore, the
physical properties of these new amine solvents in terms of density, viscosity and

refractive index are also considered in this research.



1.2 Objective of this research

1.

To synthesize novel new tertiary amine solvents (i.e. DMAB, DPAB, DBAB,
HEMAB and HEEAB) that can be used for the capture of CO, from industrial
flue gas.

To obtain the CO, solubility data into aqueous solutions of the single newly
synthesized tertiary amines and blended newly synthesized tertiary amines
with MEA.

To obtain the kinetic reaction rates of absorption and regeneration at actual
concentrations, and heats of absorption and regeneration into the single newly
synthesized tertiary amines and heat input of CO, regeneration of blended
amines.

To obtain the reaction kinetics of CO, absorption of the newly synthesized
tertiary amines (i.e. HEMAB, HEEAB and DMAB) compared with DEAB
and MDEA using the stopped-flow apparatus.

To obtain the physical properties of the single newly synthesized tertiary

amines such as density, viscosity and refractive index.

1.3 Scope of investigation

The stepwise investigation was carried out as follows:

Literature survey of related research work

Part I: Synthesis and characterization of the newly synthesized tertiary amines

2.1 Synthesize tertiary amines; 4-(dimethylamino)-2-butanol (DMAB) and 4-
(diethylamino)-2-butanol (DEAB) via Mannish reaction

2.2 Synthesize tertiary amines; (4-(dipropylamino)-2-butanol (DPAB), 4-
(dibutylamino)-2-butanol (DBAB), (4-((2-hydroxyethyl)(methyl)amino)-
2-butanol (HEMAB) and 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol
(HEEAB) via Michael addition reaction

2.3 Characterization of the newly synthesized tertiary amines by
spectroscopic  techniques, namely Fourier Transform infrared
spectroscopy (FT-IR), *H and *C-NMR and Gas Chromatography-Mass
Spectroscopy (GC-MS)



2.4 Investigate the solubility properties of amines in H,O and blended
solvents (H2O : MeOH at ratio 2:1) at room temperature
. Part II: Investigation of CO, absorption performance of the newly synthesized
tertiary amines in terms of absorption capacity, cyclic capacity, and heat of
CO; absorption at various conditions
3.1 The types and amounts of amines
- Single newly synthesized tertiary amines at 2 M concentration in water
- Blended newly synthesized tertiary amines with MEA at ratio 5:1.25 M
in water
3.2 Partial pressure for CO; at 3, 8, 15, 30 and 100 kPa
3.3 Temperature at 298, 313, 333 and 353 K
3.4 Total gas flow rate of 200-250 mL/min
3.5 Duration of experiment 20-22 hours
. Part 1ll: To study the CO, absorption and regeneration rates at actual
concentration, and heat input of CO, regeneration
4.1 The type and amount of amines
- Single newly synthesized tertiary amines at 2 M concentration in water
- Blended newly synthesized tertiary amines with MEA at ratio 5:1.25 M
in water
4.2 Partial pressure for CO; at 3, 8, 15, 30 and 100 kPa
4.3 Temperature at 313 and 363 K
4.4 Total gas flow rate of 200 mL/min (+ 2 mL/min accuracy)
. Part IV: To study the amine dissociation constant analysis using a pH meter at
various temperatures
5.1 Temperature at 296.5, 298, 303, 308, 313, 318, 323, 328 and 333 K
. Part V: To study the kinetics of the reaction of CO, absorption using the
stopped-flow apparatus
6.1 The type and amount of amines
- Single newly synthesized tertiary amines at 2 M concentration in water
6.2 Amine concentrations
- High amine concentration range of 0.1-1 M of DMAB, DEAB and
MDEA



- Low amine concentration range of 0.1-0.5 M of HEMAB and HEEAB
6.3 Temperature at 298, 303, 308 and 313 K
7. Part VI: To study the physical properties of single newly synthesized tertiary
amines such as density, viscosity and refractive index in pure solvent
7.1 Temperature at 293, 298, 303, 308, 313, 318, 323, 328 and 333 K



CHAPTER Il

THEORETICAL STUDIES AND LITERATURE REVIEW

The global warming and climate change from increased levels of greenhouse
gases (GHGs) have become critical environmental issues. Among GHGs, carbon
dioxide (CO,) is considered to be the largest fraction of greenhouse gas emissions to
the atmosphere. According to the Emissions Database for Global Atmospheric
Research (EDGAR, 2015) based in the International Energy Agency (IEA), about 64
% of CO, emissions from fossil-fuel combustion and industrial processes represents
two-thirds of global total greenhouse gas emissions, with the other sources of
greenhouse gas emissions contributing to the remaining third as shown in Figure 2.1.
Thus, carbon capture and storage (CCS) from industrial flue gases has become an
essential in order to make any mitigation impact on critical CO, emission. The capture
CO; can then be used in many ways such as beverage grade CO, in carbonated drink
industry, catalytic converted to methanol or diethyl ether, used as a flooding medium

in the enhanced oil recovery process as widely known as CO,-EOR [30, 31].

B co. fossil fuel and [ co. forests (representing 'LULUCF')
industrial processes |:|
CH,
0 no
[] F-gases

Figure 2.1 Shares of greenhouse gas emission.



2.1 Technology for reducing CO, emissions

The technology for reducing CO, emissions into the atmosphere from
industrial gas streams from coal-fired power plants can generally be divided into three
major categories such as pre-combustion, oxy-combustion and post-combustion

processes.

2.1.1 Pre-combustion process

This process is accomplished by reacting coal with steam and oxygen (O,) at
high temperature and pressure, a process call partial oxidation or gasification. The
result is a gaseous fuel consisting mainly of carbon monoxide (CO) and hydrogen
(H2) (synthesis gas), which is then reacted with steam to form a mixture of H, and
CO,. The pre-combustion process as shown in Figure 2.2.

wl

ower

Gas —>
turbine s
Heat
Fuel | Partial oxidation H,, CO. H,, CO, H
or Co, | Water gas (40%) | CO, separation 2 || Use in fuel
Slenm’ Stream reforming “| shift reaction unit cell
T 02
. Steam Cco,
Air | Air separation | N, sequestration
e 4 unit >

Figure 2.2 Pre-combustion process.

2.1.2 Oxy-combustion process

This process burns fossil fuel in almost pure O, instead of air. The exhaust gas
is made up mostly of pure CO, and water, which is easily separated and it does not
require a CO, capture device. However, producing pure O, is an expensive and
energy-intensive process. This concept is still under development and is not yet
commercial in power plant operations. The oxy-combustion process as shown in

Figure 2.3.



Fuel Flue gas
_— Combustion 0,0 = 10%
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Air Air separation N,
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powerT T Heat

Figure 2.3 Oxy-combustion process.

CO, separation
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v

CO,
sequestration

2.1.3 Post-combustion process

Post-combustion process for capture of CO, from the exhaust gas, which are
amines solvent that selectively react with CO,. Heating this solvent releases
concentrated CO,, allowing the solvent to be recycled. This technology can be
properly retrofitted to existing power plants and widely used processes [7-9]. The

post-combustion process as shown in Figure 2.4.

power T THeat

Fuel
3 Combustion Flue gas CO, separation H,, O,
S ‘ N
v N, = 70% unit
Alr CO, = 4-14%
CcO,
A 4

Cco,

sequestration

Figure 2.4 Post-combustion process.



10

2.2 Technology for separation of CO, from post-combustion flue gas

Currently, there are several technologies for the capture and separation of CO,
from post-combustion flue gas streams including absorption, adsorption, membrane
and cryogenics. Choosing the suitable techniques are dependent on many factors, such
as the purity of the treated gases, partial pressure or CO; in gas steams, extent of CO,

recovery required, operating costs of the process, etc. [11, 26, 32-36].

2.2.1 Absorption technology

Absorption technology, which is at present the most viable technique for CO,
capture due to the CO; can be absorbed chemically, physically, or both chemically
and physically by the solvent at low temperatures (25-40 °C) and desorbed from the
amine solvent by applying heat or reducing the pressure. Hence, the use of a highly
reactive amine solvent is one of the key importance to the success of the capture
technology in industrial processes. The absorption of CO; is normally carried out in a
counter current flow process using a contact tower. The gas is introduced near the
bottom of the absorber and the amine solvent is introduced at the top of the absorber
as shown in Figure 2.5. Absorption can be divided into chemical absorption and

physical absorption.

2.2.1.1 Physical absorption

The physical process is based on dissolving CO, molecules into a solvent in
the absence of a chemical reaction. This process is generally suitable for natural gas

processing plants that have a high partial pressure of CO..

2.2.1.2 Chemical absorption

Chemical absorption involves a chemical reaction between the gaseous
component being absorbed and a component of the liquid phase to form reaction
products. This process is suitable for coal fire power generation plants that have low

partial pressure of CO, and low temperature.
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2.2.2 Adsorption technology

The adsorption process relies on the attraction between CO, and the solid
absorbent. In this process, the fluid is passed through the bed (solid absorbent) and the
bed is regenerated from the amine solvent by applying heat or other methods. This
technology is simple and easy to operate but it has a high operation cost and low
efficiency.

2.2.3 Membrane

Membrane technology is a semi-permeable barrier that allows the passage of
selected components. There are two approaches applied in the literature for this
technology, and those are a membrane that can be used for the separation of CO, from

the stream and a membrane that is used to increase the CO, amine interface.

2.2.4 Cryogenics

Cryogenic separation has been used commercially for the purification of CO,
from streams that already have high CO, concentrations of least 70 %. In this process,
CO; from combustion gas streams can be liquefied by compression and cooling, and
the liquefied CO; is separated directly from the process. However, cryogenic methods

are expensive and require high energy refrigeration consumption.
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2.3 General description of CO, absorption using aqueous amines

The process flow diagram for an acid-gas absorption process system is shown
in Figure 2.5 [37]. It consists of the absorber and regenerator (desorber) columns,
lean-rich heat exchanger, and reboiler. The absorber and desorber columns contain the
materials packing. The CO; in the gas stream enters from the bottom of the absorber,
passing upwards through the absorber, countercurrent to a stream of amine entering at
the top of the absorber. The CO, in the gas stream reacts reversibly with the amine
(referred to as the rich amine solution) flowing to the bottom of the absorber. The
treated CO; lean gas exits at the top of the absorber. The rich amine from the bottom
of the absorber is pumped to the lean-rich heat exchanger before it is introduced to the
top of the regenerator. In the regenerator column, the rich amine reacts reversibly with
a stream of water, resulting in CO, desorption from the solution and amine
evaporation. The top of the regenerator is also connected to a condenser to help
recover water and amine carry over back into the system. The amine solution
containing a low concentration of CO, referred to as the lean amine solution. The lean
amine solution coming out from the bottom of the regenerator after CO, stripping was
cooled down by a water cooling system and directly flowed back to the top of the

absorber to complete the cycle.
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Figure 2.5 Schematic flow diagram of the amine absorption unit for CO, recovery
from flue gas stream.
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2.4 Chemical solvents for CO, absorption

Currently, amines are particularly important for CO, capture because of their
wide used in various industrial processes (e.g. natural gas sweetening, petroleum
refining, reformate gas stream and carbon dioxide capture from fossil fuel-fired power
plant flue gas). Amines for CO, capture can be classified into different groups
depending on the number of carbon atoms directly bonded to the nitrogen atom. There

are primary, secondary, and tertiary amines as shown in Figure 2.6.

H R3
_ N. N
R1 NH2 R1 R2 R1/ \RZ
Primary amine Secondary amine Tertiary amine

Where, Ry, Rz and R3 are alkyl chain with/without hydroxyl (OH)

Figure 2.6 Chemical structures of primary, secondary and tertiary amine.

Conventional amines that have been extensively used for the capture of CO,
from various industrial processes include primary amines (such as monoethanolamine
(MEA), 2-amino-2-methyl-1-propanol (AMP), and diglycolamine (DGA)), secondary
amines (such as diethanolamine (DEA) and diisopropanolamine (DIPA)), tertiary
amines (such as Triethanolamine (TEA) and methyldiethanolamine (MDEA)), and
polyamines (such as piperazine (PZ), 2-(2-aminoethylamino)ethanol (AEEA) and
diethylenetriamine (DETA)). Table 2.1 shows the chemical structures of different

amines that have been used for the capture of CO,.



Table 2.1 Chemical structures of amines used for CO, capture.
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(DEAB)

Group Name Structure formula
Monoethanolamine (MEA) Ho > NH2
Primary amine - -
Y Diglycolamine (DGA) HO_~ g~ NH2
Diethanolamine (DEA) HO_~~OH
Secondary amines H
Diisopropanolamine (DIPA) OH
/I\/NHZ
Triethanolamine (TEA) HO_~~OH
OH
Methyldiethanolamine |
Tertiary amines (MDEA) HO >N~on
4-(Diethylamino)-2-butanol OH

4-(Dimethylamino)-2-butanol
(DMAB)

N
|
1-Diethylamino-2-propanol N
(LDEAZ2P) P ﬁ(;
2-Amino-2-methyl-propanol H3C
_ _ OH
Sterically hindered (AMP) H2N>g_|\3
amines 2-Piperidine ethanol (PE) O\/\
N OH
H
Piperazine (PZ) |_IN/ \NH
_ __/
Polyamines 2-((2-Aminoethyl)amino) H
ethanol (AEEA) HO™ >"~""NH,

Diethylenetriamine (EDTA)
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Primary and secondary amine such as MEA and DEA, respectively were used
almost exclusively for many years for the removal of CO, from natural and certain
synthesis gases. The low molecular weights of MEA and DEA results in high
reactivity with CO, at moderate concentrations and its high alkalinity [38, 39].
However, several disadvantages of these amines are highly corrosive, have low CO,
absorption capacity, high solvent degradation rates and high heats of regeneration.
Especially, MEA constituted 80 % of the total energy consumption for absorption
processes during solvent regeneration [33, 40].

Tertiary amines such as MDEA are also rapidly increasing in importance as a
solvent for the removal of high concentrations of CO,, because of their low energy
requirements, high absorption capacity, excellent stability, high resistance to thermal,
chemical degradation, and low heats of regeneration but are substantially limited by
their slow kinetics [22-25].

Sterically hindered amines such as AMP and PE contain a bulky alkyl group
attached to the amino group and have been introduced as commercially attractive
amines for the capture of CO,. AMP and PE each have an excellent absorption
capacity and require less energy for regeneration in comparison with MEA. These
amines are useful as promoters and they are becoming strong competitors on
conventional amine solvents, MEA and MDEA [27, 32, 41]. In addition, solvents
containing polyamines, such as PZ, AEEA and EDTA have gained considerable
attraction due to their high absorption capacity and exceptionally fast reaction kinetics
[39]. A synthetic amine which can be broadly defined as an amine that has been
specifically designed to perform specific tasks; for example, selective separation of
H,S from light hydrocarbons in the presence of CO,, shows the development of bulk

separation of CO,.

Recently, tertiary amines DEAB and EMAB were developed by
Tontiwachwuthikul et al. [27]. These amines are found to be very attractive for
capturing CO, due to their significantly high absorption capacity. Thermal energy
consumption for regenerating these solvents is expected to be significantly less than
that of conventional MEA process. In addition, the solvent circulation rates (which is

one of the most important factors in the economics of gas treatment with chemical
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solvents) of these solvents are much lower than that of MEA, resulting in an operation
cost saving [26, 28]. With these properties, DEAB can be considered as a promising
solvent in the CO; capture process. Both DEAB and EMAB were designed and
involved a systematic modification of the structure of amino alcohols by an
appropriate placement of substituent functional groups, especially the hydroxyl
function, relative to the position of the amino group on the performance for CO,
capture. The research observed that the hydroxyl group increased the solubility of
amines in aqueous solutions, thereby allowing the use of highly concentrated
absorbing solutions and the presence of the amino group provides the necessary
alkalinity to absorb CO, [27, 29]. Another tertiary amine, 1-diethylamino-2-propanol
(1DEAZ2P), whose structure is similar to that of DEAB. 1DEA2P shows excellent
performance in absorption capacity, energy requirement for solvent regeneration,
reaction kinetics, and mass transfer. This amine is considered a promising alternative

solvent for CO, capture [23].

Although amine solvents have been used abundantly in the capture process of
CO,, recently, the researchers are more interested in formulating new solvents
composed of blended amines and chemical additives [42]. Blended amines,
structurally composed of a variety of amines, have become popular in the gas
treatment industry because blended amine can be maintain the regeneration cost, and
enhance the CO, absorption rate. These solutions provide a higher absorption
performance when compared to the aqueous solutions of a single amine. For example,
the combination of primary or secondary amines with tertiary amines, such as MEA
or DEA in MDEA, has been implemented to increase the rate of CO, absorption and
eliminate the regeneration cost significantly, since about 80 % of the total energy
consumption in an amine absorption process happens during regeneration [32, 40, 43-
46]. However, MEA has been selected to be blended with MDEA rather than DEA
due to the higher reactivity of MEA over DEA.

Regarding as DEAB is a good candidate for CO, capture [27], DEAB is now
being considered to be mixed with a primary amine such as MEA. Mixing MEA with
DEAB was proposed in order to enhance the CO, absorption rate of DEAB, counter

the high energy requirement of MEA, and compensate for the low CO, absorption
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capacity of MEA [47]. These mixed amines take advantage of each amine’s high-
performing components. This means the disadvantage of one amine are compensated

by another amines [40].

2.5 The synthesis of tertiary amines

The synthesis method of developed tertiary amines, specially, DMAB and
DEAB were adopted as described in the literature [27]. The 1,4-Michael addition
reaction method is the nucleophilic addition of an enolate of ketone to an «,f-
unsaturated carbonyl compound at the g carbon. Finally, the intermediate was reduced
to amine by using sodium borohydride as a reducing agent. This method is suitable
for synthesizing tertiary amines that can be used in the CO, capture process. The

mechanism is illustrated in the Scheme 2.1.

)
.. o) o)
(0] .
H/\ \/“2 @ hydrogenation \
HONN E/A — = HOONNET N T Ho/\/N/\/U\

Amine Methyl vinyl ketone
A \pio
e) H—OH
NaBH, NP ® Na BAsH [ NG A
N a 3v +
——————  HO" H BH; + Na HO™ NN Nao

Scheme 2.1 Mechanism of 1,4-Michael addition reaction.

In this study, the method for making other new tertiary amines is the Mannich
reaction method. This method is suitable for synthesizing p-amino carbonyl
compound that can be used in pharmaceutical product. Formaldehydes and amines are
reacted at elevated temperature to form the imine occurs without isolation of the
imine intermediate. Acetone can be successfully accepted the proton due to the high
temperature used and formed to amino-ketone. The mechanism is illustrated in the
Scheme 2.2.
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Scheme 2.2 Mechanism of Mannich reaction.

2.6 Absorption and desorption

The chemical absorption of CO, with amines typically occurs through the
formation of two products, a carbamate and/or bicarbonate species. The mechanism of
reactions between CO, and primary and secondary amines are shown in Route 1,
equations 2.1 and 2.2 [4, 39, 48, 49].

Route 1: Carbamate formation

CO, Absorption: CO; + 2RNH, === [RNHj3] " + [RNHCOO] (carbamate) Eq. 2.1

Regeneration: [RNHs] * + [RNHCOO] +(more heat) === CO, + 2RNH, Eq.2.2

According to this mechanism, carbamate is formed via the reaction of one CO,
molecule and two amine molecules as shown in Equation 2.1. The maximum capacity
of the solution for CO; is limited to approximately 0.5 mole of CO,/mole of amine.
This pathway is favored to form highly stable primary and secondary amines. By

applying heat, the carbamate intermediate dissociates to reproduce CO, and amine, as
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shown in Equation 2.2. Since the carbamate formed during absorption is quite stable,
a large amount of heat energy is required to break the bonds and to regenerate the

amine.

The reaction mechanisms between CO, and tertiary amines are shown in

Route 2, equations 2.3 and 2.4.

Route 2: Bicarbonate formation

CO, Absorption: CO; + RsN + H,O0 === [R3NH]" + [HCOs]  (bicarbonate) Eq. 2.3

Regeneration: [RsN H]" + [HCO3] (less heat) === CO, + R3N + H,0 Eq. 2.4

The bicarbonate pathway is commonly associated with tertiary amines, which
are unable to form carbamate. Bicarbonate formation occurs by the reaction of one
CO; molecule with one water molecule, it does not react directly with CO, but rather
acts as a base that catalyzes the hydration of CO, as shown in Equations 2.3 and 2.4.
The regeneration of the tertiary amines requires lesser amount of heat energy as

compared with those of primary and secondary amines.
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2.7 Kinetics of CO; absorption into aqueous amine solutions

The reaction of CO, with primary and secondary amines is generally explained
with the zwitterion mechanism, whereas the reaction with tertiary amines is

interpreted using the base-catalyzed hydration of CO,.

2.7.1 Zwitterion mechanism

Caplow [50] proposed the zwitterion mechanism for the reaction of CO, with
primary and secondary amines. The reaction follows a two-step mechanism. Initially,
CO; reacts with the amine to form an intermediate zwitterion as shown in Equation
2.5.

ko (k.4)
RNH, + CO,

R,NH*COO- Eq. 2.5

The zwitterion can be deprotonated by base present in the solution producing a

carbamate ion and protonated base as shown in Equation 2.6.

k Base

R,NH'COO™ +B

R,NCOO™ + BH' Eq. 2.6

Where, B can be an amine, a hydroxyl ion (OH") and water can contribute to
the deprotonation step. However, for aqueous solution, the deprotonation proceeds

mainly via water and the amine according to [51].

By applying the steady-state principle to the intermediate zwitterion, the

reaction rate of CO; in aqueous solution can be shown in Equation 2.7.

[CONIRNH,]  _ _ [CO,J[RNH,]
W75 + (k1D Keua[BD) W)+ (1S ke [BD) g 5

- rCOZ = kov[coz] =
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Where, k, = kf&

-1

The reaction in this mechanism can display a fractional order between one and
two with respect to the amine concentration. When the zwitterion formation is
considered the rate determining step, i.e., the deprotonation of zwitterion is
instantaneous when compared to the reverse reaction, equation 2.7 becomes as shown
in Equation 2.8 [22].

- r.COZ = kov[COZ] = kZ[COZ][RNHZ] ECI 2.8

2.7.2 Base-catalyzed hydration mechanism

Donaldson and Nguyen [52] proposed the base-catalyzed hydration
mechanism for the reaction of CO, with tertiary amine. Tertiary amines do not react
directly with CO,, but act as a base that catalyzes the hydration of CO, as can be

shown as in Equation. 2.9.

R3N + 002 + H20 R3NH+ + HCO3- Eq 29

In aqueous solution, the following reactions can occur shown in Equation 2.10
and 2.11.

kow
CO, + OH" == HCOg5 Eqg. 2.10

Kn20

CO, + H,0

H2C0s Eq. 2.11

Based on reactions 2.9-2.11, the overall reaction rate of CO; absorption (rco,,:

kmol/m® s) can be expressed in Equation 2.12.
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rcoz = kolCOZ] = {ka[R3N] + kon-[OHT + ki20[H20l} [CO,] Eq. 2.12

Where, Kk is the overall reaction rate constant or observed pseudo first-order

reaction rate constant (s™), k, is the second-order reaction rate constant of Equation
2.9 (m*/kmol s), kow-is the reaction rate constant of Equation 2.10 (m*/kmol s), Ko is

the reaction rate constant of Equation 2.11 (m%kmol s), and [ ] is the concentration

(kmol/m®).

In agueous amine solution, the contribution of uncatalyzed reaction shown in

Equation 2.11 (slow reaction rate) to the overall reaction rate is usually negligible. As

same as the contribution of OH to overall reaction could also be neglected [51]. Thus,
the main contributor is amine itself. The overall reaction rate expression of CO,
absorption into aqueous solution of tertiary amines based on base-catalyzed hydration
mechanism can be written in Equations 2.13 and 2.14.

rcoz = ko[COz] = k2[R3N][CO2] Eq 213
Therefore

ko = ko[R3N] Eq. 214

2.8 Physical properties

Physical properties of agueous amine solutions are very important, since these
properties can play a significant role in efficient design of gas treating process plants
[32, 42]. Density and viscosity of the solutions are significant in modeling the
absorber and regenerator because these properties affect the hydrodynamics and mass
transfer coefficients [53, 54]. Moreover, these properties are required to estimate other
properties such as diffusivity and reaction rate constant [55]. The data can be used for
dimensioning velocities, column diameters, pipes, pumps, and other parameters in the
process plant. Refractive index is a fundamental physical property, and can be applied

to a component’s identification, concentration determination, and purity confirmation.
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2.9 Related literatures

Recently, new amino alcohols have been developed based on an approach of
rational molecular design and synthesis. The synthesis approach involved a systematic
modification of the amino alcohol structure by appropriately placing, specifically
hydroxyl (-OH) or alkyl (-R) groups, relative to the position of the amino group (-
NHy). Puxty et al. [15] studied the equilibrium measurements of the CO, capture of
aqueous amine solutions for 76 different amines moieties. Seven amines, consisting of
one primary, three secondary and three tertiary amines, were identified as exhibiting
outstanding absorption capacities. Most have a number of structural features in
common including steric hindrance and hydroxyl functionality at 2 or 3 carbon atoms
away from the nitrogen atom. They suggested that the relationship between reaction
energy for the bicarbonate and carbamate pathway is more complicated than the
simple framework of amine base strength, local geometry, and interaction ratios
previously used to characterize amine-CO; reactions. Chowdhury et al. [12, 49]
focused on synthesizing new amine absorbents (e.g. 2-(isopropylamino)ethanol
(IPAE), 2-(isobutylamino)ethanol (IBAE), 1-methyl-2-piperidineethanol (1M-2PPE)
and 2-(isopropyl)diethanolamine (IPDEA)) to evaluate the effect of functional group
placement (e.g. methyl, ethyl, and propyl) on the CO; absorption rate, cyclic capacity
and heat of reaction. Their work has also shown that an increase of the carbon chain
length and hydroxyl (-OH) group decreased the absorption rate and CO, loading
capacity. The results showed that the placement of functional groups within the amino
alcohols affects the performance of the amino alcohols in CO, capture performance.
Singh et al. [56, 57] investigated the effect of carbon chain length and types of
different functional groups such as hydroxyl (-OH) group, alkylamine, and diamine
within the primary amine structure. For most amines, an increase of chain length was
found to decrease the initial absorption rate but increase the absorption capacity
expressed by equilibrium CO; solubility in mols CO, per mol amine unit. Rayer et al.
[41] focused on the solubility of CO; in solvents for screening solvent to design CO;
capture processes. They found that the increase in sterically hindered structure of the
amino groups increased the loading capacity in the following order: primary amines <

hindered amines < secondary amines < tertiary amines. Mixed solvents with sterically
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hindered amines have the advantages of maximum CO, loading capacity at lower

temperatures but low loading at higher temperatures.

The previous developed tertiary amines were synthesized by Maneeintr et al.
[28]. This work reported the success of synthesizing a new kind of amino alcohol
compounds such as 4-diethylamino-2-butanol (DEAB), 4-isopropylamino-2-butanol
(IPAB), 4-(piperidino)-2-butanol (PRNB), 4-propylamino-2-butanol (PPAB) and 4-
(ethylmethyl-amino)-2-butanol (EMAB). The superior performance of these amino
alcohols in terms of higher CO, absorption capacities at all temperatures (40, 60 and
80 °C) and at CO, partial pressures of 15 and 100 kPa and cyclic capacities should
lead to a reduction in the circulation rate and energy efficiency for solvent
regeneration, such as in CO, stripping, compared to that of MEA. Maneeintr et al.
[58] have also shown that 4-diethylamino-2-butanol (DEAB) and
methyldiethanolamine (MDEA) have much higher CO, absorption and cyclic
capacities compared to that of MEA. This led to reduction of the circulation rate and
energy for solvent regeneration. The DEAB system provided an excellent overall
mass transfer coefficient that is higher than that of the MDEA system for the capture
of CO, from industrial flue gas in a packed-bed absorption column.
Tontiwachawuthikul et al. [27] reported the method for removing CO, from gas
stream by liquid absorbent having an amino alcohol. In comparison to conventional
amines such as MEA, the synthetic amino alcohols of the present invention as 4-
(diethylamino)-2-butanol  (DEAB), 4-(isopropylamino)-2-butanol  (IPAB), 4-
(piperidino)-2-butanol (PRNB), 4-propylamino-2-butanol (PPAB) and 4-ethyl-
methyl-amino-2-butanol (EMAB) have been found to provide a higher CO;
absorption capacity and a higher cyclic capacity for CO, removal. It has been
demonstrated that certain amino 2-butanol compounds are highly effective reagents
for CO, absorption capacity and higher cyclic capacity than that of MEA from gas
streams. Sema et al. [26] investigated that 4-diethylamino-2-butanol (DEAB) was
found to be a very attractive for capturing CO, due to its significantly higher
absorption capacity and cyclic capacity for CO, removal, lower energy consumption
and lower solvent regeneration better than the conventional amines (i.e. AMP,
MDEA, DEA and MEA). Charkravarty et al. [40] first focused on a mixing of

primary or secondary amines with tertiary amines to take advantage of each amine’s
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high-performing components. This means the disadvantages of one amine are
compensated by another amine. Aroonwilas et al. [59] studied the performance of
different mixed amines such as MEA-MDEA, DEA-MDEA, MEA-AMP, and DEA-
AMP for CO, capture. The results showed that the AMP-based solvents, especially
MEA-AMP, are more effective in CO, absorption than MDEA-based solvents. Sema
et al. [47] investigated the equilibrium solubility of CO, in aqueous solutions of
blended MEA-DEAB solvent over a temperature range of 298-333 K, CO, partial
pressure range of 10-100 kPa. It was found that 5 M MEA + 1.5 M DEAB is the best
MEA-DEAB formulation over a concentration range of 5 M MEA + 0.25 M DEAB to
5 M MEA + 2 M DEAB and prediction equilibrium solubility of CO, in aqueous
solution of blended MEA-DEAB obtained from the mathematical modeling fit
moderately well with the experimental results with an ADD of 6.3 %.

Currently, the technique for evaluating the potential of the new amine solvent
that can be used for removing CO; from flue gas in terms of kinetic of CO, absorption
is laminar jet absorber which was presented in the work of Sema et al. [39]. It was
shown that DEAB’s reaction kinetics of CO, absorption is faster than those in
diethylmonoethanolamine (DEMEA), dimethylmonoethanolamine (DMMEA), and
MDEA but comparable with those of AMP and DEA and slower than those of
piperazine (PZ) and MEA using a laminar jet absorber. Another technique that can be
used for studying the kinetics of CO, absorption into aqueous amine solution is the
stopped-flow technique. According to the work of Liu et al. [24], the Kinetics of
DEAB was investigated at 298-313 K by the stopped-flow apparatus. It was found
that DEAB exhibited faster reaction kinetics than those of DEMEA, DMMEA and
MDEA, respectively. It was also shown that the activation energy (E;) of DEAB was
close to those obtained from using a laminar jet absorber. Kaliwala et al. [22] focused
on the kinetics for CO, absorption with tertiary amines, 3-dimethylamino-1-propanol
(3DM1P) and 1-dimethylamino-2-propanol (1DMAZ2P) using the stopped-flow
apparatus and found that the kinetic reaction of these amines was faster than MDEA.
Liu et al. [23] investigated the Kkinetics of CO, absorption into aqueous solution of 1-
diethylamino-2-propanol (LDEAZ2P) using the stopped-flow technique. Their work
has shown that the CO, absorption Kinetics increased as the concentration of 1DEA2P
and/or the temperature increased. Compared to MDEA, DEMEA and DMMEA,
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1DEAZ2P has a higher equilibrium solubility and faster reaction kinetics. Li et al. [25]
investigated the kinetics of CO, absorption into tertiary amines using the stopped-
flow technique. The results demonstrated that 3-diethylamino-1,2-propane-diol
(DEA-1,2-PD) exhibited faster reaction kinetics than those of 3-dimethylamino-1-
propanol (3DMA1P), 1-dimethylamino-2-propanol (1DMA2P), DMMEA, and
MDEA, but slower than those of DEAB, 1DEA2P, and DEMEA. This can be
explained by the steric hindrance of the hydroxyl group in the DEA-1,2-PD molecule
that is predominant compared to the supply electronic effect (i.e. DEAB, 1DEA2P
and DEMEA).

Li et al. [60] reported the data of density and viscosities of water and 2-((2-
aminoethyl)amino)ethanol (AEEA) solution from 25-70 °C and also measured
refractive indices of water and AEEA from 25-70 °C. Chowdhury et al. [61] measured
densities of different aqueous solutions of MDEA, DEA, EDEA, and BDEA at 303 K
to 323 K in the range of 0 to 1 for the mole fraction of amine. Mandal et al. [55]
measured the density and viscosity of aqueous solutions of MDEA+MEA,
MDEA+DEA, AMP+MEA, and MDEA+AMP at temperatures from 25 °C to 50 °C.
Maneeintr et al. [42] measured the densities, viscosities, and refractive indices of 4-
diethylamino-2-butanol (DEAB) + water mixtures over the concentration ranging
from 0 to 1 mole fraction and temperatures from 25-70 °C for density and viscosity
and from 25-60 °C for refractive index. It was found that the Redlich-Kister equation
gave low % AAD and provided a suitable correlation to represent the experimental
data of density, viscosity, and refractive index for DEAB + water mixtures. Fatemeh
et al. [32] investigated the density, viscosity, and refractive index of pure solvents
such as DEAB, MDEA, aqueous loaded and unloaded DEAB solution at different
temperatures, concentrations, and CO, loading. From the results, DEAB showed the
least density among MEA, water, MDEA and also showed the least viscosity among
MEA and MDEA.
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EXPERIMENTAL

3.1 Chemicals and equipment

3.1.1 Materials

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

Methyl vinyl ketone (MVK) (C4HgO) (Sigma-Aldrich Co., Canada) with
purity of > 95 % was simple distilled before used.

2-(Methylamino)ethanol (C3HgNO) (Sigma-Aldrich Co., Canada) with
purity of > 98 % was used as received.

2-(Ethylamino)ethanol (C4H1;NO) (Sigma-Aldrich Co., Canada) with
purity of > 98 % was used as received.

Dibutylamine (CgHigN) (Sigma-Aldrich Co., Canada) with purity of > 98
% was used as received.

Sodium borohydride (NaBH,) (Sigma-Aldrich Co., Canada) with purity of
> 98 % was used as received.

Dipropylamine (CgHisN) (Sigma-Aldrich Co., Canada) with purity of >
99% was used as received.

Paraformaldehyde power (OH(CH,0),H (n = 8-100)) (Sigma-Aldrich Co.,
Canada) with purity of 95 % was used as received.

Dimethylamine hydrochloride ((CH3):NH.HCI) (Sigma-Aldrich Co.,
Canada) with purity of > 99 % was used as received.
Methyldiethanolamine (MDEA) (CsHi3NOy) (Sigma-Aldrich  Co.,
Canada) with purity of 99.9 % was used as received.

Ethanolamine (MEA) (C,H;NO) (Sigma-Aldrich Co., Canada) with purity
of > 98 % was used as received.

Standard 1 N hydrochloric acid (HCI) (Sigma-Aldrich Co., Canada) was

used as received.
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12) Hydrochloric acid (HCI) (Sigma-Aldrich Co., Canada) with purity of 37
% was used as received.

13) Sodium hydroxide (NaOH) (Sigma-Aldrich Co., Canada) was used as
received.

14) Celite 545 (Fisher Scientific Co., Canada) was used as received.

15) Sodium sulfate anhydrous (Na,SQO,) (Fisher Scientific Co., Canada) was
used as received.

16) Acetone (C3HgO) (Sigma-Aldrich Co., Canada) was used as received.

17) Absolute ethanol (C,HsOH) (Sigma-Aldrich Co., Canada) was used as
received.

18) Methanol (CH3;OH) (Sigma-Aldrich Co., Canada) was used as received.

19) Ethyl acetate (C4HsO2) (Sigma-Aldrich Co., Canada) was used as
received.

20) Sodium chloride (NaCl) (Sigma-Aldrich Co., Canada) with purity of 99%
was used as received.

21) Sodium bicarbonate (NaHCO3) (Sigma-Aldrich Co., Canada) with purity
of 99.9 % was used as received.

22) Methyl orange indicator, 0.1 % was dissolved in water before used.

23) Deuterium oxide (D0) (Sigma-Aldrich Co., Canada) was used as
received.

24) Deuterated Chloroform (CDCI3) (Sigma-Aldrich Co., Canada) was used
as received.

25) Carbon dioxide (CO,) 3, 8, 15, 30 and 100 % with N, balance (Praxair
Inc., Regina, Canada) were used as received.

26) Air Zero (Praxair Inc., Regina, Canada) was used as received.

3.1.2 Equipment

1) Rotary evaporator, Buchi, Canada
2) Digital flow meter, Aalborg GFM-17 gas flow meters with £ 0.15 %/°C,

Canada
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3) Temperature controller within a temperature range of -20 to 200 °C

capacity with = 0.01 °C accuracy, Cole-Parmer, Canada

3.2 Instrumentation

1) Nuclear Magnetic Resonance (NMR) Spectrometer

Carbon and proton nuclear magnetic resonance (*H and **C-NMR) spectra of
amines were obtained in deuterium oxide (D,O) or deuterated chloroform (CDCls)
using a Varian Mercury 500 MHz, Varian, USA. Chemical shifts (3) are reported in
parts per million (ppm) relative to the residual protonated solvent signal as a
reference.

2) Fourier Transform infrared spectroscopy (FT-IR)

Fourier Transform infrared spectra were performed on a Perkin Elmer®
Spectrum One. FTIR spectroscopy technique is used to measure an infrared spectrum

of absorption of a solid or liquid.

3) Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS are provides a powerful technique to separate and identify the various
organic compounds. The purity and identification of all amines were analyzed using
the GC-MS, Restek RTX-5Amines Capillary Column, model 6890/5073, Hewlett-
Packard Ltd., Canada.

4) pH meter
The pH value of amine concentrations were recorded using a pH meter
(Accumet AB 15 m) standardize with pH 4, 7, and 10 buffer solutions.

5) Chittick apparatus

The Chittick apparatus was used for measuring the CO, loading according to
Association of Official Analytical Chemists (AOAC) methods reported by Horwitz
[62] (see in section 3.4.1).

6) Stopped-flow apparatus
The stopped flow apparatus is used to investigate the kinetics of the reaction

of CO, absorption into aqueous amine solution (see in section 3.9).
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7) Density meter

The density of solutions is important in the mass transfer rate modeling and
the experimental data analysis [32]. Densities of amines were measured with an
Anton Paar DMA-4500 density meter with an accuracy of 0.00001 g/cm®.

8) Viscometer

Solution viscosity is also essential in the modeling of mass transfer rate and
experimental data analysis [32]. The viscosities were measured using Lovis 2000
M/ME from Anto Paar with an accuracy of 0.5 % for viscosity and 0.02 °C for

temperature.

9) Refractometer

Refractive index is an elemental physical property that explains how light
propagates through that medium, and can be applied to a component’s identification,
concentration determination, and purity confirmation [32]. The refractive indices were
measured using Abbemat 550, and automatic refractometer with an accuracy of
0.00002 %.

3.3 Experimental procedure
The experiment was divided into 6 main parts

1) Synthesis and characterization of the newly synthesized tertiary amines

2) CO; absorption performance of the newly synthesized tertiary amines and
blended amine solvents in terms of absorption capacity, cyclic capacity at
various conditions and heat of CO, absorption in aqueous amine solutions

3) CO, absorption and regeneration Kinetic rates at actual concentration and
heat input of CO, regeneration in agueous amine solutions

4) Amine dissociation constant analysis using a pH meter at various
temperatures

5) Measurement for the kinetics of the reaction of CO, absorption using the
stopped-flow apparatus

6) Physical properties of the newly synthesized tertiary amines in pure

solvent such as density, viscosity, and refractive index
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3.3.1 Amine synthesis

The structures of the tertiary amines developed in this study are shown in

Figure 3.1.

4-(dimethylamino)-2-butanol ~ 4-(dipropylamino)-2-butanol  4-(dibutylamino)-2-butanol
(DMAB) (DPAB) (DBAB)

OH OH
HOV\N/\A HO\/)/\)\
|

4-((2-hydroxyethyl)(methyl)amino)-2-butanol 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol

(HEMAB) (HEEAB)
/\)Oi
P OH
N H O\/\ N I~
) |
4-(diethylamino)-2-butanol methyldiethanolamine

(DEAB) (MDEA)

Figure 3.1 The chemical structures of synthesized amines, DEAB, and MDEA used
in this study.

3.3.1.1 Synthesis of 4-(dimethylamino)-2-butanol (DMAB)

Step I. Synthesis of 4-(dimethylamino)-2-butanone, the starting reagent for DMAB’s
synthesis

The Mannich reaction method commonly used in pharmaceutical production
[63, 64] for synthesis of p-amino carbonyl compound was used to produce 4-
(dimethylamino)-2-butanone. Acetone (58.1 ¢, 1.0 mol), dimethylamine
hydrochloride (93.8 g, 1.15 mol), paraformaldehyde (33 g, 1.1 mol), 37 % HCI (1
mL) and anhydrous ethanol (90 mL) were loaded and mixed in 1 L of a three-necked
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round-bottom flask. The mixture was continuously refluxed for 24 hours. Agitation
was then introduced while cooling the solution down to room temperature. The
solvent was removed from the reaction mixture using a rotary evaporator before being
cooled in an ice water bath. The mixture was adjusted to a pH of 11-12 by adding 50
mL of 40 % sodium hydroxide and 30 g of solid sodium hydroxide. The mixture was
stirred further for an hour before being filtered through a short pad of celite. 4-
(Dimethylamino)-2-butanone was separated from the filtrate by extracting twice using
ethyl acetate. The butanone was purified further by removing solvent with anhydrous
sodium sulfate followed by vacuum distillation set at 70-72 °C and 20-22 in Hg.
About 50 g of 4-(dimethylamino)-2-butanone corresponding to 43 % yield was finally
obtained with purity of 76 % confirmed by the GC-MS. The compound was used
further to produce DMAB in step II. The structural information confirmed by *H and
B3C-NMR was *H-NMR (CDCls, 500 MHz) 84: 2.05 (3H, s), 2.10 (6H, s), 2.47 (4H,
m); *C-NMR (CDCls, 125 MHz) &c: 30.1 (CHs, q), 41.9 (CH,, t), 45.3 (CH3x2, q),
53.9 (CHy, t), 207.81 (CH, s). The GC-MS also confirmed the compound’s chemical
formula (CgH13NO) and 115 molecular weight.

Step 1. Synthesis of 4-(dimethylamino)-2-butanol (DMAB)

To make DMAB, 4-(dimethylamino)-2-butanone obtained earlier (73 g, 0.63
mol) was diluted with 30 mL methanol in an ice water bath. Subsequently, sodium
borohydride (29 g, 0.76 mol) was slowly added into the solution with continuous
stirring for 1 hour. To maximize the reaction yield, the mixture was stirred for another
3 hours at room temperature before slowly adding 30 mL of water and mixing further
for 1 hour in a cooled water bath. 4-(Dimethylamino)-2-butanol (DMAB) of 35 ¢
(47.0 % vyield) was finally separated from the mixture by removing sodium
borohydride salt using suction filtration and vacuum distillation set at 71-73 °C and
20-22 in Hg. The DMAB purity determined by GC-MS was found to be 78.7 %. The
NMR data of the amine is given as; *H-NMR (D0, 500 MHz) &y 0.91 (3H, d, J =6
Hz), 1.35 (2H, m), 1.95 (6H, s) 2.08 (1H, m), 2.16 (1H, m), 3.07 (1H, s), 3.55 (1H,
m); *C-NMR (D0, 125 MHz) &c: 22.3 (CHs, q), 35.41 (CHy, t), 44.1 (CH3x2, ),
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55.4 (CH,, t), 66.5 (CH, d). DMAB chemical formula (CgH1sNO) and 117 molecular
weight were also confirmed by the GC-MS.

3.3.1.2 Synthesis of 4-(diethylamino)-2-butanol (DEAB)

The synthesis of DEAB was similar to synthesis of DMAB. Acetone (133.58
g, 2.3 mol), diethylamine hydrochloride (219.2 g, 2 mol), paraformaldehyde (60.06 g,
2 mol), 37 % HCI (2 mL) and anhydrous ethanol (180 mL) were loaded and mixed in
1 L of three-necked round-bottom flask. The mixture was continuously refluxed for
24 hours. Agitation was then introduced while cooling the solution down to room
temperature. The solvent was removed from the reaction mixture using a rotary
evaporator before being cooled in an ice water bath. The mixture was adjusted to a pH
of 11-12 by adding 100 mL 40 % sodium hydroxide and 60 g solid sodium hydroxide.
The mixture was stirred further for an hour before being filtered through a short pad
of celite. 4-(Diethylamino)-2-butanone was separated from the filtrate by extracting
twice using ethyl acetate. The butanone was purified further by removing solvent with
anhydrous sodium sulfate followed by vacuum distillation set at 85-90 °C and 20-23
in Hg. About 50 g of 4-(diethylamino)-2-butanone corresponding to (153 g, 53.5 %
yield) was finally obtained with purity of 68.2 % confirmed by the GC-MS. 4-
(diethylamino)-2-butanone obtained earlier (153 g, 1.069 mol) was diluted with 30
mL methanol in an ice water bath. Subsequently, sodium borohydride (40.4 g, 1.069
mol) was slowly added into the solution with a continuous stirring for 1 hour. To
maximize the reaction yield, the mixture was stirred for another 3 hours at room
temperature before slowly adding 30 mL of water and mixing further for 1 hour in
cooled water bath. 4-(Diethylamino)-2-butanol (DEAB) of 74 g (47.7 % yield) was
finally separated from the mixture by removing sodium borohydride salt using suction
filtration and vacuum distillation set at 125-130 °C and 24-25 in Hg. The DEAB
purity determined by GC-MS was found to be 82 %. The NMR data of the amine is
given as; 'H-NMR (CDCls, 500 MHz) 8y: 1.05 (6H, t, J = 7 Hz), 1.15 (3H,d, J = 6
Hz), 1.46 (1H, m) 1.57 (1H, m), 2.37 (2H, sex, J = 6 Hz), 2.58 (1H, dt, J = 5 Hz), 2.68
(3H, m, J = 7.5 Hz), 3.35 (1H, s, OH) 3.94 (1H, m); *C-NMR (CDCls, 125 MHz) &c:
11.6 (CH3 q), 23.5 (CHs3, q), 34.0 (CHy, t), 46.7 (CH2x2, t), 52.8 (CHjy, t), 69.7 (CH,
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d). DEAB chemical formula (CgHigNO) and 145 molecular weight were also
confirmed by the GC-MS.

3.3.1.3 Synthesis of 4-(dipropylamino)-2-butanol (DPAB)

The synthesis method of DPAB was adopted as described in the literature
[27]. Dipropylamine (101.19, 1 mol) was added dropwise into MVK (70 g, 1 mol)
chilled in an ice water bath. The mixture was stirred continuously for 1 hour, after
which was removed to stir for another 6 hours at room temperature. The mixture was
then put back in an ice water bath and added with 30 mL of methanol followed by
sodium borohydride (37.9 g, 1 mol). The solution was continuously stirred in an ice
water bath for 1 hour before removing to room temperature to be stirred further for 6
hours. In cooled water bath, 30 mL of water was slowly added to the mixture which
was then stirred for another 2 hours. 4-(Dipropylamino)-2-butanol (DPAB) of 72.74 g
(42 % yield) was finally separated from the mixture by removing sodium borohydride
salt using suction filtration and vacuum distillation set at 139-143 °C and 20-22 in Hg.
The DPAB purity determined by GC-MS was found to be 82 %. The NMR data of the
amine is given as; "H-NMR (CDCls, 500 MHz) 8y: 0.74 (6H, t, J = 7.5 Hz), 0.99 (3H,
d, J=6.5 Hz), 1.37 (6H, m), 2.07 (2H, m), 2.38 (3H, m), 2.54 (1H, dt, J =3 and 12.5
Hz), 3.77 (1H, m), 6.17 (1H, s); *C-NMR (CDCls, 125 MHz) &c: 11.5 (CH3x2, q),
19.7 (CHyx2, t), 23.2 (CHs, q), 33.9 (CHy, t), 54.4 (CH,, t), 55.8 (CH2x2, t), 69.4
(CH, d). DPAB chemical formula (C10H23NO) and 173 molecular weight were also
confirmed by the GC-MS.

3.3.1.4 Synthesis of 4-(dibutylamino)-2-butanol (DBAB)

The synthesis method of DBAB was adopted as described in the literature
[27]. Dibutylamine (129.24, 1 mol) was added dropwise into MVK (70 g, 1 mol)
chilled in an ice water bath. The mixture was stirred continuously for 1 hour, after
which was removed to stir for another 6 hours at room temperature. The mixture was
then put back in an ice water bath and added with 30 mL of methanol followed by
sodium borohydride (37.9 g, 1 mol). The solution was continuously stirred in an ice
water bath for 1 hour before removing to room temperature to be stirred further for 6
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hours. In cooled water bath, 30 mL of water was slowly added to the mixture which
was then stirred for another 2 hours. 4-(Dibutylamino)-2-butanol (DBAB) of 81.4 ¢
(40.05 % vyield) was finally separated from the mixture by removing sodium
borohydride salt using suction filtration and vacuum distillation set at 166-170 °C and
20-22 in Hg. The DBAB purity determined by GC-MS was found to be 80.5 %. The
NMR data of the amine is given as; ‘H-NMR (CDCls, 500 MHz) 8: 0.78 (6H, t, J =
7.5 Hz), 1.01 (3H, d, J = 6.5 Hz), 1.16 (4H, m), 1.31 (5H, m), 1.44 (1H, m), 2.09 (2H,
m), 2.42 (3H, m), 2.57 (1H, dt, J = 3 and 12 Hz), 3.79 (1H, dsex, J = 2 and 6 Hz),
6.28 (1H, brs); *C-NMR (CDCls, 125 MHz) &c: 14.1 (CH3x2, q), 20.4 (CH,x2, 1),
23.25 (CHjs, q), 28.7 (CH2x2, t), 33.9 (CHjy, t), 53.5 (CH2x2, t), 54.0 (CH,, t), 69.5
(CH, d). DBAB chemical formula (C12,H2;NO) and 201 molecular weight were also
confirmed by the GC-MS.

3.3.1.5 Synthesis of 4-((2-hydroxyethyl)(methyl)amino)-2-butanol (HEMAB)

The synthesis method of HEMAB was adopted as described in the literature
[27]. 2-(methylamino)ethanol (75.11 g, 1 mol) was added dropwise into MVK (70 g,
1 mol) chilled in an ice water bath. The mixture was stirred continuously for 1 hour,
after which was removed to stir for another 6 hours at room temperature. In a cooled
water bath, 30 mL of methanol followed by sodium borohydride (37.9 g, 1 mol). The
solution was continuously stirred in an ice water bath for 1 hour before removing to
room temperature to be stirred further for 6 hours. In cooled water bath, 30 mL of
water was slowly added to the mixture which was then stirred for another 2 hours. 2-
(methylamino)ethanol (HEMAB) of 84.55 g (57.48 % yield) was finally separated
from the mixture by removing sodium borohydride salt using suction filtration and
vacuum distillation set at 133-135 °C and 20-22 in Hg. The HEMAB purity
determined by GC-MS was found to be 80.5 %. The NMR data of the amine is given
as; "H-NMR (CDCls, 500 MHz) *H-NMR (CDCls, 500 MHz) &: 0.93 (3H,d, J =6
Hz), 1.29 (1H, m), 1.36 (1H, m), 2.05 (3H, s), 2.25 (1H, m), 2.37 (3H, m), 3.43 (2H, t,
J = 6 Hz), 3.69 (1H, m); *C-NMR (CDCls, 125 MHz) 8¢: 22.9 (CHg, q), 34.0 (CH,
t), 41.6 (CHs, t), 55.9 (CHy, t), 58.6 (CHy, t), 59.0 (CH,, t), 67.7 (CH, d). HEMAB
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chemical formula (C;H17NO;) and 147 molecular weight were also confirmed by the
GC-MS.

3.3.1.6 Synthesis of 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol (HEEAB)

The synthesis method of HEEAB was adopted as described in the literature
[27]. 2-(Ethylamino)ethanol (89.14 g, 1 mol) was added dropwise into MVK (70 g, 1
mol) chilled in an ice water bath. The mixture was stirred continuously for 1 hour,
after which was removed to stir for another 6 hours at room temperature. The mixture
was then put back in an ice water bath and added with 30 mL of methanol followed
by sodium borohydride (37.9 g, 1 mol). The solution was continuously stirred in an
ice water bath for 1 hour before removing to room temperature to be stirred further for
6 hours. In a cooled water bath, 30 mL of water was slowly added to the mixture
which was then stirred for another 2 hours. 2-(ethylamino)ethanol (HEEAB) of 87.56
g (54.35 % vyield) was finally separated from the mixture by removing sodium
borohydride salt using suction filtration and vacuum distillation set at 155-157 °C and
22-24 in Hg. The HEEAB purity determined by GC-MS was found to be 94 %. The
NMR data of the amine is given as; *H-NMR (CDCls, 500 MHz) &y: 0.94 (3H, t, J =
7.5 Hz), 1.05 (3H, d, J = 6 Hz), 1.39 (1H, m), 1.47 (1H, m), 2.36-2.58 (6H, m), 3.55
(2H, g, J = 6 Hz), 3.82 (1H, m); *C-NMR (CDCls, 125 MHz) &¢: 11.3 (CHs, q), 23.3
(CHs, q), 34.2 (CHa, t), 47.8 (CHy, t), 52.7 (CHjy, t), 55.5 (CHj, t), 59.4 (CH, t), 68.8
(CH, d). HEEAB chemical formula (CgH19NO,) and 161 molecular weight were also
confirmed by the GC-MS.
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3.4 Equilibrium solubility of CO, and cyclic capacity in agueous amine solution

The experiment set-up shown in Figure 3.2 previously used by Maneeintr et al.

[28, 42] was also used in this work to determine CO, solubility.

Vent to fume hood
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! = ! Temperature
I == O ) | Controller
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Figure 3.2 Schematic diagram of the experimental setup for CO; equilibrium loading
measurement.

For CO; equilibrium solubility measurements, 25 mL of 2 M single amine
solution or blended amine solutions (MEA-MDEA, MEA-DMAB, MEA-DEAB,
MEA-HEMAB, and MEA-HEEAB at concentration ratio of 5: 1.25 M in water) was
loaded into an absorption reactor of which its inlet was also connected to the outlet of
the water saturation cell. A water bath equipped with a temperature controller (-20 to
200 °C capacity with + 0.01 °C accuracy, Cole-Parmer, Canada) was used to control
the amine to the desired temperature (i.e. 298, 313, 333 and 353 K) prior to the test.
After the set temperature was reached, a premixed gas stream containing the desired
CO; partial pressure (i.e. 3, 8, 15, 30 and 100 kPa) was introduced, first into the water
saturation cell and then into the amine in the absorption reactor through a gas
dispersion tube. The CO, feed was regulated at a flow rate of 200 mL/min throughout

the run. The outlet of the absorption reactor was also connected to a condenser to help
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recover water and amine carry over back to the system. At time intervals, 1 mL of
amine sample was taken for analysis of CO, loading expressed in terms of mol per
mol amine by the chittick apparatus as described by Horwitz [62]. The averaged
loading was used and reported for each sample based on three repeated
measurements. The accuracy of the loading shown in terms of the standard deviation
was found to be in the range of 2-5 %. Generally, time taken for each test to be
finished was up to 20-22 hours when CO; was fully saturated in the amine solution.
This could also be observed when the amine loading became unchanged. The cyclic
capacity of each amine was also calculated using the difference of the maximum CO,
loadings at 313 K and 353 K.

The experimental set-up and procedure used in this study were also used to
measure the equilibrium CO; loading of 2 M MDEA and DEAB at 313 K and 3 to
100 kPa CO, partial pressure. MDEA and DEAB data were then used to validate this
experiment by comparing with literature values of Sema et al., and Benamor and
Aroua [26, 65].

3.4.1 CO, loading using the Chittick apparatus

The CO; loading for each amine was determined by using the procedure of the
Association of Official Analytical Chemists (AOAC) [62].

For preparation of the displacement solution, 100 g of NaCl was dissolved in
350 mL of distilled water. 1 g of NaHCOj3 and 2 mL of methyl orange indicator was
added to the solution which was then stirred until all CO; is removed. The solution
should be a sharp pink color. This solution was loaded in a graduated gas-measuring
tube (E).

For CO, loading measurements, 1 or 2 mL of rich amine solution was pipetted
and transferred into a 250 mL Erlenmeyer flask (A). The solution was added 2-3
drops of 0.1 % methyl orange indicator and rinsed with some distilled water. The
flask (A) was fitted with a 2-hold rubber stopper and also connected to the Chittick
apparatus as shown in Figure 3.3 [36]. A glass stopcock (D) was opened to adjust the
pressure inside the system. The leveling bulb (F) containing the displacement solution
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was used to adjust the liquid level to the zero mark at graduated gas-measuring tube
(E). After the displacement solution level was kept constant at zero mark, a glass
stopcock (D) was closed and then lowered the leveling bulb (F) down to reduce
pressure within apparatus prior to the test. The amine was also continuously stirred

constantly at 300 rpm using a magnetic stir bar during the test.

The rich amine solution was titrated carefully of 1.0 N HCI standard solution
until the methyl orange end point was observed. Then, excess 1.0 N HCI was added to
2-3 mL sample to be certain that all of the released CO, was removed from the
solution and collected in the glass T-tube (C) and graduated gas-measuring tube (E).
The solution was stirred for 10-15 min to secure equilibrium and turned off the
magnetic stirrer. Equalize pressure in graduated gas-measuring tube (E) by adjusting
the leveling bulb (F) and read volume of the released CO; on the scale of graduated
gas-measuring tube (E). The concentration of amines and CO, was determined using

this equipment. The CO; loading calculations are given in Appendix A.
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Figure 3.3 CO, loading measurement equipment.
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3.5 Heat of CO, absorption in aqueous amine solutions

The heat of CO; absorption (AHaps) for all amines were calculated using the

Gibbs-Helmholtz equation, as shown in Equation 3.1 [66-71].

Eq. 3.1
d(L/T) R

{d(lnpcoz)} _AH,,

Where, AHgs is the heat of CO, absorption (J/mol), Pco, is CO, partial
pressure, T is temperature (K), and R is the universal gas constant (J/mol K).

To determine AHaps, equilibrium CO, data similar to those obtained in section

3.4 was used. For each amine, a set of Pco, and T data of a similar equilibrium CO,

loading was determined. A semi-logarithmic plot of Pco, and 1/T was generated

which then, AHg,s was determined from the slope of the plot. The accuracy of AHgps
measured from this study was calculated by comparing MDEA and DEAB data with
the literature values [47, 69].
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3.6 CO, absorption and regeneration Kinetic rates at actual concentration

The experimental set-up for measurement of CO, absorption and regeneration

Kinetics rates are shown in Figure 3.4.

co2 exit

~— Sample pipette

<— Gas dispersion tube

Magnetic bar

@ @ Heating

magnetic stirrer

Figure 3.4 The simplified apparatus of CO, absorption and regeneration kinetic rates.

The set-up is made of a 500 mL four-necked round-bottom flask which was
used as the reaction cell. To minimize vapor loss, a condenser was used and
connected to the flask at its mid-opening. One of the angled necks was hooked up to a
gas dispersion tube by ensuring its disperser tip was always immersed in the amine
solution throughout the run. The other end of the tube was hooked up to a premixed
cylinder containing 15 % CO, for feed gas delivery. The other neck was fitted with a
thermometer for amine temperature measurement. The remaining neck was served as
the amine sampling port. The reaction cell assembly was immersed in a hot oil bath to

maintain a constant amine temperature at 313 K (+ 2 °C accuracy).
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For an absorption run, 100 mL of a desired amine solution was transferred into
the flask and placed in the hot oil bath. Concentration of all amines tested in this study
were kept constant at 2 mol/L. The amine was also continuously agitated constantly at
300 rpm using a magnetic stir bar during the test. After the amine temperature had
reached 313 K, 15 kPa CO, feed regulated at 200 mL/min (£ 2 mL/min accuracy) was
introduced into the amine solution through the gas dispersion tube. Reaction time at
zero was marked when the first bubble emerged into the solution from the disperser
tip. First sample was taken by pipetting 1 mL of amine after 15 min had passed. The
next samples were taken at 15, 30, and 45 min intervals, respectively during the first,
second and third hour and onwards. CO, loading was determined using the same
procedures described previously in section 3.4.1. The test was terminated when the
loading became constant with time, implying that the CO, equilibrium in amine had
been reached. CO, loading and time were plotted and used to determine the
absorption Kinetic rate based on its slope. The loaded amine after the test was used

later for the regeneration rate measurement.

For regeneration runs, the same set-up shown in Figure 3.4 used for the
absorption rate measurement was used. However, the gas dispersion tube was
removed and replaced by a lid. In this test, 90 mL of the rich amine obtained earlier
from the absorption test was transferred into the flask. The loaded amine was heated
to the test temperature set at 363 K. Once the desired temperature was reached and
become stabilized, the sample was taken by carefully pipetting 1 mL of the amine to
quickly determine its CO, loading and used as the loading at time zero. Sampling was
continued every 8 min to determine the amine’s loading. The test was finished when
there was no further change in CO; loading with time. Similar to the absorption rate
measurement, a plot of CO, loading (o) versus time (min) was generated and then

used to calculate the regeneration rate of amines based on its slope.
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3.7 Amine dissociation constant analysis using a pH meter

Amine reactivity can be generally indicated by its dissociation constant often
expressed using the pK, value. Typically, a higher pK, amine is more basic, thus able
to provide a faster reaction kinetics with CO, [24, 29, 72]. Previous studies have also
reported this relationship between the rate constant of the reaction of amine with CO,
and the amine basicity (e.g. pK,) [51, 52, 73]. Thus, it was worth the effort to measure
the pK, of the newly synthesized amines in this study.

Amine dissociation constant (K,) was determined by the titration technique
with standard 1 N HCI. For an aqueous amine solution, the deprotonation reaction of

conjugate acid of amine (AmineH") is shown in Equation 3.2.

K,,Amine

AmineH™" Amine + H' Eq. 3.2

Based on the assumption that the solution is ideal (when the concentration is
very low, the activity coefficient equals to 1) [23, 72, 74], the K, can be calculated
using Equations 3.3 and 3.4.

Ka, amine = ([Amine][H *1) /[AmineH *] Eg. 3.3
or
p Ka = —log( Ka, amine) = —log([Amine][H *]) /[AmineH ") Eqg. 3.4

The concentration of H” in the solution can be measured by a pH meter. The
disappearance of H* during titration is a result of its reaction with amine to form
AmineH" as shown in Equation 3.5. The concentration of AmineH" can be calculated

using the mass balance of protons as in the Equation 3.6.

NHcl - [H+]\/total = [AmlneH +]\/total Eq 35
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Finally, the concentration of free amine can be calculated using the amine

balance equation as in the Equation 3.6.

([Amine] +[AmineH *])Vtota= No, Amine Eqg. 3.6

Where, nycy is the number of moles of HCI added during the titration, Vi IS
the total liquid volume after titration, and ng amine IS the initial number of moles of
amine, which can be determined by titration with 1.0 N HCI until the methyl orange

end point.

For the experiment, the amine’s K, was determined according to the procedure
described by Shi et al. [74]. Briefly, 100 mL of 0.05 mol/L amine solution was
prepared and titrated carefully with 5 mL of 1.0 N HCI standard solution at 23.5 °C
until the methyl orange end point was observed. During titration, the pH of the
solution was recorded after the addition of HCI every 0.5 mL. A plot of pH and HCI
was then generated and used to determine the AmineH", amine concentration and

dissociation constant (K;) together with Equations 3.3-3.6.
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3.8 Heat input of CO; regeneration in agueous amine solutions

The heat input is directly related to the steam requirements needed to strip
CO; from the amine solution [75]. In this work, the total heat input of CO,
regeneration was determined using the data obtained previously from the
measurement of regeneration Kinetic rate in section 3.6. To calculate the heat input of
each amine, the amount of heat given to the loaded amine solution from the oil bath
during the regeneration test must first be calculated. The calculation can be done
using the rate of heat transfer equation of a spherical flask as used in the test. This

equation based on Fourier’s law is shown in Equation 3.7 [76].

g= k(27ZRh)d—T: kAOl—T Eq. 3.7
dr dr

Where, q is the rate of heat transfer (J/s); k is the thermal conductivity of glass
(1.14 W/m.°C); A is the surface area of flask’s spherical section with 100 mL amine
volume (2.51x10° m); R is the flask’s spherical radius (51x10°° m); h is the height of
the spherical sector (28.87x10° m); dT is temperature difference between oil bath and

amine solution (°C); and dr is glass wall thickness (4x10° m).

Once, the g has been determined. The heat input (Q) can be calculated using

Equation 3.8.

q= k(ZﬂRh)d—T= kadl Eq. 3.8
dr dr

Where, CO, produced was obtained from CO; loading difference between 0

and 80 min (Aa., at0-80 min)-
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3.9 Measurement of kinetic data from stopped-flow apparatus

Prior to kinetics testing, 10 mL of amine solution concentration range of 0.1,
0.2, 0.3, 0.4 and 0.5 mol/L for HEMAB and HEEAB, and 0.1, 0.2, 0.4, 0.6, 0.8 and 1
mol/L for DMAB, DEAB and MDEA in deionized water was loaded into individual
plastic syringes. For fresh CO; solutions, 100 mL of deionized water was loaded into
a 250 mL Erlenmeyer flask which on top was placed with a rubber stopper inserts the
inlet and outlet stainless tube. The pure gases containing 100 % CO, with gentle
bubbling into the deionized water for 30 min through the inlet stainless tube. The
concentration of CO, was determined by gas chromatography (GC, model 6890,
Agilent Ltd., Canada) [22]. It was then diluted with deionized water to keep the CO,
solution at least 10 times lower than the amine solution in order to achieve the pseudo
first-order conditions.

The experimental set-up for measurement of the kinetics for CO, absorption is
a standard SF-51 stopped flow system supplied by Hi-Tech Scientific Ltd., UK as
shown in Figure 3.5 previously used by Li et al. [18]. It consists of four major parts: a
sample handling unit, a conductivity detection cell, A/D converter, and
microprocessor. A fresh CO, solution and amine solution at desired concentration
were loaded into individual plastic syringes about 5 mL. The solutions were placed on
the top of the sample handing unit that is comprised of a stainless steel which
provides support and the enclosure of the sample flow circuit. The sample flow circuit
is enclosed in a constant temperature water bath that is used to maintain a constant
temperature at (i.e. 298, 303, 308 and 313 K + 0.1 °C accuracy) prior to the test. A
pneumatic air supply is used to control the movement of drive plate located at the
bottom of the internal syringes. The “Kinetasyst” software is used to actuate the
pneumatically controlled drive plate which pushes the amine and CO, solution
accurately into the conductivity detection cell through a mixing loop. The
conductivity change is measured as a function of time by a circuit as described by
Knipe et al. [77], which gives an output voltage directly proportional to solution
conductivity. The observed pseudo-first order reaction rate constant (ko) can be
automatically generated based on the typical graph of the change of conductivity in

solution versus time and expressed as an exponential equation shown in Equation 3.9.
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Y = —Aexp(—kot) + Y,
Eq. 3.9

Where, ko is the pseudo-first order reaction rate constant (s%), A is the
amplitude of signal, Y is conductance (S) and Y. is conductance at the end of

observed reaction (S).

The experimental set-up and procedure used in this study were also used to
measure the pseudo first-order reaction rate constant (ko) of 0.1-0.5 M for HEMAB
and HEEAB and 0.1-1.0 M for DMAB, DEAB and MDEA at temperatures (i.e. 298,
303, 308 and 313 K) [18]. MEA data were then used to validate this experiment by

comparing with literature values of Ali et al. [20].

CO; Solution

Amine Solution Mixer Conductivity Micre Processor

Preumatic Plate

Stop Syringes

Thermostat |

Wasie

Figure 3.5 Schematic diagram of stopped-flow equipment.
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3.10 Physical properties

3.10.1 Density and Viscosity

For measuring density and viscosity of pure amine solutions, about 15 mL of
pure amine samples (i.e. DMAB, DPAB, DBAB, HEMAB, HEEAB, DEAB and
MDEA with the purity range of 76-99.9 %) were loaded into the individual test tubes
and the temperature condition were set at 20, 25, 30, 40, 50 and 60 °C with 5°C
intervals. Amine samples were placed into the sample holder to be introduced to both
the density meter and viscometer at the same time. The final results were obtained as

an average of two measurements [32].

3.10.2 Refractive index

About 2-3 drops of pure amine samples (i.e. DMAB, DPAB, DBAB,
HEMAB, HEEAB, DEAB and MDEA with the purity range of 76-99.9 %) were
dropped on the sample window of the refractometer. The temperature conditions were
set at 20, 25, 30, 40 and 50 °C with 5°C intervals. The final results were obtained as

an average of two measurements [32].
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Amine synthesis

4.1.1 Synthesis of 4-(dimethylamino)-2-butanol (DMAB)

Step I. Synthesis of (4-(dimethylamino)-2-butanone), the starting reagent for
DMAB’s synthesis.

The synthesis of 4-(dimethylamino)-2-butanone was attempted by starting of
paraformaldehyde, dimethylamine hydrochloride and acetone according to the
Mannich reaction method [63, 64]. After a workup, the compound was obtained as a

yellowish liquid in 43 % yield as shown in Scheme 4.1.

H O

OH é O+H + H ('DI — A/U\
— +
H 8-100

Paraformaldehyde Dimethylamine Acetone 4-(Dimethylamino)-2-butanone

hydrochloride

Scheme 4.1 Synthesis route of 4-(dimethylamino)-2-butanone.

The compound was then characterized by *H and *C-NMR and GC-MS.
Figure 4.1 shows the ‘H-NMR spectrum of 4-(dimethylamino)-2-butanone, along
with interpreted data presented in Table 4.1.
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Figure 4.1 *H-NMR (500 MHz, CDCls) spectrum of 4-(dimethylamino)-2-butanone.

Table 4.1 *H-NMR data of 4-(dimethylamino)-2-butanone.

6 (ppm)

type of proton, number of proton, position

2.50-2.43
2.1
2.05

m, 4H, (a,b)
s, 6H, (c,d)
s, 3H, (e)

Figure 4.2 shows the *C-NMR spectrum of 4-(dimethylamino)-2-butanone.

The downfield singlet signal at 207.75 ppm corresponds to C=0. *C-NMR signals

appearing at other chemical shifts were assigned for the corresponding carbons

presented in Table 4.2.
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Figure 4.2 '*C-NMR (125 MHz, CDCls) spectrum of 4-(dimethylamino)-2-butanone.

Table 4.2 *C-NMR data of 4-(dimethylamino)-2-butanone.

o (ppm) type of carbon, position
207.75 s, (a)
53.81 t, (b)
45.26 g, (¢)
41.83 t, (d)
30.01 q, (e)

Figures 4.3 and 4.4 illustrate the GC-MS chromatogram and mass spectra of 4-
(dimethylamino)-2-butanone, respectively. The GC retention time of the compound
was found at 4.02 min with the purity of 76 %. The mass spectrum pattern of the
compound was found to be in excellent agreement with the GC-MS chromatograms,
thus confirming the compound’s chemical formula (C¢H13NO) and 115 molecular

weight.
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Figure 4.3 GC-MS chromatogram of 4-(dimethylamino)-2-butanone.
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Figure 4.4 Mass spectrum of 4-(dimethylamino)-2-butanone.
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Step 1. Synthesis of 4-(dimethylamino)-2-butanol (DMAB)

To make DMAB, 4-(dimethylamino)-2-butanone obtained earlier was reacted
with sodium borohydride as a reducing agent. The amino carbonyl compound was
reduced into amino alcohol as indicated by a change in the color of the solution from
yellowish to colorless. After workup and vacuum distillation, the compound was

obtained in 47 % yield as shown in Scheme 4.2.

OH
/\)J\ il > \N
~N > |
I
4-(Dimethylamino)-2-butanone 4-(Dimethylamino)-2-butanol
(DMAB)

Scheme 4.2 Synthesis route of 4-(dimethylamino)-2-butanol (DMAB).

The compound was then characterized by FT-IR, *H and **C-NMR and GC-
MS. According to the infrared (IR) spectrum, tertiary amine usually has no absorption
band at 3300 cm™, which was due to the disappearance of the hydrogen atom (H)
attached to the nitrogen atom (N) of the tertiary amine molecule. The broad
absorption band at 3353 cm™ was found, which indicated the presence of the hydroxyl
group (OH) in the structure. The absorption bands at 2963 (CH>), and 2935 (CH3) cm’
! were shown as asymmetric stretching. For the symmetric stretching, the absorption
bands were shown at 2818 (CHj), and 2778 (CH,) cm™. DMAB structure also showed
the absorption band at 1461 cm™ (CH, bending), 1375 cm™ (CH3 bending), and 1067
cm™ (CN stretching). The infrared spectrum of DMAB is shown in Figure 4.5.
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Figure 4.5 FT-IR spectrum of 4-(dimethylamino)-2-butanol (DMAB).

The chemical structure of DMAB was also identified by *H and *C-NMR as
shown in Figures 4.6 and 4.7, respectively. Tables 4.3 and 4.4 list the chemical shifts

for the corresponding hydrogen and carbon atoms, respectively.
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Figure 4.6 *H-NMR (500 MHz, D,0) spectrum of 4-(dimethylamino)-2-butanol

(DMAB).

Table 4.3 'H-NMR data of 4-(dimethylamino)-2-butanol (DMAB).

o (ppm) type of proton, number of proton, position
3.62-3.56 m, 1H, (a)

3.01 s, 1H, (b)

2.23-2.17 m, 1H, (c)

2.14-2.08 m, 1H, (d)

1.96 s, 6H, (e)

1.44-1.33 m, 2H, (f)

0.95-0.94 d, 3H,J =6Hz, (g)




57

66.490
55.376
44.124
35.418
22.389

‘ T T T T ‘ T T T T ‘
100 50 o
ppm (t1)

Figure 4.7 *C-NMR (125 MHz, D,0) spectrum of 4-(dimethylamino)-2-butanol
(DMAB).

Table 4.4 3C-NMR data of 4-(dimethylamino)-2-butanol (DMAB).

o (ppm) type of carbon, position
66.49 d, (a)
55.37 t, (b)
44.12 g, (¢
35.42 t, (d)
22.39 q, (e)

Figures 4.8 and 4.9 illustrate the GC-MS chromatogram and mass spectra of
DMAB, respectively. The GC retention time of the compound was found at 4.02 min
with the purity of 76 %. The mass spectrum pattern of the compound was found to be
in excellent agreement with the GC-MS chromatogram, thus confirming the

compound’s chemical formula (CgH13NO) and 117 molecular weight.
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Figure 4.8 GC-MS chromatogram of 4-(dimethylamino)-2-butanol (DMAB).

800000

700000

600000

500000

Abundance

400000

300000

200000

100000

42.2 58.2 n7.2
72.2
30.2
152 102.1
84.1
eeH o
10 20 30 40 50 60 70 80 90 100 110 120 130 140
m/z ratio

Figure 4.9 Mass spectrum of 4-(dimethylamino)-2-butanol (DMAB).
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4.1.2 Synthesis of 4-(diethylamino)-2-butanol (DEAB)

Normally, DEAB can be synthesized by the Michael addition reaction method
as described in the literature [27]. In this work, the synthesis of DEAB was similar to
the synthesis of DMAB. It can be synthesized in two steps, which involve the
formation and the subsequent reduction of 4-(diethylamino)-2-butanone. After a
workup and vacuum distillation, the compound was obtained as a yellowish liquid in

53.5 % vyield as shown in Scheme 4.3.

0]

T (I)I /\N/\/U\

H
OHT—C—O—-1H +\/N\/.HCI + /C\ —_— )

Paraformaldehyde Diethylamine Acetone  4-(Diethylamino)-2-butanone

hydrochloride
NaBH, /\)\
o /j

H 8-100

4-(Diethylamino)-2-butanol
(DEAB)

Scheme 4.3 Synthesis route of 4-(diethylamino)-2-butanol (DEAB).

The chemical structure and purity of compound DEAB was identified by FT-
IR, *H and *C-NMR, and GC-MS, respectively. According to the infrared spectrum,
the absorption bands were shown at 3347 cm™ (OH stretching), 2963 cm™ (CH;
asymmetric stretching), 2929 cm™ (CH; asymmetric stretching), 2873 cm™ (CHjs
symmetric stretching), 2818 cm™ (CH, symmetric stretching), 1455 cm™ (CH,
bending), 1369 cm™ (CH; bending), and 1070 cm™ (CN stretching). The infrared
spectrum of DEAB is shown in Figure 4.10.
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Figure 4.10 FT-IR spectrum of 4-(diethylamino)-2-butanol (DEAB).

The chemical structure of DEAB was also identified by *H and *C-NMR as
shown in Figures 4.11 and 4.12, respectively. Tables 4.5 and 4.6 list the chemical
shifts for the corresponding of hydrogen and carbon atoms, respectively.
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Figure 4.11 *H-NMR (500 MHz, CDCls) spectrum of 4-(diethylamino)-2-butanol

(DEAB).

Table 4.5 "H-NMR data of 4-(diethylamino)-2-butanol (DEAB).

o (ppm)

type of proton, number of proton, position

3.84-3.77
3.30

2.59-2.50
2.45-2.41
2.26-2.19
1.48-1.40
1.33-1.29
1.02-1.01
0.93-0.90

m, 1H, (a)

s, 1H, -OH (b)

m, 3H,J=7.5Hz, (c)
dt, 1H, J =5 Hz, (d)
sex, 2H, J =6 Hz, (e)
m, 1H, (f)

m, 1H, (Q)

d, 3H,J=6 Hz, (h)

t, 6H, J =7 Hz, (i)
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Figure 4.12 *C-NMR (125 MHz, CDCls) spectrum of 4-(diethylamino)-2-butanol
(DEAB).

Table 4.6 *C-NMR data of 4-(diethylamino)-2-butanol (DEAB).

o (ppm) type of carbon, position
69.42 d, (a)
52.55 t, (b)
46.43 t, (c)
33.72 t, (d)
23.23 q, (e)
11.32 g, ()

Figures 4.13 and 4.14 illustrate the GC-MS chromatogram and mass spectrum
of DEAB, respectively. The GC retention time of the compound was found at 5.79
min with the purity of 82 %. The mass spectrum pattern of the compound was found
to be in excellent agreement with the GC-MS chromatogram, thus confirming the

compound’s chemical formula (CgH19NO) and 145 molecular weight.
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Figure 4.13 GC-MS chromatogram of 4-(diethylamino)-2-butanol (DEAB).
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Figure 4.14 Mass spectrum of 4-(diethylamino)-2-butanol (DEAB).
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4.1.3 Synthesis of 4-(dipropylamino)-2-butanol (DPAB)

The synthesis method of DPAB was synthesized by the Michael addition
reaction and procedure given in the literature [27]. The synthesis of DPAB was
attempted by starting with dipropylamine and methyl vinyl ketone (MVK). After
workup and distillation, the compound was obtained as a yellowish liquid in 42 %

yield as shown in Scheme 4.4.

Dipropylamine Methyl vinyl ketone 4-(Dipropylamino)-2-butanol
(DPAB)

Scheme 4.4 Synthesis route of 4-(dipropylamino)-2-butanol (DPAB)

The chemical structure and purity of compound DPAB was identified by FT-
IR, *H and *C-NMR, and GC-MS, respectively. According to the infrared spectrum,
the absorption bands were shown at 3353 cm™ (OH stretching), 2956 cm™ (CH,
asymmetric stretching), 2929 cm™ (CH; asymmetric stretching), 2873 cm™ (CHjs
symmetric stretching), 2806 cm™ (CH, symmetric stretching), 1461 cm™ (CH,
bending), 1369 cm™ (CH; bending), and 1073 cm™ (CN stretching). The infrared
spectrum of DPAB is shown in Figure 4.15.
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Figure 4.15 FT-IR spectrum of 4-(dipropylamino)-2-butanol (DPAB).

The chemical structure of DPAB was also identified by *H and *C-NMR as
shown in Figures 4.16 and 4.17, respectively. Tables 4.7 and 4.8 list the chemical
shifts for the corresponding hydrogen and carbon atoms, respectively.
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Figure 4.16 *H-NMR (500 MHz, CDCls) spectrum of 4-(dipropylamino)-2-butanone
(DPAB).

Table 4.7 'H-NMR data of 4-(dipropylamino)-2-butanone (DPAB).

o (ppm) type of proton, number of proton, position
6.33 s, 1H, (a)

3.96-3.9 m, 1H, (b)

2.73-2.68 dt, 1H, J =3 and 12.5 Hz, (c)
2.58-2.2 m, 3H, (d)

2.25-2.2 m, 2H, (e)

1.63-1.42 m, 6H, (f)

1.16-1.15 d, 3H,J=6.5Hz ()

0.91-0.88 t,6H, J=7.5Hz, (h)
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Figure 4.17 C-NMR (125 MHz, CDCls) spectrum of 4-(dipropylamino)-2-butanone
(DPAB).

Table 4.8 *C-NMR data of 4-(dipropylamino)-2-butanone (DPAB).

o (ppm) type of carbon, position
69.28 d, (a)
55.65 t, (b)
53.91 t, (c)
33.81 t, (d)
23.11 q, (e)
19.57 t, (F)
11.42 g, (9)

Figures 4.18 and 4.19 illustrate the GC-MS chromatogram and mass spectra of
DPAB, respectively. The GC retention time of compound was found at 8.77 min with

the purity of 82 %. The mass spectrum pattern of the compound was found to be in
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excellent agreement with the GC-MS chromatogram, thus confirming the compound’s

chemical formula (C1oH23NO) and 173 molecular weight.
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Figure 4.18 GC-MS chromatogram of 4-(dipropylamino)-2-butanone (DPAB).
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Figure 4.19 Mass spectrum of 4-(dipropylamino)-2-butanone (DPAB).
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4.1.4 Synthesis of 4-(dibutylamino)-2-butanol (DBAB)

The synthesis method of DBAB was synthesized by the Michael addition
reaction and procedure given in the literature [27]. The synthesis of DBAB was
attempted by starting with dibutylamine and methyl vinyl ketone (MVK). After
workup and distillation, the compound was obtained as a yellowish liquid in 40.05 %

yield as shown in Scheme 4.5.

o OH
H NaBH, /\)\
~o~ N~ \)J\ ~ - NN
Dibutylamine Methyl vinyl ketone 4-(Dibutylamino)-2-butanol

(DBAB)

Scheme 4.5 Synthesis route of 4-(dibutylamino)-2-butanol (DBAB).

The chemical structure and purity of compound DBAB was identified by FT-
IR, *H and *C-NMR, and GC-MS, respectively. According to the infrared spectrum,
the absorption bands were shown at 3353 cm™ (OH stretching), 2956 cm™ (CH
asymmetric stretching), 2926 cm™ (CH; asymmetric stretching), 2861 cm™ (CHj
symmetric stretching), 2812 cm™ (CH, symmetric stretching), 1461 cm™ (CH,
bending), 1369 cm™ (CHs; bending), and 1073 cm™ (CN stretching). The infrared
spectrum of DBAB is shown in Figure 4.20.
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Figure 4.20 FT-IR spectrum of 4-(dibutylamino)-2-butanol (DBAB).

The chemical structure of DBAB was also identified by *H and *C-NMR as
shown in Figures 4.21 and 4.22, respectively. Tables 4.9 and 4.10 list the chemical

shifts for the corresponding hydrogen and carbon atoms, respectively.
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Figure 4.21 *H-NMR (500 MHz, CDCls) spectrum of 4-(dibutylamino)-2-butanone

(DBAB).

Table 4.9 *H-NMR data of 4-(dibutylamino)-2-butanone (DBAB).

6 (ppm)

type of proton, number of proton, position

6.26

3.82-3.76
2.60-2.54
2.47-2.38
2.12-2.06
1.63-1.42
1.36-1.26
1.24-1.11
1.02-1.00
0.79-0.76

brs, 1H, (a)

dsex, 1H, J =2 and 6 Hz (b)
dt, 1H, J =3 and 12 Hz, (c¢)
m, 3H, (d)

m, 2H, (e)

m, 1H, (f)

m, 5H, (Q)

m, 4H, (h)

d, 3H, J=6 Hz (i)

t, 6H, J=7.5 Hz (j)
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Figure 4.22 C-NMR (125 MHz, CDCls) spectrum of 4-(dibutylamino)-2-butanone

(DBAB).

Table 4.10 *C-NMR data of 4-(dibutylamino)-2-butanone (DBAB).

o (ppm) type of carbon, position
69.38 d, (a)
53.91 t, (b)
53.45 t, (c)
33.77 t, (d)
28.61 t, (e)
23.16 g, (H
20.31 t, (9)
13.66 q, (h)
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Figures 4.23 and 4.24 illustrate the GC-MS chromatogram and mass spectrum
of DBAB, respectively. The GC retention time of compound was found at 12 min
with the purity of 80.5 %. The mass spectrum pattern of the compound was found to
be in excellent agreement with the GC-MS chromatogram, thus confirming the

compound’s chemical formula (C12H2;NO) and 201 molecular weight.
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Figure 4.23 GC-MS chromatogram of 4-(dibutylamino)-2-butanone (DBAB).
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Figure 4.24 Mass spectrum of 4-(dibutylamino)-2-butanone (DBAB).
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4.1.5 Synthesis of 4-((2-hydroxyethyl)(methyl)amino)-2-butanol (HEMAB)

Compound HEMAB was synthesized by the Michael addition reaction,
following procedures given in the literature [27]. The synthesis of HEMAB was
attempted by starting with 2-(methylamino)ethanol and methyl vinyl ketone (MVK).
After workup and distillation, the compound was obtained as a yellowish liquid in
57.48 % vyield as shown in Scheme 4.6.

0]
H NaBH, /\)\
HO
\/\N

N .
Ho/\/ ~ +

2-(Methylamino)ethanol = Methyl vinyl ketone  4-((2-hydroxyethyl)(methyl)amino)-2-butanol
(HEMAB)

Scheme 4.6 Synthesis route of 4-((2-hydroxyethyl)(methyl)amino)-2-butanol
(HEMAB).

The chemical structure and purity of compound HEMAB was identified by
FT-IR, 'H and *C-NMR, and GC-MS, respectively. According to the infrared
spectrum, the absorption bands were shown at 3329 cm™ (OH stretching), 2960 cm™
(CH, asymmetric stretching), 2932 cm™ (CH3 asymmetric stretching), 2843 cm™ (CH;
symmetric stretching), 2800 cm™ (CH, symmetric stretching), 1458 cm™ (CH,
bending), 1375 cm™ (CHs; bending), and 1033 cm™ (CN stretching). The infrared

spectrum of HEMAB is shown in Figure 4.25.
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Figure 4.25 FT-IR spectrum of 4-((2-hydroxyethyl) (methyl)amino)-2-butanol
(HEMAB).

The chemical structure of HEMAB was also identified by *H and **C-NMR as
shown in Figures 4.26 and 4.27, respectively. Tables 4.11 and 4.12 list the chemical

shifts for the corresponding hydrogen and carbon atoms, respectively.



7

7.0
ppm (t1)
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Figure 4.26 'H-NMR (500 MHz, CDCls) spectrum of 4-((2-hydroxyethyl)(methyl)

amino)-2-butanol (HEMAB).

Table 4.11 *H-NMR data of 4-((2-hydroxyethyl)(methyl)amino)-2-butanol

(HEMAB).

o (ppm) type of proton, number of proton, position
3.65-3.59 m, 1H, (a)

3.37-3.35 t, 2H, J =6 Hz, (b)

2.39-2.24 m, 3H, (c)

2.22-2.17 m, 1H, (d)

1.99 s, 3H, (e)

1.35-1.27 m, 1H, (f)

1.26-1.20 m, 1H, (g)

0.88-0.86 d, 3H, J=6 Hz (h)
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Figure 4.27 *C-NMR (125 MHz, CDCl5) spectrum of 4-((2-hydroxyethyl)(methyl)

amino)-2-butanol (HEMAB).

Table 4.12 *C-NMR data of 4-((2-hydroxyethyl)(methyl)amino)-2-butanol

(HEMAB).

o (ppm)

type of carbon, position

67.89
59.15
58.72
56.02
41.81
34.19
23.02

d, (a)
t, (b)
t, (c)
t, (d)
t, (e)
t, (f)
g, (9)
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Figures 4.28 and 4.29 show the GC-MS chromatogram and mass spectrum of
HEMAB, respectively. The GC retention time of the compound was found at 9.1 min
with the purity of 80.5 %. The mass spectrum pattern of the compound was found to
be in excellent agreement with the GC-MS chromatogram, thus confirming the

compound’s chemical formula (C;H17NO>) and 147 molecular weight.

HEMAB
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Figure 4.28 GC-MS chromatogram of 4-((2-hydroxyethyl)(methyl)amino)-2-butanol
(HEMAB).
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Figure 4.29 Mass spectrum of 4-((2-hydroxyethyl)(methyl)amino)-2-butanol
(HEMAB).
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4.1.6 Synthesis of 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol (HEEAB)

Compound HEEAB was synthesized by the Michael addition reaction,
following procedures given in the literature [27]. The synthesis of HEEAB was
attempted by starting with 2-(ethylamino)ethanol and methyl vinyl ketone (MVK).
After workup and distillation, the compound was obtained as a yellowish liquid in
54.35 % vyield as shown in Scheme 4.7.

OH

0
NaBH, A)\
H ot HO\/\N

Ho TN N P

2-(Ethylamino)ethanol Methyl vinyl ketone 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol
(HEEAB)

Scheme 4.7 Synthesis route of 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol
(HEEAB).

The chemical structure and purity of compound HEEAB was identified by
ATR-IR, 'H and *C-NMR, and GC-MS, respectively. According to the infrared
spectrum, the absorption bands were shown at 3320 cm™ (OH stretching), 2963 cm™
(CH, asymmetric stretching), 2923 cm™ (CH3 asymmetric stretching), 2870 cm™ (CH;
symmetric stretching), 2827 cm™ (CH, symmetric stretching), 1458 cm™ (CH,
bending), 1369 cm™ (CH; bending), and 1046 cm™ (CN stretching). The infrared
spectrum of DPAB is shown in Figure 4.30.
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Figure 4.30 FT-IR spectrum of 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol
(HEEAB).

The chemical structure of HEEAB was also identified by *H and **C-NMR as
shown in Figures 4.31 and 4.32, respectively. Tables 4.13 and 4.14 list the chemical

shifts for the corresponding hydrogen and carbon atoms, respectively.
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Figure 4.31 *H-NMR (500 MHz, CDCl5) spectrum of 4-((2 hydroxyethyl)(ethy!)
amino)-2-butanol (HEEAB).

Table 4.13 *H-NMR data of 4-((2 hydroxyethyl)(ethyl)amino)-2-butanol (HEEAB).

o (ppm) type of proton, number of proton, position
3.72-3.66 m, 1H, (a)

3.45-3.37 q, 2H, J=6 Hz, (b)

2.51-2.21 m, 6H, (c)

1.39-1.32 m, 1H, (d)

1.29-1.23 m, 1H, (e)

0.93-0.92 d, 3H, J=6 Hz, (f)

0.84-0.81 t,3H,J=7.5Hz, (g)
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Figure 4.32 *C-NMR (125 MHz, CDCls) spectrum of 4-((2-hydroxyethyl)(ethyl)
amino)-2-butanol (HEEAB).

Table 4.14 C-NMR data of 4-((2 hydroxyethyl)(ethyl)amino)-2-butanol (HEEAB).

o (ppm) type of carbon, position
68.79 d, (a)
59.55 t, (b)
55.61 t, (c)
52.84 t, (d)
47.91 t, ()
34.53 t, (F)
23.51 g, (9)
11.53 q, (h)

Figures 4.33 and 4.34 illustrate the GC-MS chromatogram and mass spectrum
of HEMAB, respectively. The GC retention time of the compound was found at 9.8

min with the purity of 94 %. The mass spectrum pattern of the compound was found
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to be in excellent agreement with the GC-MS chromatogram, thus confirming the

compound’s chemical formula (CgH19NO>) and 161 molecular weight.
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Figure 4.33 GC-MS chromatogram of 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol
(HEEAB).
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Figure 4.34 Mass spectrum of 4-((2-hydroxyethyl)(ethyl)amino)-2-butanol (HEEAB).
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4.2 Preparation of agueous amine solution

Prior to all tests, the solubility of the newly synthesized amines in deionized
water were also observed under 298-353 K which was the temperature range used in
all tests in this study. This was done to ensure that the 2 M concentration solution
needed for all experiments was dissolved completely in deionized water, thus
preventing phase separation problem at a high temperature operation. Table 4.15
summarizes the solubility of DMAB, DPAB, DBAB, HEMAB, and HEEAB at
various temperatures based on visual observation. DEAB and MDEA were also
included for comparison. DMAB, HEMAB, HEEAB, DEAB, and MDEA were
completely soluble in water. Thus, water was sufficient and used only to prepare
aqueous solution of these amines for all subsequent tests. On the other hand, the
separation of two phases (i.e. organic and aqueous layers) triggered by reduced
solubility occurred for DPAB and DBAB containing longer di-alkyl chain being
propyl (-CH,CH,CH3) and butyl (-CH,CH,CH,CHj3), respectively. Therefore, to
effectively measure CO, solubility of DPAB and DBAB, water and methanol mixture
(of 1 to 2 ratio) was used to completely mix the amines to the desired 2 M

concentration for the tests.

Table 4.15 Molecular weight and solubility of amines at 2 M in deionized water at
different temperatures.

Molecular Deionized water
Amines | weight | 298K [ 313K [ 333K [ 353K
(9/mol)

DMAB 117 +++ +++ |+t +++
DPAB 173 - + ++ ++
DBAB 201 - - + +
HEMAB 147 ++ +H+ | |+t
HEEAB 161 ++ +++ | A+ |+
MDEA 119 +++ | At | |
DEAB 145 +++ +++ +++ +++

+++ : completely soluble
++ : nearly soluble
+ : partially soluble
- : separate into two layers
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4.3 CO, equilibrium solubility and cyclic capacity in agueous amine solutions

Before measuring CO, equilibrium solubility of amines, the experiments were
validated with 2 M MDEA and DEAB at 313 K and 3 to 100 kPa CO; partial pressure
by comparing with literature values as shown in Figure 4.35. The results were in good
agreement with previously reported data of Sema et al., and Benamor and Aroua [26,
65] with an absolute average deviation (% AAD) of 5.47 % and 4.23 %, respectively
for MDEA and DEAB. The repeatability in terms of standard deviation based on three
repeated runs was found to be less than 0.5 %. Therefore, the equipment and
procedures for this study are considered to be properly applicable for measuring the

equilibrium solubility of CO..

100

2M DEAB

2M MDEA
10

A 2M MDEA, this work

A2 M MDEA, Benamor and Aroua [65]
02M DEAB, this work

X 2M DEAB, Sema et al. [26]

CO, partial pressure (kPa)

2M MDEA

0.0 0.2 04 0.6 0.8 1.0
CO, loading (mol CO,/mol amine)

Figure 4.35 Validation of CO, equilibrium solubility in the aqueous solutions of 2 M
MDEA and 2 M DEAB solutions at 313 K by comparing with Sema et al., and
Benamor and Aroua.

The equilibrium loading at 298, 313, 333, and 353 K, and cyclic capacity of
DMAB, DPAB, DBAB, HEMAB, HEEAB, MDEA, and DEAB are summarized
respectively in Tables 4.16-4.22. The amines’ plots of CO; partial pressures and the
equilibrium loadings at 298, 313, 333 and 353 K corresponding to the data in Tables
4.16-4.22 are also given in Figures 4.36-4.39, respectively.



88

Table 4.16 Equilibrium solubility and cyclic capacity of CO, in 2 M aqueous DMAB

solution.
CO,partial | 298K 313K 333K 353K Cyelic
capacity
pressure CO; loading ]
(kPa) [mol CO,/mol amine] 313-353K
3 082 067 032 020 0.47
8 088 079 042 032 0.47
15 090 088 053 0.36 0.52
30 092 090 060 049 0.41
100 098 093 071 0.65 0.28

Table 4.17 Equilibrium solubility and cyclic capacity of CO; in 2 M aqueous DPAB

solution.
CO,partial | 298K 313K 333K 353K Cyclic
capacity
pressure CO,, loading
. 313-353 K
(kPa) [mol CO,/mol amine]

3 0.11 0.05 0.03 0.02 0.03

8 0.27 0.07 0.05 0.02 0.05

15 0.41 0.12 0.08 0.02 0.10

30 0.50 0.18 0.12 0.03 0.15

100 0.56 0.25 0.18 0.04 0.21
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Table 4.18 Equilibrium solubility and cyclic capacity of CO, in 2 M aqueous DBAB

solution.
CO,partial | 208K 313K 333K 353K | Yol
capacity
pressure CO;, loading )

(kPa) [mol CO,/mol amine] 313-353K

3 0.13 0.01 0.01 0.01 0.00

8 0.20 0.01 0.01 0.01 0.00

15 0.24 0.02 0.02 0.02 0.00

30 0.31 0.03 0.02 0.02 0.01

100 0.35 0.04 0.04 0.03 0.01

Table 4.19 Equilibrium solubility and cyclic capacity of CO, in 2 M aqueous
HEMAB solution.

COppartial | 208K 313K 333K 353k | Yl
capacity
pressure CO,, loading
(kPa) [mol CO,/mol amine] 313-353K

3 0.43 029 018 0.05 0.24

8 0.62 040 021 0.14 0.26

15 0.70 044 026 0.18 0.26

30 0.76 055 037 0.29 0.26

100 0.91 066 0.62 0.46 0.20




90

Table 4.20 Equilibrium solubility and cyclic capacity of CO; in 2 M aqueous HEEAB

solution.

CO,partial | 298K 313K 333K 353K Cyclic
capacity

pressure CO,, loading
(kPa) [mol CO,/mol amine] 313-353K
3 061 052 022 0.10 0.42
8 079 065 033 024 0.41
15 084 068 039 0.28 0.40
30 091 079 053 0.38 0.41
100 095 088 068 0.53 0.35

Table 4.21 Equilibrium solubility and cyclic capacity of CO; in 2 M aqueous MDEA

solution.
COppartial | 208K 313K 333K 3s3k | oYl
capacity
pressure CO,, loading
(kPa) [mol CO,/mol amine] 313-353K
3 039 017 0.08 0.02 0.15
8 051 033 014 0.05 0.28
15 057 045 0.18 0.09 0.36
30 071 057 025 0.17 0.40
100 083 0.77 050 0.25 0.52
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Table 4.22 Equilibrium solubility and cyclic capacity of CO; in 2 M aqueous DEAB

solution.
COppartial | 208K 313K 333K 353K | YOI
capacity
CO; loading
kP . -
pressure (kPa) [mol CO/mol amine] 313-353 K
3 0.83 0.68 035 032 0.36
8 0.88 0.77 043 037 0.40
15 0.91 0.85 058 0.44 0.41
30 0.94 0.89 0.77 055 0.34
100 0.97 0.94 085 0.71 0.23
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Figure 4.36 Equilibrium solubility of CO,in 2 M DMAB, DPAB, DBAB, HEMAB,
HEEAB, DEAB and MDEA solution at 298 K (solid lines are trend lines).
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Figure 4.37 Equilibrium solubility of CO,in 2 M DMAB, DPAB, DBAB, HEMAB,
HEEAB, DEAB and MDEA solution at 313 K (solid lines are trend lines).
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Figure 4.38 Equilibrium solubility of CO,in 2 M DMAB, DPAB, DBAB, HEMAB,
HEEAB, DEAB and MDEA solution at 333 K (solid lines are trend lines).
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Figure 4.39 Equilibrium solubility of CO,in 2 M DMAB, DPAB, DBAB, HEMAB,
HEEAB, DEAB and MDEA solution at 353 K (solid lines are trend lines).
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In Figure 4.36, DMAB showed the highest equilibrium absorption of CO,
among the new amines synthesized in this study. The amine’s loading between 0.11-
0.98 mol/mol amine obtained from 3-100 kPa range was even comparable to our
previously developed DEAB. For all partial pressures, HEEAB and HEMAB showed
the second and third highest equilibrium loading in ranges of 0.61-0.95 and 0.43-0.91
mol/mol amine, respectively. In addition, DMAB, HEMAB and HEEAB were all
superior to MDEA for CO; loading absorption capacity. Based on structural analysis,
the new amines were categorized into two groups consisting of di-alkyl (i.e. DMAB,
DPAB and DBAB) and hydroxy-alkyl-alkyl-amino-2-butanols (i.e. HEMAB and
HEEAB). Specifically, the least sterically hindered DMAB, which contained the
shortest alkyl chain length, provided the least electron donating effect. The amine
could still allow the CO, absorption to occur more easily as shown by its high CO,
loading capacity. Though, DEAB structure can potentially induce electron density
around its nitrogen atom better based its longer di-ethyl group structure. This effect
was not significant and probably overcome by its own steric effect, thus preventing
DEAB’s CO, absorption ability to surpass that of DMAB.

In the case of the hydroxy-alkyl-alkyl substituted amines, HEMAB and
HEEAB could benefit from both hydroxy-alkyl (-ROH) and methyl/ethyl groups in
the molecule. Firstly, the presence of more hydroxyl (-OH) groups increased the
amine solubility in water. In addition, the electron-donating ability of the amines
could be enhanced by their alkyl groups. By comparing the equilibrium solubility of
CO,, HEEAB benefited fully from these properties that allowed more CO, to be taken
compared to HEMAB. This was due to the presence of a better electron-donating
ethyl group that increased the electron density of the amine structure. Thus, this likely
made HEEAB more basic and absorb CO, better than HEMAB without suffering

from the steric hindrance effect as shown earlier in the di-alkyl substituted amines.

For DPAB and DBAB, these amines contained even longer alkyl chains of di-
propyl and di-butyl groups, respectively in the structure. As a result, steric effect
induced by such a long alkyl length probably dominated and prevented the amines
from performing as well as the baseline DEAB solvent. The bulkier structure also

prevented the amines from reaching a higher CO; loading as seen in the hydroxy-
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alkyl-alkyl substituted amines. This is evident from Figures 4.36-4.39 where the
DPAB and DBAB’s equilibrium CO; loading trend lines were placed at the most left
of the graph. Also, DPAB and DBAB’s poor solubility in deionized water showed a
problematic phase separation even at low concentrations. To allow their CO, loading
property to be evaluated, methanol mixed with water at a ratio of 2:1 M even had to
be used. Due to these shortcomings, DPAB and DBAB were dropped out from further
tests. It is also worth mentioning that the equilibrium solubility of CO, of di-alkyl
substituted amines (i.e. DMAB and DEAB) was superior to that of the hydroxy-alkyl-
alkyl substituted amines (i.e. HEMAB and HEEAB). This implied that having a
proper di-alkyl group in the amine structure could promote the CO, equilibrium
solubility more effectively than the hydroxy-alkyl-alkyl group via its electron
donating ability.

Similar trends were still observed for all amines when the equilibrium loading
was measured at 313, 333 and 353 K shown in Figures 4.37, 4.38 and 4.39,
respectively. Equilibrium CO, loading of DMAB was still the highest between the
new amines at both temperatures. Its loading was still comparable to DEAB at 313 K.
However, the loading was reduced but insignificantly, to become less than that of
DEAB at 333 and 353 K. HEEAB still remained the second highest amine in terms of
the CO; equilibrium solubility followed by HEMAB, DPAB, and DBAB. DMAB,
HEEAB, and HEMAB still gave a higher CO, loading at equilibrium condition than
that of MDEA. Similar explanation given at 298 K for relationship of structure of the
amines and their corresponding equilibrium CO; loadings could be used for 313, 333
and 353 K data.

In terms of cyclic capacity calculated as a difference between loadings at 353
and 313 K, the results suggested that a shorter chained DMAB possessed the highest
cyclic capacity (i.e. 0.47-0.52 mol/mol amine between 3-15 kPa CO;) among the
newly synthesized di-alkyl substituted amines (i.e. DPAB and DBAB). The capacity
was also within the same range as that of DEAB. For HEMAB and HEEAB, though
these amines showed moderate equilibrium CO, loadings as discussed previously.
Their cyclic capacity, specifically that of HEEAB was high and also close to that of
DEAB ranging between 0.40 and 0.42 mol/mol amine. Having a high cyclic capacity
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implied that CO, was also easy to be removed from DMAB, HEEAB and DEAB at a
higher temperature. Therefore, use of these amines in a real capture process could
potentially lead to an operational cost saving during the regeneration process which
have been also confirmed with the measurement of regeneration kinetic rate and heat
input detailed later in Section 4.6. The relationship between equilibrium solubility of
CO; and the cyclic capacities for all amines is also shown in Figure 4.40. Considering
these 2 parameters, DMAB, HEMAB, and HEEAB showed a greater potential than
the rest of amines in terms of high absorption capacity and high cyclic capacity. Thus,

only these amines were selected for further evaluation.
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Figure 4.40 The relationship between CO, solubility at temperature at 313 K, 15 kPa
CO;, partial pressure and cyclic capacity at different temperatures (313-353 K) of
seven amines (DMAB, DPAB, DBAB, HEMAB, HEEAB, MDEA and DEAB).
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4.4 Heat of CO, absorption in aqueous amine solutions

Table 4.23 summarizes the heat of CO, absorption of DMAB, HEMAB, and
HEEAB estimated based on the Gibbs-Helmholtz equation. MDEA and DEAB were
also measured and included in the table as base solvents for comparison. For DMAB,
plots of In Pco, and 1/T using 3, 8, 15, 30 and 100 kPa CO, partial pressure and 298-

353 K data at 2 or 3 equilibrium CO; loadings between 0.88 and 0.90 are shown in
Figure 4.41. The average slope found from the 2 plots was -4109.6 K which was
correspondent to -34.17 kJ/mol heat of CO, absorption, with a 6.9 % error in terms of
standard deviation (SD). Similar plots shown in Figure 4.41 for DMAB were
generated to determine the heat of CO, absorption of HEMAB, HEEAB, MDEA, and
DEAB, respectively given in Figures 4.42-4.45. Calculations of the heat of CO,
absorption based on averaged slopes gave -69.79 (13.7 % SD), -59.76 (5.9 % SD), -
56.21 (8.4 % SD), and -55.86 (7.5 % SD) kd/mol for HEEAB, DEAB, HEMAB, and
MDEA respectively. DMAB had the lowest absorption heat among the new amines.
Its heat of CO, absorption was also comparable to that of MDEA and DEAB possibly
due to the short chained structure. This was also consistent with the work of
Chowdhury et al. [78] confirming the existence of the methyl and ethyl groups in the
amine structure helping to decrease the heat of reaction but enhance the initial

absorption rate and absorption capacity.

The same explanation used for DMAB holds true for hydroxy-alkyl-alkyl
substituted amines. Though not to the extent of DMAB (with di-methyl), HEMAB
could probably benefit still from its single methyl substituent, thus giving 20 % less
heat of CO, absorption that of HEEAB with one ethyl chain in the structure.
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Figure 4.41 Plot of

InPco2 and 1/T of 2 M DMAB (solid lines are trend lines).
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Figure 4.42 Plot of InPco, and 1/T of 2 M HEMAB (solid lines are trend lines).



99

5
y =-9886.7x + 34.295
4
y =-8219x + 29.66
&3 y = -7076.3x + 24,651
e
£ 2
-0-CO2 loading = 0.53

1 -+CO2 loading = 0.68

0 -+-CO2 loading = 0.79

0.0028 0.003 0.0032 0.0034

UT (K

Figure 4.43 Plot of InPco, and 1/T of 2 M HEEAB (solid lines are trend lines).
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Figure 4.45 The plot of InPco, and 1/T of 2 M DEAB (solid lines are trend lines).

Table 4.23 Heat of CO, absorption, CO, absorption rate, pK,, CO, regeneration rate
and heat input for regeneration in aqueous solutions of DMAB, HEMAB and HEEAB
compared with MDEA and DEAB.

Heat of CO, CO, CO; Heat input
absorption, AHgps absorption pKa regeneration for

Amine (kd/mol CO,) rate at 313 K rate at 363 K | regeneration

estimated fnﬁi;il Cég]&lin) fn)g;i;il literature Co(r;t%lin) (kJ/mol COy)
MEA -84.3° -82¢ N/A N/A 11.12° N/A N/A
DEA -66.9° -69 ¢ N/A N/A 8.89¢ N/A N/A
MDEA 54.6° -49° N/A N/A 8.65" N/A N/A
DEAB -63.4°¢ N/A N/A N/A 104° N/A N/A
MDEA (this work) -55.86 N/A 0.063 8.62 N/A 0.220 56.59
DEAB (this work) -59.76 N/A 0.088 10.16 N/A 0.243 54.37
DMAB (this work) -34.17 N/A 0.082 9.38 N/A 0.512 39.73
HEMAB (this work) -56.21 N/A 0.111 9.15 N/A 0.452 60.48
HEEAB (this work) -69.79 N/A 0.142 9.81 N/A 0.295 72.44

& Estimated values are obtained from Kim and Svendsen [68]
® Estimated values are obtained from Lee et al. [70]

¢ Estimated values are obtained from Rho et al. [69]

¢ Estimated values are obtained from Carson et al. [71]

¢ Estimated values are obtained from Sema et al. [47]
"Estimated values are obtained from Shi et al. [74]

9 Estimated values are obtained from Silva et al. [79]

" Estimated values are obtained from Chowdhury et al. [80]
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4.5 CO, absorption rate in aqueous amine solutions

The CO; loading versus time plots at 313 K of 2 M DMAB, HEMAB and
HEEAB compared to MDEA and DEAB, are shown in Figure 4.46. Their
corresponding absorption rates calculated from the slopes are also summarized in
Table 4.23. It was clear that the rate of CO, absorption at 313 K was largely affected
by the amine structure showing an increase in the order of 0.063, 0.082, 0.088, 0.111
and 0.142 mol CO,/min for MDEA, DMAB, DEAB, HEMAB and HEEAB,
respectively. By comparing the CO, absorption rate within the group of di-alkyl
substituted amines, DEAB showed a slightly higher absorption rate than that of
DMAB. This was probably due to the influence of a better electron-donating group of
DEAB which also dominated over its own steric effect. Even though DMAB showed
a slightly less absorption rate, it still absorbed CO, moderately faster than the

conventional MDEA.
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Figure 4.46 CO, loading as a function of time for five amines (DMAB, HEMAB,
HEEAB, MDEA and DEAB) at temperature of 313 K.

In the case of the group of hydroxy-alkyl-alkyl substituted amines, HEMAB
and HEEAB both showed an excellent enhancement of the absorption with the rates
one to two folds higher than that of DMAB, DEAB, and MDEA. In addition to
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electron donating ability within this group of amines, having an extra -OH group
could have been a factor in boosting up the absorption rate of HEMAB and HEEAB.
The presence of more -OH groups likely increased the ability for water to solvate the
amine molecule which was essential in CO, absorption reactions shown in Equations
4.1-4.4 [52, 74, 81, 82].

K .
CO, + Hy0 <—2~ H,CO; H™ + HCOy Eqa1

fast

H20 + R3N — R3NH+ + OH_ Eq-4-2
+ fast +
H* + RN <=3L. R.NH Eq.4.3
- slow, Koy’ )

Chemical structure containing an extra —OH group via hydroxy-alkyl-alkyl
substituted amines such as in HEMAB and HEEAB molecules could have allowed
these amines to easily come in contact with water, thus enhancing the reaction rates of
Equations 4.2 and 4.3. This extra push possibly helped the absorption mechanism to
quickly produce OH™ and RzNH" necessary for driving the absorption reactions, thus,
contributing to a faster overall absorption rate.

Dissociation constant measured as pK, values is indicated to be very important
for a compound’s basicity for the interpretation of the kinetic mechanism of amines
such as absorption rate. In this work, the pK; values of all amines were experimentally
measured at 296.5 K as also shown in Table 4.23. The pK, values increased from 8.62
to 9.15, 9.38, 9.81 and 10.16 for MDEA, HEMAB, DMAB, HEEAB and DEAB,
respectively. By comparing the pK;, values within the same amine group, the pK,
values of HEEAB were higher than that of HEMAB due to a better electron donating
ethyl group, helping to increase the electron density to the amine structure. Therefore,
the amine was more basic which could contribute to a higher reactivity in the
absorption of CO,. A similar trend was seen in the group of di-alkyl substituted
amines, higher pK; DEAB was more alkaline, thus able to react with CO; at a slightly
faster rate than DMAB.
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To compare amines from different groups, the CO, absorption rate of HEEAB
was the highest. This could be a combination of many factors such as the presence of
more hydroxyl (-OH) groups and the type of alkyl group that helped enhance the CO,
absorption rate. Chowdhury et al. [78] confirmed the effect of extra —OH groups in
the amine structures that increased the CO, absorption rate. Their work have shown
that a tertiary amine having a di-hydroxyl group in the chemical structure such as 3-
diethylamino-1,2-propanediol (3DEA-1, 2-PD) could absorb CO; at a faster rate than
the other tertiary amine with only one hydroxyl group (i.e. 3-diethylamino-2-propanol
(DEA-2P)).

The relationship between heat of CO, absorption (AHaps) described earlier in
Section 4.4 and the CO, absorption rate is also shown in Figure 4.47. Based on these
two parameters, DEAB, DMAB and HEMAB were among the new amines able to
potentially help enhance the capture performance, specifically in the absorber section.
Having a lower AHps, especially that of DMAB, could also be beneficial during the

regeneration process from the viewpoint of energy efficiency.
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Figure 4.47 The relationship between heat of CO, absorption and CO; absorption rate
of five amines (DMAB, HEMAB, HEEAB, MDEA and DEAB).
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4.6 CO, regeneration rate and heat input of CO, regeneration in aqueous amine
solutions

The CO, loading versus time plots at 363 K of 2 M DMAB, HEMAB and
HEEAB compared to MDEA and DEAB, were shown in Figure 4.48. Their
corresponding regeneration instantaneous rates calculated from the slopes were also
summarized in Table 4.23. The CO,-amine regeneration rate increased in the order of
0.220, 0.243, 0.295, 0.452 and 0.512 mol CO,/min for MDEA, DEAB, HEEAB,
HEMAB and DMAB, respectively. This trend of the rate data has shown quite an
improvement of all new amines from the heavily used conventional MDEA in terms
of easy to regenerate property. Specifically, the CO, regeneration ability of DMAB
and HEMAB have also improved quite significantly from their starting DEAB.
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Figure 4.48 CO; loading as a function of time for five amines (DMAB, HEMAB,
HEEAB, MDEA and DEAB) at temperature of 363 K.

In terms of heat input for regeneration, DMAB also stands out as seen from
only 39.73 kJ/mol heat input required in the CO; regeneration test, compared to
72.44, 60.48, 56.59, and 54.37 kJ/mol CO, for HEEAB, HEMAB, MDEA, and DEAB
respectively. The methyl group in DMAB could be a reason of the amine having such

a low heat input due to its least contribution to the amine electron density, thus a
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weaker bond with the CO, to be broken. The same trend was seen between HEEAB
and HEMAB of which, the latter with methyl substituent also required a smaller
amount of heat for regeneration. The relationship between heat input and regeneration
rate is also shown in Figure 4.49. Considering these two parameters, DMAB and
HEMAB showed a greater potential than the rest of amines in reducing the CO,

capture operational cost, specifically within the regeneration process.
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Figure 4.49 The relationship between heat input and regeneration rate of five amines
(DMAB, HEMAB, HEEAB, MDEA and DEAB).
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4.7 CO, equilibrium solubility and cyclic capacity in blended amine solutions

It is apparently found from section 4.3 that the newly synthesized tertiary
amines (i.e. DMAB, HEMAB and HEEAB) are good amines for CO, capture, most
preferable as blended solvent with a primary amine such as MEA to achieve a more

desirable set of absorption capacity and cyclic capacity for use in CO, absorption.

The earlier work from Sema et al. [47], blended MEA-DEAB solvent was
considered in order to enhance the reaction rate of DEAB and counter the high energy
requirement of MEA. The MEA concentration used industrially in the CO, treating
process is limited to be in a range of 5-7 M, especially 5 M. According to their work,
the blended amine solutions of MEA and DEAB at concentration ratio of 5:1.25 M
exhibited fastest reaction kinetics of CO, absorption in terms of the enhancement
factor (E) than those over a concentration range of 5:0.25 M to 5:2 M, and single 5 M
MEA, respectively. In this study, the MEA concentration in the aqueous solution was
kept constant at 5 M. The new tertiary amines (i.e. DMAB, HEMAB and HEEAB),
and DEAB and MDEA concentrations were kept constant at 1.25 M. Thus, the total

amine concentrations in this work are found to be 6.25 M in water.

The equilibrium loading at 298, 313, and 353 K, and cyclic capacity of
blended amine solutions (i.e. MEA-DMAB, MEA-HEMAB, MEA-HEEAB, MEA-
DEAB and MEA-MDEA at concentration ratio of 5:1.25 M) compared with single 5
M MEA in water are summarized respectively in Tables 4.24-4.29. The amines’ plots
of CO, partial pressures and the equilibrium loadings at 298, 313, and 353 K
corresponding to the data in Tables 4.24-4.29 are also given in Figures 4.50-4.52,

respectively.
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Table 4.24 Equilibrium solubility and cyclic capacity of CO, in blended amine
solutions (MEA-DMAB at ratio 5:1.25 M in water).

COppartial | 298K 313K 353k | Yl
capacity
CO; loading
pressure (kPa) [mol CO/mol amine] 313-353 K
3 0.50 0.46 0.28 0.18
8 0.52 0.48 0.34 0.14
15 0.54 0.50 0.38 0.12
30 0.57 0.52 0.43 0.09
100 0.61 0.56 0.48 0.08

Table 4.25 Equilibrium solubility and cyclic capacity of CO, in blended amine
solutions (MEA-HEMARB at ratio 5:1.25 M in water).

COppartial | 298K 313K 353k | Yl
capacity
CO,, loading
pressure (kPa) [mol CO/mol amine] 313-353 K
3 0.47 0.44 0.28 0.16
8 0.50 0.47 0.32 0.15
15 0.53 0.48 0.35 0.13
30 0.55 0.50 0.39 0.11
100 0.59 0.55 0.48 0.07
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Table 4.26 Equilibrium solubility and cyclic capacity of CO, in blended amine
solutions (MEA-HEEAB at ratio 5:1.25 M in water).

COppartial | 208K 313K 353K | Yl
capacity
CO; loading
pressure (kPa) [mol CO/mol amine] 313-353 K
3 0.49 0.45 0.28 0.17
8 0.52 0.48 0.32 0.16
15 0.55 0.50 0.37 0.13
30 0.57 0.52 0.43 0.09
100 0.60 0.56 0.46 0.10

Table 4.27 Equilibrium solubility and cyclic capacity of CO; in blended amine
solutions (MEA-DEAB at ratio 5:1.25 M in water).

COppartial | 298K 313K 353k | Vel
capacity
CO; loading
pressure (kPa) [mol CO/mol amine] 313-353 K
3 051 047 029 0.18
8 052 049  0.36 0.13
15 054 051  0.39 0.12
30 055 053  0.42 0.11
100 060 057 047 0.10




Table 4.28 Equilibrium solubility and cyclic capacity of CO, in blended amine
solutions (MEA-MDEA at ratio 5:1.25 M in water).

COppartial | 298K 313K 353k | Yl
capacity
CO; loading
pressure (kPa) [mol CO/mol amine] 313-353 K
3 0.48 0.43 0.26 0.17
8 0.50 0.45 0.30 0.15
15 0.51 0.47 0.34 0.13
30 0.55 0.50 0.44 0.06
100 0.60 0.55 0.45 0.10

COppartial | 298K 313K 353k | Yl
capacity
CO; loading
pressure (kPa) [mol CO/mol amine] 313-353 K
3 049 047 032 0.15
8 051 049  0.36 0.13
15 053 052  0.40 0.12
30 01567597054 4111 0146 0.08
100 061 057 051 0.06
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Table 4.29 Equilibrium solubility and cyclic capacity of CO, in 5 M aqueous MEA
solution.
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Figure 4.50 Equilibrium solubility of CO; in blended amine solutions (MEA-DMAB,
MEA-HEMAB, MEA-HEEAB, MEA-DEAB and MEA-MDEA at ratio 5:1.25 M)
compare with 5 M MEA in water at 298 K (solid lines are trend lines).
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Figure 4.51 Equilibrium solubility of CO, in blended amine solutions (MEA-DMAB,
MEA-HEMAB, MEA-HEEAB, MEA-DEAB and MEA-MDEA at ratio 5:1.25 M)
compare with 5 M MEA in water at 313 K (solid lines are trend lines).
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Figure 4.52 Equilibrium solubility of CO; in blended amine solutions (MEA-DMAB,
MEA-HEMAB, MEA-HEEAB, MEA-DEAB and MEA-MDEA at ratio 5:1.25 M)
compare with 5 M MEA in water at 353 K (solid lines are trend lines).

In Figures 4.50, 4.51 and 4.52, it can be observed that the equilibrium
solubility of CO; increases as partial pressure increases (from 3 to 100 kPa) due to the
higher driving force for CO, absorption at higher CO, partial pressure. The
equilibrium solubility of CO; in aqueous solubility of blended amines decreases as
temperature increases (from 298 to 353 K) because the solubility of CO, declines with

increasing temperature.

In Figure 4.50, all blended amine solutions (MEA-DMAB, MEA-HEMARB,
MEA-HEEAB, MEA-DEAB and MEA-MDEA) in water shows almost the same
range of equilibrium absorption of CO,. The amine’s loading between 0.47-0.61
mol/mol amine obtained from 3-100 kPa were even comparable to our previously
developed MEA-DEAB and MEA-MDEA. The single MEA has similar amine’s
loading of blended amine solutions.

Similar trends were still observed for all amines when the equilibrium loading
was measured at 313 and 353 K as shown in Figures 4.51 and 4.52, respectively. The
amine’s loading between 0.43-0.57 and 0.26-0.48 mol/mol amine obtained from 3-

100 kPa were measured at 313 and 353 K, respectively. Its loading was still
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comparable to MEA and the loading capacity of MEA was also with in the same

range of all blended amines.

In terms of cyclic capacity calculated as a difference between loadings at 353
and 313 K, the results suggested that all blended amines possessed the high cyclic
capacity (i.e. 0.12-0.18 mol/mol amine between 3-15 kPa). For MEA, though these
amines showed lower amine concentrations, its cyclic capacity was lower and closest
to that of blended amines ranging between 0.12-0.15 mol/mol amine.

Therefore, it is clear that the equilibrium solubility of CO, in aqueous solution
of blended amines (i.e. MEA-DMAB, MEA-HEMAB, MEA-HEEAB, MEA-DEAB
and MEA-MDEA) at higher amine concentration (6.25 M) were similar to that of
MEA at lower amine concentration (5 M). This could be because of the effect of
solution density. At high density, the solutions approach saturation with both of MEA
and tertiary amine molecules and less free spaces of the solution for CO, to be
dissolved in the system. Thus, it prevented the amine molecules from reaching a
higher CO, loading. Chakrevarty et al. [40] suggested that the blended amine solution
resulting in the increase of equilibrium solubility of CO, when compared with single
amine. There might be a structural interaction between primary and tertiary amine that
allows CO, to react with amines easily. However, further investigation of an
appropriate ratio of primary amine and tertiary amine need to be carried out as to fully

benefit from these promising amines.
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4.8 CO, absorption rate in blended amine solutions

The CO; loading versus time plots at 313 K of blended amine solutions (i.e.
MEA-DMAB, MEA-HEMAB, MEA-HEEAB, MEA-DEAB and MEA-MDEA at a
concentration ratio of 5:1.25 M) compared with single 5 M MEA in water, are shown
in Figure 4.53. Their corresponding absorption rates calculated from the slopes are
also summarized in Table 4.30. It showed that the rate of CO, absorption at 313 K
was largely affected by the amine structure showing an increase in the order of 0.088,
0.094, 0.103, 0.108 and 0.129 mol CO,/min for MEA-MDEA, MEA-DMAB, MEA-
DEAB, MEA-HEMAB, and MEA-HEEAB, respectively. Single MEA showed the
rate of CO, absorption at 0.117 mol CO,/min. By comparing the CO, absorption rate
within blended amine solutions, MEA-HEEAB showed a slightly higher absorption
rate than that of MEA-HEMAB, MEA-DEAB, MEA-DMAB and MEA-MDEA,
respectively. This was probably due to the influence of a better electron-donating
group and extra —OH groups of HEEAB and HEMAB in the structure could have
been a factor in boosting up the absorption rate of these amines, which corresponds

well with the results in section 4.5.

The CO, absorption rate in agueous solution of MEA at lower amine
concentration (5 M) showed a slightly higher than that of blended amine solutions
except MEA-HEEAB. This might be the effect of high density of blended amine
solutions, which is limited to amine molecule approach to CO, molecule in the

solution.
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Figure 4.53 CO; loading as a function of time for blended amine solvents (i.e. MEA-
DMAB, MEA-HEMAB, MEA-HEEAB, MEA-DEAB and MEA-MDEA at
concentration ratio of 5:1.25 M) compare with single 5 M MEA in water at
temperature of 313 K.

Table 4.30 CO, absorption rate, CO, regeneration rate and heat input for regeneration
of blended amine solution (i.e. MEA-DMAB, MEA-HEMAB, MEA-HEEAB, MEA-
DEAB and MEA-MDEA at concentration ratio of 5:1.25 M) compare with single 5 M
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4.9 CO, regeneration rate and heat input of CO, regeneration in blended amine

solutions

The CO; loading versus time plots at 363 K of blended amine solutions (i.e.
MEA-DMAB, MEA-HEMAB, MEA-HEEAB, MEA-DEAB and MEA-MDEA at
concentration ratio of 5:1.25 M) compare with single 5 M MEA in water, were shown
in Figure 4.54. Their corresponding regeneration instantaneous rates calculated from
the slopes were also summarized in Table 4.30. The CO,-blened amine regeneration
rate increased in the order of 0.061, 0.0.064, 0.069, 0.070 and 0.072 mol CO,/min for
MEA-MDEA, MEA-HEEAB, MEA-DEAB, MEA-DMAB, and MEA-HEMAB,
respectively. This trend of the rate data has shown an improvement of all blended

amine solutions from MEA-MDEA in terms of easy to regenerate property.
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Figure 4.54 CO, loading as a function of time for blended amine solvents (i.e. MEA-
DMAB, MEA-HEMAB, MEA-HEEAB, MEA-DEAB and MEA-MDEA at
concentration ratio of 5 : 1.25 M) compare with single 5 M MEA in water at
temperature of 363 K.

In terms of heat input for regeneration, MEA-DMAB stands out as seen from
only 130.27 kJ/mol heat input required in the CO, regeneration test, compared to
188.78, 171.85, 163.01 and 154.35 kJ/mol CO, for MEA-HEEAB, MEA-HEMAB,
MEA-MDEA, and MEA-DEAB respectively. This was probably due to the influence
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of the methyl group in DMAB that could be a reason of the amine having such a low
heat of regeneration. Single MEA showed the highest of heat input for regeneration at
203.01 kJ/mol CO,. This was also consistent with the work of Naami et al. [34]
confirming the regeneration energy for the blended MEA-DEAB aqueous solutions is

lower than that of single MEA aqueous solutions.

Considering these three parameters such as CO, absorption and regeneration
rate, heat input for regeneration of blended amine solutions showed a greater potential
than single amines solutions in reducing the CO, capture operational cost, specifically

within the regeneration process.
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4.10 CO; absorption kinetics of tertiary amines using the stopped-flow apparatus

In earlier publication, Singto et al. [29] developed new tertiary amines, 4-((2-
hydroxyethyl)(methyl)amino)-2-butanol ~ (HEMAB),  4-((2-hydroxyethyl)(ethyl)
amino)-2-butanol (HEEAB) and 4-(dimethylamino)-2-butanol (DMAB), which were
shown quite an improvement from MDEA solvent in terms of high equilibrium
solubility, fast absorption and desorption rates, and low heat of absorption and
regeneration. However, it is essential to evaluate the reaction kinetics of CO,
absorption in order to evaluate the potential candidate solvents for CO, capture
process.

The technique that can be used for study the kinetic of CO, absorption into
aqueous amine solution is the stopped-flow technique which considered to be a direct
method because CO, is saturated in the liquid phase which is directly reacted with the
amine solvent. This technique that has frequently been used for kinetic study exhibits
several intrinsic advantages, such as no limitation of a gas-liquid mass transfer, no
effect of the reversibility of reaction, small amount of solvent is consumed (~ 0.1 mL
for every experiment), easy operation, and short experiment run [18, 19].

Before measuring CO, absorption kinetics of tertiary amines using the
stopped-flow apparatus, the experimental set-up and procedures used in this study
were also used to validate the pseudo first-order reaction rate constant (ko) of 0.01-0.1
mol/L for MEA at 298 K by comparing with literature values as shown in Figure 4.55.
The results were in good agreement with previously reported data of Ali et al. [20]
with an absolute average deviation (% AAD) of 5.11 %. The accuracy of the ko shown
in terms of the standard deviation (SD) based on at least seven repeated runs was
found to be in the range of 0.42-2.67 %.
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Figure 4.55 Validation of ko values of MEA solution at 298 K by comparing with Ali
et al.

The experimental values of the observed pseudo first-order reaction rate
constants (ko) obtained from the stopped-flow apparatus at 298, 303, 308 and 313 K of
HEMAB, HEEAB, DMAB, DEAB and MDEA are summarized respectively in
Tables 4.31-4.35. The amine’s plots of the observed pseudo first-order reaction rate
constant (k) and amine concentrations between 0.1-0.5 mol/L for HEMAB and
HEEAB, and 0.1-1.0 mol/L for DMAB, DEAB and MDEA at 298, 303, 308 and 313
K corresponding to the data in Figures 4.56-4.60 and are also given in Tables 4.31-
4.35, respectively.
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Table 4.31 Experimental kinetics data for HEMAB over ranges of concentration and
temperature of 0.1-0.5 M and 293-313 K.

Concentration Pseudo first-order rate constant (ko)
(M) 298 K 303 K 308 K 313K
0.10 95.20 (+1.9) |118.50 (x1.7) | 167.00 (£1.8) | 215.63 (£1.2)
0.20 250.00 (£2) 270.00 (£2.3) | 330.00 (x2.4) | 370.00 (x2.2)
0.30 330.60 (£1.6) | 364.35 (x2) | 467.00 (+2.4) | 539.57 (£1.7)
0.40 476.00 (£2.2) | 504.00 (x1.7) | 597.00 (£1.6) | 721.00 (£1.3)
0.50 574.00 (£1.6) | 606.00 (x1.3) | 696.00 (x1.7) | 858.00 (£1.3)

Table 4.32 Experimental kinetics data for HEEAB over ranges of concentration and
temperature of 0.1-0.5 M and 293-313 K.

Concentration

Pseudo first-order rate constant (ko)

(M) 298 K 303K 308 K 313K

0.10 130.40 (+1.3) | 201.58 (+1.3) | 246.73 (x1.2) | 282.00 (+1)
0.20 284.40 (+.1.8) | 367.00 (+1.5) | 390.60 (+1.5) | 439.98 (+1.2)
0.30 406.00 (+1.4) | 496.00 (+1.6) | 520.00 (+1.5) | 632.90 (+2.1)
0.40 508.00 (+1.6) | 597.90 (+1.6) | 660.90 (+1) | 771.00 (2)
0.50 670.00 (+1.7) | 770.00 (+1.5) | 860.00 (+1.7) | 980.00 (+1.8)

Table 4.33 Experimental kinetics data for DMAB over ranges of concentration and
temperature of 0.10-1.0 M and 293-313 K.

Concentration

Pseudo first-order rate constant (ko)

(M) 298 K 303K 308 K 313K
0.10 2.30 (£0.2) |3.70 (x0.1) |4.86(x0.2) |6.30 (0.1)
0.20 3.88 (+0.1) |6.59(x0.1) |7.49(x0.1) | 11.04 (x0.5)
0.40 9.88 (+0.3) | 14.59 (+0.5) |18.93 (+0.4) |27.93 (x0.4)
0.60 11.68 (+0.6) | 18.70 (x0.6) |25.97 (+1) | 37.64 (+1.4)
0.80 14.80 (+0.7) | 23.16 (+1.3) |33.16 (2.1) |47.96 (+2.7)
1.00 10.19 (+0.8) | 26.52 (+1.9) |38.49 (+2) |52.57 (+1.3)
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Table 4.34 Experimental kinetics data for DEAB over ranges of concentration and
temperature of 0.10-1.0 M and 293-313 K.

Concentration Pseudo first-order rate constant (ko)

(M) 298 K 303 K 308 K 313K
0.10 9.00 (0.6) 12.00 (x0.9) | 19.50 (+1.04) | 30.15(¢1.2)
0.20 12.69 (£1.1) | 18.60 (x0.8) | 28.95(x1.2) |40.29(x1.4)
0.40 24.91(x1.4) 36.80 (x1.1) | 48.00 (£1.5) | 65.26(£1.2)
0.60 33.82(x1.6) 50.21 (x1.3) |65.30 (£1.3) | 85.37(x1.3)
0.80 41.96 (+1.3) |62.81(x0.4) |78.39(x1.1) | 105.70 (x1.2)
1.00 47.25 (x1.3) | 72.00 (£1.2) | 90.63(%1) 125.07(x1.5)

Table 4.35 Experimental kinetics data for MDEA over ranges of concentration and
temperature of 0.10-1.0 M and 293-313 K.

Concentration Pseudo first-order rate constant (ko)

(M) 298 K 303 K 308 K 313K
0.10 0.00 0.00 0.00 0.00

0.20 1.95(x0.1) 2.34 (£0.2) 3.16(x0.1) 4.65(x0.2)
0.40 3.63 (x0.2) 4.62(+0.1) 6.81(x0.1) 9.48(+0.2)
0.60 5.64 (x0.1) 6.68(+0.1) 9.07(x0.8) 11.53(+1)
0.80 9.18 (+0.3) 11.35(x0.9) | 14.88(x0.8) | 19.00(%0.9)
1.00 13.43 (x0.7) | 16.17(x0.8) | 19.61(0.8) 23.40(x1.4)




121

1000

800

600

Ko (s)

%

400

200

+298 K
m303K
A 308 K
0313 K

01

0.2 0.3 04
Concentration of HEMAB (mol/L)

0.5

0.6

Figure 4.56 Effect of HEMAB concentration range 0.1-0.5 M and temperature range
of 298-313 K on kinetics data in terms of ko.
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Figure 4.57 Effect of HEEAB concentration range 0.1-0.5 M and temperature range
of 298-313 K on kinetics data in terms of k.



122

70

60

50

40

30

ko (s1)

20

10

4298 K

0.2

0.4 0.6 0.8 1
Concentration of DMAB (mol/L)

1.2
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Figure 4.60 Effect of MDEA concentration range 0.2-1.0 M and temperature range of
298-313 K on kinetics data in terms of k.

The amine concentration was kept at least 10 times higher than the
concentration of CO,. The observed pseudo first-order rate constants (ko) for tertiary
amine reactions with CO, based on the based-catalyzed hydration mechanism are
fitted with the power law equation, as shown in Equations 2.13 and 2.14. It can be
seen from Figures 4.56-4.60 that the CO, absorption Kinetics of amines increased as

both the amine concentration and the temperature increased.

As previously mentioned, the new amine compounds for this work were
categorized into two groups consisting of di-alkyl (i.e. DMAB) and hydroxy-alkyl-
alkyl-amino-2-butanols (i.e. HEMAB and HEEAB). From the results, the hydroxy-
alkyl-alkyl substituted amines (i.e. HEEAB and HEMAB) group showed first and
second highest observed ko values lying in between 130.40-980.0 and 95.20-858.0 s™
at 298-313 K as shown in Figures 4.57 and 4.56, and Tables 4.32 and 4.31,
respectively. For the group of di-alkyl substituted amines (i.e. DMAB, DEAB), low kg
values were observed in between 2.3-52.57 and 9.0-125.07 s™ at 298-313 K as shown
in Figures 4.58 and 4.59, and Tables 4.33 and 4.34, respectively. In addition, HEEAB,
HEMAB, DMAB and DEAB were all superior to MDEA for the observed kg at 1.95-
23.40 s as shown in Figure 4.60 and Table 4.35.
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By fitting the empirical power law Kinetics to the data of the experimentally
observed ko for CO,, which gave the average reaction order (n) of 0.97, 0.83, 0.93,
0.72 and 1.11, with respect to HEMAB, HEEAB, DMAB, DEAB and MDEA at 293-
313 K, respectively. However, it should be noted that the order of the reactions was
found to be close to unity 1 for all compounds. Thus, the observed kg values at various
concentrations and temperatures of new tertiary amines were then interpreted by the
base-catalyzed hydration mechanism in Equation 3.9 to determine the second-order
reaction rate constants (ky).

In order to obtain the second-order rate constant (kz), the values of observed ko
at various concentrations and temperatures of HEMAB, HEEAB, DMAB, DEAB and
MDEA (from Tables 4.31-4.35) were then fitted with Equation 2.14. The k, value of
all amines can be found in Table 4.36. It is usually accepted that a high value of k
leads to fast reaction kinetics. The k; values were fitted to an Arrhenius relationship as

shown in Equation 4.5.

—E
k, = Aex (—a>
2 PR Eq.4.5
Where, A is the pre-exponential factor or frequency factor (s?), E, is the

activation energy (kJ/mol), and R is the universal gas constant (0.008315 kJ/mol.K).

The Arrhenius relationship shows the values of Ink; for all amines plotted as a
function of the reciprocal of absolute temperature (Ink; vs 1/T) as shown in Figure
4.61.
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Figure 4.61 Arrhenius plot of the second-order reaction rate constant (k;) of all
amines.

As shown in Figure 4.61, Ink, increased with temperature. It is clear that the k;
values at 298-313 K are largely affected by the amine structure as shown by the
increase from 1096.9, 1043.6, 47.2, 19.9 and 11.2 m*/kmol.s for HEEAB, HEMAB,
DEAB, DMAB and MDEA, respectively. The results suggested that the hydroxy-
alkyl-alkyl substituted amines, HEMAB and HEEAB showed excellent enhancement
in their reaction rates, which were higher than those of DEAB, DMAB and MDEA.

The higher reaction rate constants for HEMAB and HEEAB are attributed to
the presence of more —OH groups in their structures as shown in Figure 3.1. The
presence of more —OH groups, which can potentially increase the ability for water to
solvate the amine molecule which was essential in CO, absorption reactions thereby
boosting their absorption mechanisms to quickly produce OH™ and R3NH™ necessary
for driving the absorption reactions, thus, contributing to a faster overall absorption

rate as shown in Equations 4.2 and 4.3 (see in section 4.5).

H,0 + RN —3Le RNNH® + OH Eq42

+ fast +
H" + RN <=2~ R;NH Eq4.3
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By comparing the k, values within the same amine group, the k, values of
HEEAB were slightly faster than that of HEMAB due to a stronger electron donating
ethyl group, helping to increase the electron density of the amine structure. Therefore,
the amine is more basic which could contribute to a higher reactivity in the absorption
of CO,. A similar trend was seen in the group of di-alkyl substituted amines (i.e.
DMAB and DEAB), DEAB contained the longest alkyl chain length thus providing a
high electron donating effect and higher basicity, thus able to react with CO; at a
slightly faster rate than DMAB which contains the shorter alkyl chain length. The
comparative kinetics results observed in this work were found to be in accordance
with the previous work of CO, absorption rate at actual concentrations (see section
4.5), which presents the type and placement of the alkyl and/or hydroxyl functional
groups within the amine structure affected the performance of CO; absorption rate

performances.

In addition, the linear regression equations of the Arrhenius relationship of the
second-order rate constant (k) at different temperatures of HEMAB, HEEAB,
DMAB, DEAB and MDEA related to their respective activation energy (E;) are

shown in Equations 4.6 to 4.10, respectively.

3221.7

k, = (5.17 x 107) expi{&- 319 (R? = 0.98) Eq.4.6
ky = (212 x 107) expl-222)  (R? = 0.98) Eq.4.7
ky = (215 x 10'%) expi-"—2)  (R? = 0.99) Eq.4.8
ky = (8.0 x 10'%) expf- 222)  (R? = 0.99) Eq.4.9
ky = (2.08 x 10%) expl-=2%)  (R? = 0.99) Eq.4.10

The activation energy (E,) values obtained from the linear regression
trendlines increased in the order of 24.45, 26.78, 41.47, 52.65 and 54.34 kJ/mol for
HEEAB, HEMAB, MDEA, DEAB and DMAB, respectively as shown in Table 4.36.
The hydroxy-alkyl-alkyl substituted amines (i.e. HEMAB and HEEAB) showed a
lower E, than that of the di-alkyl substituted amines (i.e. DEAB and DMAB) due to
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the presence of more hydroxyl groups in their amine structures. These hydroxyl
groups enhance the solubility of amine in water due to the intermolecular hydrogen
bonds between hydroxyl groups and water. The increase in amine solubility in water
would facilitate the reaction of the amine-CO,-water system. Consequently, lower

energy is required for the reaction to occur.

The frequency factor (A) relates to the frequency of collisions (z) and the
orientation of a molecule of a favorable collision probability. The frequency factor
(A) at 298-313 K is largely affected by the amine structure as shown by the increase
in frequency factor (A) from 8.0x10'°, 2.1x10", 2.1x108, 5.2x10” and 2.1x10’ s* for
DEAB, DMAB, MDEA, HEMAB, and HEEAB, respectively, as shown in Table
4.36. The di-alkyl substituted amines (i.e. DEAB and DMAB) showed higher
frequency factors (A) than those of hydroxy-alkyl-alkyl substituted amines (i.e.
HEMAB and HEEAB). The higher frequency factors observed for DEAB and DMAB
is likely due to the low molecular weights of these compounds (MW = 145 and 117),
causing these small molecules to easily collide with other molecules (i.e. CO, and
H20). Although these amines showed the high frequency factor (A), the collision
might be inefficient or not in the right position to form the products, as evidenced by

the high frequency factor (A).

On the other hand, the hydroxy-alkyl-alkyl substituted amines (i.e. HEMAB
and HEEAB) have higher molecular weights (MW = 147 and 161) and the large
molecules is predominant even though these amines are freely soluble in water.
Therefore, these molecules move slightly slower which leads to low frequency factor
(A). The collision of these molecules were however more efficient, in other words, the
collision probably occurs at the right position to form the products.

For this reason, it is worth mentioning that the frequency factor (A) is affected
by both the molecular size and orientation of the molecule. The di-alkyl substituted
amines (i.e. DEAB and DMAB) were superior to that of the hydroxy-alkyl-alkyl
substituted amines (i.e. HEMAB and HEEAB) and MDEA in terms of higher
frequency factor (A).
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Table 4.36 The second-order reaction rate constants (k) of CO, absorption at 298 K,
activation energy (E,) and frequency factor (A) at 298-313 K in aqueous solutions of
HEEAB, HEMAB and DMAB compared with DEAB and MDEA.

K, Activation energy; | Frequency factor;
Tertiary Amine Ea A
(m*/kmol.s) (kd/mol) (sh
HEMAB 1043.62 26.78 5.2x10’
HEEAB 1096.86 24.45 2.1x10’
DMAB 19.94 54.34 2.1x10"
DEAB 47.24 52.65 8.0x10™
MDEA 11.15 41.48 2.1x108
DEAB [24] 64.00 58.66 -
MDEA[24] 12.00 41.93 -
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4.11 pK, values of aqueous tertiary amine solutions

The pK, value is indicated to be very important for a compound’s basicity for
the interpretation of the kinetic mechanism of amines such as absorption rate. In this
work, the pK, values of all amines were experimentally measured at 296.5, 298, 303,
308, 313, 318, 323, 328 and 333 K as shown in Figure 4.62 and Table 4.37.
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Figure 4.62 pK, values of tertiary amines over a temperature range of 298-313 K.
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Table 4.37 pK, values of HEMAB, HEEAB, and DMAB compared with DEAB and

MDEA at 296.5-333.0 K.

T(K) PKa
HEMAB | HEEAB | DMAB | DEAB | MDEA

296.5 9.15 0.81 0.38 10.16 8.62
298.0 9.07 9.76 0.32 10.06 8.55
303.0 8.98 9.64 9.22 0.91 8.45
308.0 8.80 9.53 9.09 9.75 8.38
313.0 8.69 9.42 9.00 9.66 8.26
318.0 8.60 9.29 8.88 9.49 8.19
323.0 8.48 9.12 8.78 9.35 8.08
328.0 8.39 9.01 8.69 9.27 7.97
333.0 8.31 8.92 8.51 0.13 7.90

As can be seen in Figure 4.62 by comparing the pK, of DEAB obtained in this

work to that of Liu et al. [24], it was found that the pK, of DEAB obtained from this

work is very close to the work of Liu et al. [24] with an absolute average deviation (%

ADD) of 1.2 %. The pK, values of aqueous tertiary amines solution decrease with
respect to an increase in temperature from 8.62-7.90, 9.15-8.31, 9.38-8.51, 9.81-8.92
and 10.16-9.13 for MDEA, HEMAB, DMAB, HEEAB and DEAB, respectively. A
predictive correlation of pK, can be calculated by plotting the experimental pK, values
to 1/T as shown in Equations 4.11-4.15.

2264 .4

PKonpmap = —— +1.48
PKaneeap = 2415'6 +1.60
PKopman =+ 1.90

PKeppap =+ 1.02

1902.1

pKa,MDEA = T + 2.19

Eq.4.11
Eq.4.12
Eq.4.13
Eq.4.14

Eq.4.15
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The predicted values of pK, of all amines were found to be in very good
agreement with experimental results with an absolute average deviation (% ADD)
range of 0.01- 0.53 %.

Versteeg and Swaaij [51], proposed the Brgnsted relationship to provide a
significant contribution to the comprehensive understanding of CO, absorption
kinetics, the relationship was plotted between the natural logarithm of the second-
order reaction rate constant, Ink, and the basicity of the tertiary amine, pK,. In this
work, the Bronsted relationship of all amines is shown in Figure 4.63, were also
generated by using the experimentally measured pK, and the Ink, obtained from the
stopped-flow reaction over the temperature range of 298-313 K. The developed

Bransted relationship of all amines is shown in Equations 4.16-4.20.

In(ky yemas) = (—1.29pK,) + 18.65 Eq.4.16
In(ky ypeas ) = (—1.4pK,) + 20.61 Eq.4.17
In(kypmag) = (—3.2pK,) +32.83 Eq.4.18
In(kypeap) = (—2.47pK,) + 28.66 Eq.4.19
In(kympea) = (—2.82pK,) + 26.5 Eq.4.20

The Brgnsted relationship can be used to predict the k, values of all amines
effectively, with an absolute average deviation (% ADD) of 0.01-3.02 %. The results
were found to be in good agreement with previously reported data [24] of a % ADD
of 8.6 % and 2.8 % for DEAB and MDEA.
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Figure 4.63 Brgnsted plots of HEMAB, HEEAB, DMAB compared with DEAB and
MDEA.

From the pK, values, the pK, of DEAB calculated from Equation 4.16 was
greater than that of all amines due to the presence of the stronger electron donating
ethyl group, which gives an overall increase in the electron density of the amine
structure. Therefore, the more basic amine could contribute to a higher reactivity in
the absorption of CO,. All other amines (i.e. HEMAB, HEEAB, DMAB, DEAB)

showed higher reactivity rates than that of MDEA over the entire temperature range.

Li et al. [25] mentioned that the pK, value can only give guidance to
preliminary estimation of the reaction kinetics. The reaction kinetics cannot be fully
confirmed by the pK, value but only by the reaction rate constant (k). This is because
the reaction kinetics is directly interpreted by the reaction rate constant, which means
that the higher the reaction rate constant (k), the faster the reaction kinetics. Thus, in
order to analyze the CO, absorption reaction kinetics comprehensively, both the
Arrhenius relationships, which exhibit the temperature dependency of Ink, and
Brensted relationships, which exhibit the relationship between Ink; and pK, are also
presented in Figure 4.61 and 4.63, respectively. As can be seen in Figure 4.63, the pK,
values of HEEAB and HEMAB were lower than that of DEAB, but these amines

showed a greater potential than the rest of the amines in terms of the second-order



133

reaction rate constant, k, from the stopped-flow measurement. Thus, HEEAB and
HEMAB could absorb CO; at a faster rate as can be seen in Figure 4.61 where the
trendlines were located at the upper part of the graph. It is worth mentioning that the
reaction rate constant (k) could be measured of the reaction of CO, absorption.
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4.12 The physical properties

Density, viscosity, and refractive index of pure DMAB, DPAB, DBAB,
HEMAB, HEEAB, DEAB (purity range of 76-94 %) , MDEA (purity > 98 %), and
water were measured at temperatures from 293 to 333 K as shown in Figures 4.64,
4.65 and 4.66, respectively. The experiments were validated with pure MDEA and
DEAB at 293-333 K by comparing with literature values as shown in Figures 4.64-
4.66. The results were found to be in good agreement with previously reported data
[32] with an absolute average deviation (% AAD) of 0.25 % and 0.97 %, respectively,
for MDEA and DEAB. The repeatability in terms of standard deviation based on three
repeated runs was found to be less than 2.94 %. Consequently, the equipment and
procedure of the density, viscosity and refractive index studies can be used for this

measurement.
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-=-DPAB
-o-DBAB
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>*MDEA
O MDEA[32]
-a-DEAB [32]
-+ -water[32]
-©-MEA [32]
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Temperature (°C)

Figure 4.64 The density changes of pure DMAB, DPAB, DBAB, HEMAB, HEEAB,
DEAB, MDEA, MEA, and water at temperatures from 293 to 333 K.

According to Figure 4.64, the density of pure amine solvents decreased as the
temperature increased. Specifically, the least sterically hindered amine (DMAB)
showed the lowest density values among the new amines synthesized in this study.
DEAB, DPAB, HEMAB, HEEAB and DBAB showed the higher density values,
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respectively. By comparing the density within the same amine functional group, the
density of HEEAB was higher than that of HEMAB, and the density of DBAB was
higher than that of DPAB, DEAB and DMAB, due to the higher molecular weights of
these compounds. In addition, MDEA were found to be the highest in density over all

the other amines.

80 O
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70 -+ DEAB
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§ 50 ~e-DBAB
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g 30 -5 MDEA [32]
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Figure 4.65 The viscosity of pure DMAB, DPAB, DBAB, HEMAB, HEEAB,
DEAB, MDEA, MEA, and water at temperatures from 293 to 333 K.

Similar trends were observed for all pure amines and water when viscosity
was measured at 298 to 333 K as shown in Figure 4.65, the viscosity of pure amine
solvents decreased with respect to as increase in temperature . The viscosity value of
DMAB was still found to be the lowest among the new amines synthesized at all
temperatures. DEAB still remained the second least amine in terms of the viscosity
followed by DPAB, DBAB, HEMAB and HEEAB. In addition, MDEA showed the
highest viscosity among the new amines synthesized in this study. It is shown that the
viscosity values of the amines belonging to the hydroxy-alkyl-alkyl-amino-2-butanols
group (i.e. HEEAB, HEMAB and MDEA) were higher than those of the amine
belonging to the di-alkyl-amino-2-butanols group (i.e. DMAB, DPAB, DBAB and
DEAB). This is probably due to the influence of the placement of two hydroxyl (-OH)
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group in the amine structure, thereby causing these amines to have a higher degree of

hydrogen bonding, making them more viscous.

Both the density and viscosity of solutions play an important role in the
efficient design and operation of a gas treating process plant. In addition, density and
viscosity are used to determine other properties such as diffusivity and reaction rate
constant [32].

MDEA[32]| ~*-DMAB

MDEA -%-DEAB
HEEAB
HEmas | —DPAB

MEA[32] | -@-DBAB
DBAB
DPAB -A-HEMAB

DEAB[32]| x HEEAB
DEAB

DMAB > MDEA

43-MDEA [32]
-A-DEAB [32]
e -+ -water [32
L3 + e e - +----4 water 32 | o MEA [[32]]
1.3
20 30 40 »0 »

Temperature (°C)

Figure 4.66 The refractive indices of pure DMAB, DPAB, DBAB, HEMAB,
HEEAB, DEAB, MDEA, MEA, and water at temperatures ranging from 293 to 323
K.

According to Figure 4.66, the refractive index of pure amine solvents
decreased as the temperature increased. The refractive index of DMAB was still
found to be the lowest among the new amines synthesized at all temperatures. DEAB,
DPAB, DBAB, HEMAB, and HEEAB showed the higher density values,
respectively. MDEA still showed the highest refractive index among the newly

synthesized amine solvents in this study.



CHAPTER V

CONCLUSION

DMAB, DEAB, DPAB, DBAB, HEMAB and HEEAB have been synthesized
using Mannich and Michael addition reactions. The synthesis was based on the
concept of enhancing the electron donating ability of the amines using various di-
alkyl substituents and placement of hydroxyl (-OH) groups on the alkyl chain for
promoting the amines’ CO, capturing ability. It has been shown that both the type and
placement of the mentioned functional groups within the amine structure affected the
performances of CO, absorption-regeneration and kinetics of the reaction of CO,
absorption. From the equilibrium solubility of CO, in newly synthesized tertiary
amines, DMAB, HEEAB and HEMAB all had higher CO, absorption capacities and
cyclic capacities compared to conventional MDEA. It was also found that the heat of
CO; absorption (AHg4s) of DMAB was the lowest among all amines tested in this
study. Hydroxy-alkyl-alkyl substituted amines, HEMAB and HEEAB showed an
excellent enhancement of the CO, absorption rates which were the highest, due to the
presence of more hydroxyl (-OH) groups and higher pK, values. DMAB was found to
have the fastest rate of regeneration while requiring the lowest heat input for
regeneration between all amines. The equilibrium solubility of CO, in aqueous
solution of blended amine solutions MEA-DMAB, MEA-HEMAB, MEA-HEEAB,
MEA-DEAB and MEA-MDEA at a concentration ratio of 5:1.25 M decreases as the
temperature and CO, partial pressure increases. The CO, absorption capacities and
cyclic capacities of all blended amine solutions were similar to that of MEA 5 M, due
to the effect of high density. MEA-HEEAB showed a slightly higher absorption rate
than that of all blended amine solutions. This was probably due to the influence of a
stronger electron-donor group and presence of an extra —OH group in the structure.
The CO; regeneration ability of new blended amine solutions showed slightly faster
rates than that of MEA-MDEA. MEA-DMAB stands out for the lowest heat input

requirement in the CO, regeneration test. Based on the outstanding performance of
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DMAB, HEMAB and HEEAB in terms of high equilibrium solubility, fast absorption

and desorption rates, and low heats of absorption and regeneration.

The kinetics of the reaction of CO, absorption of DMAB, HEMAB and
HEEAB compared with DEAB and MDEA were experimentally measured using the
stopped-flow apparatus at temperature range of 298-313 K and an amine
concentration range of 0.1-1.0 mol/L. The base-catalysed of the CO, hydration
mechanism could explain and apply to correlation the experimental CO, absorption
rate constants between CO, and the tertiary amine. It was found that the reaction rate
of all amines increased as both the amine concentration and temperature increased.
The reaction order (n) gave approximated to 1 for all amines. This can be hydroxy-
alkyl-alkyl substituted amines, HEMAB and HEEAB showed excellent enhancement
of reaction Kinetics (the second-order reaction rate constants, k), low activation
energy (E,), and low frequency factor (A) than those of the di-alkyl substituted
amines DMAB, DEAB, and MDEA. This could be beneficial for many factors such as
the presence of more hydroxyl (-OH) groups, which can potentially increase the
solvation of amine molecules in the aqueous systems and facilitate the reaction of
amine-CO,-water system. The type of electron donating alkyl group, the longer alkyl
chain length could help to increase the electron density of the amine structure, thereby
increasing basicity, which helped enhance the CO; absorption rate. In addition, the
effect of both molecular size and orientation of the molecule are largely affected to
the frequency factor (A). Lastly, the physical properties of newly synthesized amines
were measured at different temperatures. The results have shown that the density,
viscosity and refractive indices of these newly synthesized amines were lower than
that of MDEA. These properties are significant in the process efficient and
economical. Based on these results; DMAB, HEMAB and HEEAB could be

considered potential candidate solvents for the CO, capture process.



139

Recommendations for future work

The results of this research have demonstrated that these newly synthesized
amine solvents (i.e. DMAB, HEMAB and HEEAB) are promising alternative solvents
for capturing CO, in terms of absorption capacity, cyclic capacity, absorption and
regeneration rates, and heats of absorption and regeneration. However, for industrial
applications, further investigations to evaluate mass transfer coefficient data for the
absorption column need to be determined. Corrosion is one of the main concerns in
industry. Therefore, investigating the corrosion characteristics of the new amine
solvents, blended amine solvents and potential corrosion inhibitors, need to be studied
before using it in an industrial plant. In addition, degradation studies are required in

order to determine the solution reclaiming procedures and degradation products.
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Appendix A: Determination of CO, concentration in amine samples

The total amine was determined by titration with standard 1 N HCI to methyl

orange end-point as shown in Equation Al.

Amine-CO, (aq) + HCl (aq) — = AmineH'Cl (aq) + CO, (g) Eq. Al

The CO; loading (o) for all amines is defined as the mol of CO, divided by

mol of amine and calculated by using Equation A2.

V,

co,

v
CO, loading = gas—t\S;P
X .
amine Eq. A2

amine

Where, Vo2 is volume of CO; collected in displacement solution (L)
Vgas at stp 1S Volume of gas at 22.41 L/mol
Camine IS concentration of amine (mol/L)

Vamine 1S Volume of amine (L)
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Appendix B: Kinetic reaction from stopped-flow apparatus determination

The observed pseudo first-order rate constant (ko) was automatically generated
based on the typical graph of the change of conductivity in solution versus time as

shown in Figure B.
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Figure B. The plot of the conductivity against time.
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Table B1 Experimental data for the observed pseudo first-order rate constant (ko) into
aqueous solution of DMAB

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DMAB
at0.1 M

2.23

0.024

3.70

0.037

4.87

0.052

6.32

0.070

2.45

0.036

3.64

0.048

5.13

0.042

6.26

0.076

2.53

0.019

3.79

0.059

5.04

0.060

6.31

0.070

2.22

0.028

3.75

0.048

4.63

0.053

6.17

0.073

2.19

0.038

3.65

0.045

4.92

0.064

6.29

0.040

2.33

0.034

3.67

0.044

4.69

0.054

6.52

0.082

2.27

0.029

3.66

0.048

4.75

0.061

6.36

0.047

2.55

0.028

3.69

0.040

4.87

0.059

6.25

0.076

OO (N/OO|O|D[WIN|F

2.02

0.032

3.67

0.048

5.02

0.060

6.34

0.071

10

2.24

0.028

3.75

0.042

4.67

0.040

6.19

0.062

Average

2.30

0.030

3.70

0.046

4.86

0.055

6.30

0.067

Amine

runs

25°C

30 °C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DMAB
at0.2 M

3.88

0.037

6.65

0.047

7.50

0.062

11.47

0.100

3.85

0.038

6.64

0.048

7.53

0.062

11.31

0.076

3.93

0.009

6.47

0.078

7.61

0.060

10.51

0.070

3.82

0.038

6.68

0.048

7.43

0.056

10.57

0.010

3.89

0.038

6.61

0.049

7.32

0.064

12.01

0.090

3.83

0.038

6.47

0.048

7.39

0.064

10.62

0.062

3.87

0.009

6.62

0.048

7.55

0.061

10.92

0.064

3.85

0.038

6.58

0.048

7.60

0.069

10.91

0.071

OO |IN|OO|OBW|IN|F-

3.92

0.038

6.57

0.048

7.48

0.060

10.93

0.071

(SN
o

3.94

0.038

6.65

0.048

7.47

0.070

11.14

0.089

Average

3.88

0.032

6.59

0.051

7.49

0.063

11.04

0.070
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Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DMAB
at0.4 M

10.23

0.069

14.53

0.089

18.97

0.120

26.61

0.150

10.25

0.067

14.08

0.091

19.80

0.110

26.11

0.176

10.25

0.067

15.19

0.091

18.67

0.120

25.90

0.170

10.08

0.067

15.25

0.09

19.41

0.110

25.47

0.160

10.01

0.067

14.55

0.091

18.71

0.110

25.98

0.210

9.86

0.069

14.48

0.091

18.58

0.140

25.71

0.017

9.40

0.067

14.03

0.095

18.67

0.170

25.73

0.021

9.54

0.067

18.67

0.160

OO IN|OOD|UODWIN|F

9.30

0.070

10

Average

9.88

0.068

14.59

0.091

18.93

0.130

25.93

0.129

Amine

runs

25°C

30°C

35°C

40 °C

Error

Error

Error

Error

DMAB
at0.6 M

12.63

0.068

19.57

0.095

27.36

0.210

39.78

0.220

12.59

0.064

19.49

0.094

26.36

0.210

39.64

0.220

12.21

0.067

18.67

0.097

26.82

0.210

38.18

0.200

11.73

0.062

18.37

0.100

25.52

0.200

37.11

0.220

11.35

0.064

18.33

0.110

25.36

0.180

37.78

0.240

11.22

0.063

18.29

0.120

25.26

0.170

37.35

0.220

11.23

0.067

18.21

0.110

25.11

0.200

36.78

0.320

11.10

0.070

36.10

0.320

OOo|IN|OOD|O|BWIN|F

11.03

0.072

36.02

0.330

10

Average

11.68

0.066

18.70

0.104

25.97

0.197

37.64

0.254
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Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DMAB
at0.8 M

16.30

0.080

24.35

0.120

35.96

0.180

50.78

0.315

15.66

0.090

24.13

0.130

35.85

0.170

50.69

0.280

15.10

0.098

24.86

0.135

34.55

0.160

49.98

0.280

14.60

0.112

23.20

0.145

33.16

0.210

48.21

0.274

14.31

0.100

23.11

0.155

32.44

0.170

46.44

0.310

14.62

0.120

22.95

0.165

31.36

0.180

45.64

0.288

14.20

0.111

21.42

0.155

31.62

0.210

44.00

0.430

14.34

0.099

21.27

0.155

30.32

0.200

OOo|IN|OO|O|bWIN|F

14.10

0.100

10

Average

14.80

0.101

23.16

0.145

33.16

0.185

47.96

0.311

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DMAB
atl.0M

20.17

0.188

28.75

0.195

41.66

0.350

57.44

0.360

19.98

0.110

28.26

0.225

40.10

0.340

56.71

0.506

19.77

0.160

27.71

0.205

39.38

0.333

56.16

0.567

19.76

0.148

27.53

0.185

38.25

0.311

55.78

0.498

19.56

0.190

26.45

0.188

37.15

0.350

54.67

0.660

18.26

0.180

25.58

0.191

36.56

0.410

54.79

0.730

18.30

0.218

24.22

0.192

36.32

0.440

53.47

0.800

18.76

0.228

23.67

0.240

OO |IN|OO|O|bW|IN|F

18.12

0.220

10

Average

19.19

0.182

26.52

0.203

38.49

0.362

55.57

0.589
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Table B2 Experimental data for the observed pseudo first-order rate constant (ko) into
aqueous solution of DEAB

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Error

Error

Error

DEAB at
0.1M

9.77

0.051

13.25

0.072

21.37

0.100

32.12

0.160

9.42

0.052

13.33

0.068

20.23

0.110

31.68

0.177

9.27

0.052

12.12

0.071

20.07

0.092

30.55

0.143

9.14

0.050

12.01

0.070

20.17

0.140

30.47

0.160

9.78

0.051

12.16

0.071

19.43

0.130

30.32

0.155

9.03

0.047

12.21

0.068

19.21

0.110

30.42

0.189

9.01

0.050

11.79

0.059

19.79

0.200

29.77

0.188

8.42

0.051

11.74

0.064

18.17

0.150

29.32

0.165

OO N0 [WIN|PF

8.16

0.051

10.89

0.071

18.44

0.122

28.62

0.161

10

8.01

0.053

10.53

0.070

18.11

0.094

28.18

0.168

Average

9.00

0.051

12.00

0.068

19.50

0.125

30.15

0.167

Amine

runs

25°C

30°C

35°C

40 °C

Error

Error

Error

Error

DEAB at
02M

13.91

0.011

19.58

0.045

30.36

0.042

4191

0.080

13.88

0.010

19.32

0.032

30.11

0.034

41.75

0.070

13.72

0.012

18.67

0.040

29.86

0.040

41.68

0.067

13.41

0.013

18.41

0.041

29.49

0.041

40.91

0.058

12.75

0.010

18.31

0.042

28.76

0.040

40.58

0.080

12.22

0.009

18.29

0.048

28.36

0.042

39.75

0.077

12.13

0.010

17.61

0.040

27.40

0.042

38.78

0.056

11.12

0.010

17.35

0.048

27.28

0.043

38.40

0.078

O o|IN|OO|OT|BA[WIN|F

11.03

0.012

17.11

0.039

38.89

0.082

10

Average

12.69

0.011

18.60

0.042

28.95

0.041

40.29

0.072




Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DEAB at
04 M

26.91

0.018

38.58

0.047

50.33

0.082

67.71

0.180

26.75

0.018

37.32

0.050

49.11

0.085

66.25

0.160

25.93

0.014

36.99

0.064

49.01

0.070

65.18

0.173

25.27

0.019

36.77

0.069

48.37

0.098

65.16

0.189

24.91

0.017

36.95

0.054

47.53

0.078

65.40

0.183

24.55

0.016

35.65

0.044

47.13

0.072

64.23

0.177

23.47

0.013

35.31

0.066

46.31

0.073

64.09

0.177

23.34

0.011

46.17

0.072

64.09

0.189

O O N0 B [WIN|F

23.10

0.014

10

Average

24.91

0.016

36.80

0.056

48.00

0.080

65.26

0.179

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DEAB at
0.6 M

36.43

0.088

52.28

0.035

67.33

0.042

87.71

0.280

36.15

0.080

51.54

0.033

66.74

0.065

86.41

0.340

34.43

0.081

50.11

0.054

65.99

0.041

86.02

0.384

34.00

0.082

50.08

0.037

65.33

0.055

85.51

0.364

33.17

0.067

49.18

0.054

64.59

0.054

85.43

0.230

33.01

0.079

49.55

0.044

64.43

0.057

85.13

0.285

32.71

0.067

48.73

0.066

64.05

0.044

84.02

0.430

32.34

0.078

48.54

0.051

63.97

0.040

84.66

0.420

O O NOO|OTA[WIN|F

32.10

0.072

83.45

0.359

10

Average

33.82

0.077

50.21

0.047

65.30

0.050

85.37

0.344

159



Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DEAB at
0.8 M

43.29

0.080

63.38

0.035

79.83

0.054

107.71

0.358

43.32

0.083

63.13

0.033

79.54

0.045

106.51

0.330

43.19

0.083

63.02

0.054

78.53

0.048

106.33

0.354

42.43

0.084

62.42

0.037

78.43

0.051

105.53

0.364

41.55

0.082

62.58

0.054

78.75

0.053

105.66

0.330

41.25

0.080

62.65

0.044

78.49

0.059

105.55

0.385

40.49

0.081

62.46

0.066

77.03

0.053

104.28

0.330

40.12

0.081

62.02

0.051

76.49

0.047

104.01

0.430

O O N0 B [WIN|F

10

Average

41.96

0.082

62.81

0.047

78.39

0.051

105.70

0.360

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

DEAB at
1.0M

48.67

0.080

73.38

0.185

92.38

0.236

127.75

0.458

48.45

0.083

343

0.143

91.57

0.245

126.31

0.353

48.49

0.083

72.67

0.153

91.33

0.248

125.41

0.364

48.13

0.084

72.85

0.156

91.17

0.231

125.53

0.364

47.64

0.082

72.58

0.153

90.38

0.243

125.75

0.383

47.35

0.080

71.65

0.163

90.13

0.259

124.31

0.405

46.65

0.081

71.46

0.174

89.50

0.263

123.64

0.345

46.53

0.081

70.21

0.172

89.71

0.245

123.53

0.480

O O NOO|OTA[WIN|F

45.46

0.085

70.11

0.170

89.54

0.245

123.40

0.369

10

45.09

0.082

Average

47.25

0.082

72.00

0.163

90.63

0.246

125.07

0.391

160



161

Table B3 Experimental data for the observed pseudo first-order rate constant (ko) into

aqueous solution of HEMAB

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Error

Error

Ko | Error

HEMAB
at0.1 M

98.77

0.241

121.25

0.346

169.50

0.784

217.121.828

97.33

0.243

120.32

0.374

168.12

0.766

216.45 | 1.950

96.03

0.244

119.35

0.362

168.66

0.770

216.61 | 1.715

96.33

0.257

118.75

0.371

168.45

0.787

215.941.880

94.66

0.276

118.99

0.358

167.44

0.788

215.62 | 1.860

94.21

0.256

117.81

0.348

167.25

0.815

214,72 |1.770

94.55

0.266

116.94

0.352

166.12

0.876

214,93 (1.820

94.47

0.265

116.65

0.345

165.87

0.856

213.63 1.920

OO N0 [WIN|PF

93.41

0.271

116.45

0.372

164.43

0.754

10

92.27

0.277

164.11

0.816

Average

95.20

0.260

118.50

0.359

167.00

0.801

215.631.843

Amine

runs

25°C

30°C

35°C

40 °C

Error

Error

Error

Ko Error

HEMAB
at0.2 M

253.44

0.251

273.69

0.472

333.50

0.900

374.12 | 3.160

252.21

0.276

272.47

0.468

332.53

1.110

372.45|3.177

251.09

0.256

271.71

0471

331.12

0.920

370.61 | 3.143

250.69

0.275

271.37

0.470

330.50

1.140

370.64 | 3.160

250.47

0.266

270.67

0471

329.18

1.130

369.32 | 3.155

249.39

0.287

269.17

0.468

328.86

9.110

369.21 | 3.189

249.54

0.266

268.40

0.459

327.67

1.226

368.21 | 3.188

248.44

0.265

268.41

0.464

326.62

1.233

367.54 | 3.133

O o|IN|OO|OT|BA[WIN|F

247.41

0.275

267.11

0.464

367.89 | 3.138

10

247.32

0.287

267.00

0.433

Average

250.00

0.270

270.00

0.464

330.00

2.096

370.00 | 3.160




Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko | Error

HEMAB
at0.3 M

333.64

0.351

367.78

0.753

470.61

2.521

542.12 | 4.266

332.13

0.452

366.21

0.780

469.65

2.551

541.64 | 4.377

331.20

0.500

365.42

0.810

468.56

2.592

540.09 | 4.431

331.50

0.554

365.21

0.781

467.11

2.284

540.55 | 4.336

329.14

0.551

364.21

0.830

466.21

2.553

539.29 | 4.255

329.70

0.567

363.54

0.777

465.11

2.661

539.12 | 4.323

329.97

0.531

362.52

0.789

464.69

2.721

538.22 | 4.288

329.62

0.453

362.21

0.814

464.05

2.682

537.65 | 4.242

O O N0 B [WIN|F

328.52

0.561

362.05

0.764

537.41 | 4.298

10

Average

330.60

0.502

364.35

0.789

467.00

2.571

539.57 |4.313

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko Error

HEMAB
at0.4 M

479.64

0.551

506.22

0.711

599.41

2.100

722.82 (4.160

478.01

0.523

506.18

0.764

598.53

2.110

722.32 14.270

477.85

0.521

505.12

0.763

598.11

2.092

722.10 | 4.243

476.45

0.533

504.54

0.786

597.68

2.140

721.64 |4.184

475.66

0.510

503.77

0.713

596.22

2.130

720.58 |4.175

475.34

0.470

503.38

0.868

595.49

2.110

720.45 |4.122

474.27

0.522

502.35

0.819

595.41

2.200

720.55 4.188

473.64

0.513

502.99

0.824

595.11

2211

719.92 | 4.205

O O NOO|OTA[WIN|F

473.16

0.534

501.48

0.811

718.59 [4.213

10

Average

476.00

0.520

504.00

0.784

597.00

2.137

721.00 [4.196
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Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko | Error

HEMAB
at0.5 M

576.66

1.051

608.22

2.437

699.41

3.300

860.33 | 5.160

575.53

1.062

607.46

2.680

697.53

3.471

859.12 | 5.157

575.11

1.068

606.22

2.710

696.11

3.392

859.10 | 5.143

574.36

1.060

606.54

2.733

695.68

3.400

858.44 15.162

574.22

1.064

605.27

2.724

695.22

3.630

857.18 | 5.165

574.49

1.067

605.12

2.680

695.62

3.581

857.65|5.174

573.11

1.050

605.35

2.590

694.41

3.672

857.48 | 5.177

572.19

1.071

605.65

2.644

694.04

3.672

856.51 | 5.183

O O N0 B [WIN|F

572.17

1.069

604.18

2.444

856.22 |5.188

10

572.18

1.073

Average

574.00

1.064

606.00

2.627

696.00

3.515

858.00 | 5.168
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Table B4 Experimental data for the observed pseudo first-order rate constant (ko) into
aqueous solution of HEEAB

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Error

Error

Ko | Error

HEEAB
at0.1 M

132.77

0.244

203.25

0.358

249.09

0.815

283.55|1.868

131.44

0.243

203.52

0.348

248.19

0.876

283.45 | 1.777

131.21

0.276

202.30

0.352

247.32

0.856

282.61 | 1.829

130.33

0.256

201.93

0.345

247.29

0.754

281.341.920

130.56

0.266

201.15

0.360

246.11

0.816

281.62 | 1.980

130.46

0.256

201.85

0.378

246.54

0.832

281.72(1.880

129.88

0.266

200.52

0.370

246.55

0.886

281.93(1.925

129.48

0.267

199.94

0.375

245.58

0.867

280.81|1.943

OO N0 [WIN|PF

129.81

0.273

199.75

0.388

245.32

0.790

280.93 |1.941

10

128.05

0.272

245.32

0.898

Average

130.40

0.262

201.58

0.364

246.73

0.839

282.00 | 1.890

Amine

runs

25°C

30°C

35°C

40 °C

Error

Error

Error

Ko Error

HEEAB
at0.2 M

286.85

0.287

369.82

0.459

393.14

1.130

441.83 | 3.589

286.53

0.266

368.07

0.464

392.23

9.110

441.68 | 3.588

285.61

0.265

368.01

0.464

391.72

1.226

440.35 | 3.633

285.34

0.275

367.12

0.433

390.83

1.233

440.54 | 3.734

284.87

0.287

366.88

0.475

390.45

1.135

439.57 | 3.755

284.32

0.291

366.26

0.445

389.79

9.132

439.55 | 3.865

283.91

0.293

365.53

0.487

389.13

1.243

438.94 | 3.746

282.13

0.299

365.80

0.443

389.07

1.245

438.76 | 3.776

O o|IN|OO|OT|BA[WIN|F

282.34

0.296

365.52

0.428

389.00

1.245

438.61 | 3.951

10

282.14

0.288

365.20

0.475

Average

284.40

0.285

366.82

0.458

390.60

2.967

439.98 | 3.737




Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko | Error

HEEAB
at0.3 M

408.85

0.751

498.82

0.953

523.14

2.832

635.83 | 4.566

407.51

0.645

498.07

0.980

521.19

2.865

634.58 | 4.470

406.67

0.620

497.44

0.981

521.12

2.882

634.45 | 4511

406.32

0.655

496.12

0.781

520.23

2.840

634.44 1 4.536

406.11

0.751

495.48

0.830

520.25

2.793

633.23 | 4.550

405.65

0.847

495.26

1.177

519.14

2.996

632.33 | 4.433

405.15

0.893

495.53

1.179

519.10

2.982

631.12 | 4.880

404.88

0.885

494.70

1.814

519.09

2.882

630.07 | 4.672

O O N0 B [WIN|F

404.73

0.786

494.52

1.764

518.63

2.756

630.01 [4.980

10

404.10

0.991

494.04

1.764

518.13

2.953

Average

406.00

0.7825

496.00

1.222

520.00

2.878

632.90 | 4.622

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko Error

HEEAB
at0.4 M

510.25

1.215

600.82

1.711

662.14

2.353

773.85 |4.560

509.15

1.252

599.77

1.764

661.79

2.341

773.58 |4.770

509.77

1.252

598.44

1.730

661.62

2.286

772.31 |4.543

509.75

1.253

598.12

1.760

661.43

2.467

771.73 |4.584

508.34

1.251

597.48

1.734

660.65

2.640

770.49 |4.575

507.12

1.347

597.26

1.880

660.34

2.560

770.33 | 4.622

507.17

1.352

596.53

1.890

659.66

2.325

769.76 | 4.388

506.25

1.251

596.21

1.844

659.60

2.233

768.64 | 4.305

O O NOO|OTA[WIN|F

506.11

1.334

596.45

1.840

768.27 |4.521

10

506.04

1.313

Average

508.00

1.279

597.90

1.795

660.90

2401

771.00 |4.541

165



Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko | Error

HEEAB
at0.5 M

672.25

1.785

772.52

2.680

862.84

3.630

982.75 | 5.757

672.21

1.690

771.57

2.590

861.32

3.581

981.72|5.766

671.06

1.689

771.34

2.644

861.62

3.672

981.23 |5.773

671.55

1.654

770.12

2.444

860.13

3.651

980.15|5.843

670.34

1.641

769.38

2.752

860.05

3.730

980.44 1 0.975

669.55

1.670

769.26

2.668

859.34

3.643

980.53 | 6.017

668.22

1.549

769.43

2.556

858.36

3.975

979.86 |6.177

668.28

1.710

768.21

2.643

858.22

3.852

978.74 16.183

O O N0 B [WIN|F

668.26

1.645

768.15

2.664

858.10

3.821

977.42 |6.188

10

668.23

1.734

977.15|6.022

Average

670.00

1.677

770.00

2.627

860.00

3.717

980.00 | 5.409
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Table B5 Experimental data for the observed pseudo first-order rate constant (ko) into

aqueous solution of MDEA

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Error

Error

Error

MDEA at
0.2M

2.11

0.004

2.60

0.003

3.30

0.072

4.87

0.089

2.03

0.003

2.61

0.002

3.14

0.070

4.29

0.080

2.01

0.004

2.34

0.003

3.09

0.083

4.74

0.070

1.98

0.003

2.57

0.002

3.15

0.081

4.83

0.083

1.97

0.005

2.21

0.004

3.04

0.060

4.62

0.070

1.89

0.003

2.02

0.002

3.27

0.065

4.59

0.073

1.89

0.004

2.05

0.003

3.26

0.070

4.75

0.085

1.88

0.002

2.14

0.003

3.19

0.071

4.37

0.088

OO N0 [WIN|PF

1.85

0.003

2.45

0.002

3.04

0.070

4.72

0.071

10

1.84

0.005

241

0.003

3.15

0.077

4.67

0.081

Average

1.95

0.004

2.34

0.003

3.16

0.072

4.65

0.079

Amine

runs

25°C

30°C

35°C

40 °C

Error

Error

Error

Error

MDEA at
04 M

3.30

0.003

4.71

0.002

6.80

0.052

9.67

0.056

3.64

0.004

4.49

0.002

6.98

0.030

9.64

0.066

3.79

0.004

4.54

0.001

6.74

0.053

9.65

0.070

3.65

0.003

4.63

0.002

6.81

0.042

9.51

0.077

3.84

0.002

4.72

0.002

6.79

0.053

9.49

0.064

3.97

0.003

4.49

0.002

6.95

0.035

9.47

0.075

3.36

0.003

4.79

0.003

6.56

0.470

9.40

0.085

3.49

0.002

4.54

0.001

6.91

0.048

9.31

0.073

O o|IN|OO|OT|BA[WIN|F

3.84

0.004

4.42

0.002

6.79

0.065

9.14

0.069

10

3.45

0.004

4.87

0.002

Average

3.63

0.003

4.62

0.002

6.81

0.094

9.48

0.071




Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

MDEA at
0.6 M

5.78

0.033

7.59

0.002

11.67

0.012

14.78

0.046

5.55

0.035

7.68

0.002

10.55

0.011

14.57

0.056

5.54

0.032

7.84

0.001

10.47

0.010

14.51

0.039

5.75

0.034

7.71

0.002

10.05

0.012

13.33

0.039

5.42

0.031

7.79

0.002

9.81

0.010

13.27

0.040

5.57

0.033

7.65

0.002

9.58

0.012

13.09

0.039

5.69

0.032

7.56

0.003

9.26

0.011

12.43

0.044

5.70

0.031

7.51

0.001

9.17

0.012

12.27

0.042

O O N0 B [WIN|F

5.72

0.034

7.79

0.002

10

Average

5.64

0.033

7.68

0.002

10.07

0.011

13.53

0.043

Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

MDEA at
0.8 M

9.66

0.052

12.67

0.076

15.57

0.046

19.98

0.042

9.34

0.045

11.99

0.056

15.48

0.054

19.77

0.053

9.25

0.053

11.87

0.059

15.71

0.043

19.94

0.035

9.21

0.042

11.75

0.037

14.55

0.055

19.78

0.042

9.19

0.053

10.87

0.045

14.60

0.043

18.53

0.053

9.17

0.055

10.78

0.059

14.65

0.052

18.09

0.035

9.13

0.047

10.96

0.044

13.78

0.034

18.03

0.470

8.91

0.048

9.89

0.047

13.64

0.042

17.87

0.048

O O NOO|OTA[WIN|F

8.74

0.055

10

Average

9.18

0.050

11.35

0.053

14.75

0.046

19.00

0.097
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Amine

runs

25°C

30°C

35°C

40 °C

Ko

Error

Ko

Error

Ko

Error

Ko

Error

MDEA at
1.0M

14.45

0.052

17.38

0.043

20.64

0.035

24.98

0.142

14.50

0.045

17.13

0.055

20.55

0.042

24.77

0.159

14.25

0.053

16.44

0.043

19.73

0.053

24.84

0.144

13.58

0.042

16.38

0.052

19.85

0.035

24.36

0.153

13.24

0.053

16.35

0.046

19.82

0.042

22.23

0.162

13.35

0.055

15.89

0.054

19.77

0.053

22.09

0.155

13.37

0.047

15.73

0.043

18.94

0.035

22.03

0.164

13.32

0.048

15.24

0.055

18.78

0.470

21.87

0.165

O O N0 B [WIN|F

12.17

0.055

15.02

0.055

18.38

0.048

10

12.03

0.051

Average

13.43

0.050

16.17

0.050

19.61

0.090

23.40

0.156
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Appendix C: The pH and pK, values of tertiary amines

Table C1 The pH and pK, values of HEMAB solution at different temperatures.

Temperature HCI Experiment 1 Experiment 2
(K) amount pH pKa pH PKa
(mL)
0 11.12 11.10
0.5 10.37 9.42 10.15 9.20
1.0 9.97 9.37 9.69 9.09
1.5 9.67 9.30 9.43 9.06
2.0 9.44 9.26 9.21 9.03
2.5 9.23 9.23 8.99 8.99
296.5 3.0 9.02 9.20 8.75 8.93
4.0 8.56 9.16 8.47 9.07
4.5 8.19 9.14 8.06 9.01
5.0 7.51 7.24
5.5 2.40 2.40
Average pK, =9.15
0 10.99 11.07
0.5 10.24 9.29 10.12 9.17
1.0 9.84 9.24 9.66 9.06
15 9.54 9.17 9.40 9.03
2.0 9.31 9.13 9.18 9.00
2.5 9.10 9.10 8.96 8.96
298.0 3.0 8.89 9.07 8.72 8.90
4.0 8.43 9.03 8.44 9.04
4.5 8.06 9.01 8.03 8.98
5.0 7.38 7.21
5.5 2.27 2.37
Average pK, = 9.07
0 10.89 11.00
0.5 10.14 9.19 10.05 9.10
1.0 9.74 9.14 9.59 8.99
1.5 9.44 9.07 9.33 8.96
2.0 9.21 9.03 9.11 8.93
2.5 9.00 9.00 8.89 8.89
303.0 3.0 8.79 8.97 8.65 8.83
4.0 8.33 8.93 8.37 8.97
4.5 7.96 8.91 7.96 8.91
5.0 7.28 7.14
5.5 2.17 2.30
Average pK, =8.98




Temperature HCI Experiment 1 Experiment 2
(K) amount pH pKa, pH PKa
(mL)

0 10.72 10.80
0.5 9.97 9.02 9.85 8.90
1.0 9.57 8.97 9.39 8.79
15 9.27 8.90 9.13 8.76
2.0 9.04 8.86 8.91 8.73
2.5 8.83 8.83 8.69 8.69
308.0 3.0 8.62 8.80 8.45 8.63
4.0 8.16 8.76 8.17 8.77
4.5 7.79 8.74 7.76 8.71

5.0 7.11 6.94

5.5 2.27 2.10

0 10.72 10.80

Average pK, = 8.80

0 10.72 10.77
0.5 9.77 8.82 9.82 8.87
1.0 9.31 8.71 9.36 8.76
15 9.05 8.68 9.1 8.73
2.0 8.83 8.65 8.88 8.70
2.5 8.61 8.61 8.66 8.66
313.0 3.0 8.37 8.55 8.42 8.60
4.0 8.09 8.69 8.14 8.74
4.5 7.68 8.63 7.73 8.68

5.0 6.86 6.91

5.5 2.02 2.07

Average pK, = 8.69

0 10.45 10.48
0.5 9.70 8.75 9.73 8.78
1.0 9.30 8.70 9.33 8.73
1.5 9.00 8.63 9.03 8.66
2.0 8.77 8.59 8.80 8.62
2.5 8.56 8.56 8.59 8.59
318.0 3.0 8.35 8.53 8.38 8.56
4.0 7.89 8.49 7.92 8.52
4.5 7.52 8.47 7.55 8.50

5.0 6.84 6.87

5.5 1.73 1.76

Average pK, = 8.60
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Temperature HCI Experiment 1 Experiment 2
(K) amount pH pKa, pH PKa
(mL)

0 10.41 10.48
0.5 9.66 8.71 9.53 8.58
1.0 9.26 8.66 9.07 8.47
1.5 8.96 8.59 8.81 8.44
2.0 8.73 8.55 8.59 8.41
2.5 8.52 8.52 8.37 8.37
323.0 3.0 8.31 8.49 8.13 8.31
4.0 7.85 8.45 7.85 8.45
4.5 7.48 8.43 7.44 8.39

5.0 6.80 6.62

5.5 1.69 1.78

Average pK, =8.48

0 10.28 10.25
0.5 9.53 8.58 9.50 8.55
1.0 9.13 8.53 9.10 8.50
15 8.83 8.46 8.80 8.43
2.0 8.60 8.42 8.57 8.39
328.0 2.5 8.39 8.39 8.36 8.36
3.0 8.18 8.36 8.15 8.33
4.0 7.72 8.32 7.69 8.29
4.5 7.35 8.30 7.32 8.27

5.0 6.67 6.64

55 1.56 1.53

Average pK, = 8.40

0 10.16 10.19
0.5 9.41 8.46 9.44 8.49
1.0 9.01 8.41 9.04 8.44
15 8.71 8.34 8.74 8.37
2.0 8.48 8.30 8.51 8.33
333.0 2.5 8.27 8.27 8.3 8.30
3.0 8.06 8.24 8.09 8.27
4.0 7.6 8.20 7.63 8.23
4.5 7.23 8.18 7.26 8.21

5.0 6.55 6.58

5.5 1.44 1.47

Average pK, =8.31




Table C2 The pH and pK, values of HEEAB solution at different temperatures.

Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 11.35 11.41
0.5 10.77 9.82 10.86 9.91
1.0 10.43 9.83 10.51 9.91
1.5 10.17 9.80 10.23 9.86
2.0 9.95 9.77 10.02 9.84
2.5 9.75 9.75 9.79 9.79
296.5 3.0 9.57 9.75 9.61 9.79
35 9.38 9.75 9.42 9.79
4.0 9.13 9.73 9.21 9.81
45 8.91 9.86 8.97 9.92
5.0 8.58 8.67
55 7.81 8.02
6.0 2.41 2.55
Average pK, =9.81
0 11.32 11.34
0.5 10.74 9.79 10.79 9.84
1.0 10.4 9.80 10.44 9.84
1.5 10.14 9.77 10.16 9.79
2.0 9.92 9.74 9.95 9.77
2.5 9.72 9.72 9.72 9.72
298.0 3.0 9.54 9.72 9.54 9.72
35 9.35 9.72 9.35 9.72
4.0 9.1 9.70 9.14 9.74
45 8.88 9.83 8.9 9.85
5.0 8.55 8.6
55 7.78 7.95
6.0 2.38 2.48

Average pK, =9.76
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Temperature | HCIl amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 11.19 11.22
0.5 10.61 9.66 10.67 9.72
1.0 10.27 9.67 10.32 9.72
15 10.01 9.64 10.04 9.67
2.0 9.79 9.61 9.83 9.65
2.5 9.59 9.59 9.6 9.60
303.0 3.0 9.41 9.59 9.42 9.60
3.5 9.22 9.59 9.23 9.60
4.0 8.97 9.57 9.02 9.62
4.5 8.75 9.70 8.78 9.73
5.0 8.42 8.48
5.5 7.65 7.83
6.0 2.25 2.36
Average pK, = 9.64
0 11.07 11.12
0.5 10.49 9.54 10.57 9.62
1.0 10.15 9.55 10.22 9.62
1.5 9.89 9.52 9.94 9.57
2.0 9.67 9.49 9.73 9.55
2.5 9.47 9.47 9.5 9.50
308.0 3.0 9.29 9.47 9.32 9.50
3.5 9.1 9.47 9.13 9.50
4.0 8.85 9.45 8.92 9.52
4.5 8.63 9.58 8.68 9.63
5.0 8.3 8.38
5.5 7.53 7.73
6.0 2.13 2.26

Average pK, =9.53




Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 10.96 11.01
0.5 10.38 9.43 10.46 9.51
1.0 10.04 9.44 10.11 9.51
1.5 9.78 9.41 9.83 9.46
2.0 9.56 9.38 9.62 9.44
2.5 9.36 9.36 9.39 9.39
313.0 3.0 9.18 9.36 9.21 9.39
35 8.99 9.36 9.02 9.39
4.0 8.74 9.34 8.81 9.41
4.5 8.52 9.47 8.57 9.52
5.0 8.19 8.27
5.5 7.42 7.62
6.0 2.02 2.15
Average pK, =9.42
0 10.83 10.89
0.5 10.25 9.30 10.34 9.39
1.0 9.91 9.31 9.99 9.39
1.5 9.65 9.28 9.71 9.34
2.0 9.43 9.25 9.5 9.32
2.5 9.23 9.23 9.27 9.27
318.0 3.0 9.05 9.23 9.09 9.27
35 8.86 9.23 8.9 9.27
4.0 8.61 9.21 8.69 9.29
45 8.39 9.34 8.45 9.40
5.0 8.06 8.15
5.5 7.29 7.5
6.0 1.89 2.03

Average pK, =9.29
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Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 10.71 10.66
0.5 10.13 9.18 10.11 9.16
1.0 9.79 9.19 9.76 9.16
1.5 9.53 9.16 9.48 9.11
2.0 9.31 9.13 9.27 9.09
2.5 9.11 9.11 9.04 9.04
323.0 3.0 8.93 9.11 8.86 9.04
35 8.74 9.11 8.67 9.04
4.0 8.49 9.09 8.46 9.06
4.5 8.27 9.22 8.22 9.17
5.0 7.94 7.92
5.5 7.17 7.27
6.0 177 1.8
Average pK, =9.12
0 10.54 10.61
0.5 9.96 9.01 10.06 9.11
1.0 9.62 9.02 9.71 9.11
1.5 9.36 8.99 9.43 9.06
2.0 9.14 8.96 9.22 9.04
2.5 8.94 8.94 8.99 8.99
328.0 3.0 8.76 8.94 8.81 8.99
35 8.57 8.94 8.62 8.99
4.0 8.32 8.92 8.41 9.01
45 8.10 9.05 8.17 9.12
5.0 7.77 7.87
5.5 7.00 7.22
6.0 1.60 1.75
Average pK, =9.01
0 10.45 10.53
0.5 9.87 8.92 9.98 9.03
1.0 9.53 8.93 9.63 9.03
1.5 9.27 8.90 9.35 8.98
2.0 9.05 8.87 9.14 8.96
2.5 8.85 8.85 8.91 8.91
333.0 3.0 8.67 8.85 8.73 8.91
35 8.48 8.85 8.54 8.91
4.0 8.23 8.83 8.33 8.93
45 8.01 8.96 8.09 9.04
5.0 7.68 7.79
5.5 6.91 7.14
6.0 1.51 1.67

Average pK, = 8.92
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Table C3 The pH and pK, values of DMAB solution at different temperatures.

Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 11.09 11.1
0.5 10.49 9.54 10.43 9.48
1.0 10.11 9.51 10.06 9.46
15 9.82 9.45 9.79 9.42
2.0 9.59 9.41 9.55 9.37
296.5 25 9.31 9.31 9.26 9.26
3.0 8.98 9.16 8.92
3.5 8.42 8.26
4.0 3.08 2.83
Average pK, =9.38
0 11.18 11.13
0.5 10.46 9.51 10.5 9.55
1.0 10.04 9.44 10.12 9.52
15 9.71 9.34 9.87 9.50
2.0 9.4 9.22 9.62 9.44
298.0 2.5 8.94 8.94 9.32 9.32
3.0 7.69 8.99 9.17
3.2 3.06 8.77
3.4 2.64 8.50
4.0 2.24 2.83
Average pK, =9.32
0.0 10.98 10.99
0.5 10.35 9.40 10.36 9.41
1.0 9.97 9.37 9.98 9.38
1.5 9.72 9.35 9.73 9.36
2.0 9.47 9.29 9.48 9.30
2.5 9.17 9.17 9.18 9.18
303.0 3.0 8.84 9.02 8.85 9.03
3.2 8.62 8.87 8.63
3.4 8.35 8.36
3.6 7.74 7.75
3.8 3.56 3.57
4.0 2.68 2.69
Average pK, =9.22
0 10.84 10.89
0.5 10.21 9.26 10.17 9.22
1.0 9.83 9.23 9.75 9.15
15 9.58 9.21 9.42 9.05
308.0 2.0 9.33 9.15 9.11 8.93
2.5 9.03 9.03 8.65
3.0 8.70 7.40
3.2 3.42 2.77
4.0 2.54 1.95

Average pK, =9.13
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Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 10.74 10.69
0.5 10.14 9.19 10.02 9.07
1.0 9.76 9.16 9.65 9.05
1.5 .47 9.10 9.38 9.01
2.0 9.24 9.06 9.14 8.96
313.0 2.5 8.96 8.96 8.85 8.85
3.0 8.63 8.81 8.51
35 8.07 7.85
4.0 2.73 2.42
Average pK, =9.00
0 10.57 10.61
0.5 9.97 9.02 9.94 8.99
1.0 9.59 8.99 9.57 8.97
1.5 9.30 8.93 9.30 8.93
2.0 9.07 8.89 9.06 8.88
318.0 2.5 8.79 8.79 8.77 8.77
3.0 8.46 8.64 8.43
35 7.90 7.77
4.0 2.56 2.34
Average pK, = 8.88
0 10.50 10.48
0.5 9.90 8.95 9.81 8.86
1.0 9.52 8.92 9.44 8.84
1.5 9.23 8.86 9.17 8.80
2.0 9.00 8.82 8.93 8.75
323.0 2.5 8.72 8.72 8.64 8.64
3.0 8.39 8.57 8.30
35 7.83 7.64
4.0 2.49 2.21
Average pK, =8.78
0 10.39 10.41
0.5 9.72 8.77 9.81 8.86
1.0 9.35 8.75 9.43 8.83
1.5 9.08 8.71 9.14 8.77
328.0 2.0 8.84 8.66 8.91 8.73
25 8.55 8.55 8.63 8.63
3.0 8.21 8.30 8.48
35 7.55 7.74
4.0 2.12 2.40

Average pK, = 8.69
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Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 10.30 10.21
0.5 9.58 8.63 9.58 8.63
1.0 9.16 8.56 9.20 8.60
15 8.83 8.46 8.95 8.58
333.0 2.0 8.52 8.34 8.70 8.52
2.5 8.06 8.40 8.40
3.0 6.81 7.58
3.2 2.18 2.79
4.0 1.36 1.91

Average pK, =8.51
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Table C4 The pH and pK, values of DEAB solution at different temperatures.

Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 11.43 11.52
0.5 11.03 10.08 11.14 10.19
1.0 10.70 10.10 10.8 10.20
1.5 10.45 10.08 10.57 10.21
2.0 10.25 10.07 10.37 10.20
296.5 2.5 10.07 10.07 10.16 10.17
3.0 9.82 10.00 9.94 10.13
35 9.54 9.91 9.66 10.04
4.0 8.91 9.17
45 2.47 2.95
5.0 2.12 2.52
Average pK, =10.10
0 11.4 11.44
0.5 11 10.05 11.06 10.11
1.0 10.67 10.07 10.72 10.12
1.5 10.42 10.05 10.49 10.13
2.0 10.22 10.04 10.29 10.12
2.5 10.04 10.04 10.08 10.09
298.0 3.0 9.79 9.97 9.86 10.05
35 9.51 9.88 9.58 9.96
4.0 8.88 9.09
45 2.44 2.87
5.0 2.09 2.14
Average pK, =10.06
0 11.29 11.25
0.5 10.89 9.94 10.87 9.92
1.0 10.56 9.96 10.53 9.93
1.5 10.31 9.94 10.3 9.94
2.0 10.11 9.93 10.1 9.93
2.5 9.93 9.93 9.89 9.90
303.0 3.0 9.68 9.86 9.67 9.86
35 9.40 9.77 9.39 9.77
4.0 8.77 8.90
45 2.33 2.68
5.0 1.98 2.34

Average pK, =9.91
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Temperature | HCIl amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 11.11 11.12
0.5 10.71 9.76 10.74 9.79
1.0 10.38 9.78 10.40 9.80
15 10.13 9.76 10.17 9.81
2.0 9.93 9.75 9.97 9.80
308.0 2.5 9.75 9.75 9.76 9.77
3.0 9.50 9.68 9.54 9.73
3.5 9.22 9.59 9.26 9.64
4.0 8.59 8.77
4.5 2.15 2.55
5.0 1.80 1.43
Average pK, =9.75
0 11.03 11.01
0.5 10.63 9.68 10.63 9.68
1.0 10.30 9.70 10.29 9.69
15 10.05 9.68 10.06 9.70
2.0 9.85 9.67 9.86 9.69
313.0 2.5 9.67 9.67 9.65 9.66
3.0 9.42 9.60 9.43 9.62
3.5 9.14 9.51 9.15 9.53
4.0 8.51 8.66
4.5 2.07 2.44
5.0 1.72 1.87
Average pK, = 9.66
0 10.87 10.83
0.5 10.47 9.52 10.45 9.50
1.0 10.14 9.54 10.11 9.51
15 9.89 9.52 9.88 9.52
2.0 9.69 9.51 9.68 9.51
318.0 2.5 9.51 9.51 9.47 9.48
3.0 9.26 9.44 9.25 9.44
3.5 8.98 9.35 8.97 9.35
4.0 8.35 8.48
4.5 1.91 2.26
5.0 1.56 2.14

Average pK; = 9.49




Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 10.73 10.7
0.5 10.33 9.38 10.32 9.37
1.0 10.00 9.40 9.98 9.38
15 9.75 9.38 9.75 9.39
2.0 9.55 9.37 9.55 9.38
2.5 9.37 9.37 9.34 9.35
323.0 3.0 9.12 9.30 9.12 9.31
3.5 8.84 9.21 8.84 9.22
4.0 8.21 8.35
4.5 1.77 2.13
5.0 142 1.86
Average pK, =9.35
0 10.64 10.63
0.5 10.24 9.29 10.25 9.30
1.0 9.91 9.31 9.91 9.31
1.5 9.66 9.29 9.68 9.32
2.0 9.46 9.28 9.48 9.31
328.0 2.5 9.28 9.28 9.27 9.28
3.0 9.03 9.21 9.05 9.24
3.5 8.75 9.12 8.77 9.15
4.0 8.12 8.28
4.5 1.68 2.06
5.0 1.33 1.65
Average pK, =9.27
0 10.53 10.5
0.5 10.13 9.18 10.12 9.17
1.0 9.8 9.20 9.78 0.18
1.5 9.55 9.18 9.55 9.19
333.0 2.0 9.35 9.17 9.35 9.18
2.5 9.17 9.17 9.14 9.15
3.0 8.92 9.10 8.92 9.11
3.5 8.64 9.01 8.64 9.02
4.0 8.01 8.15
4.5 1.57 1.93
5 1.22 1.64

Average pKa = 9.15
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Table C5 The pH and pK, values of MDEA solution at different temperatures.

Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 10.65 10.56
0.5 9.56 8.61 9.72 8.53
1.0 9.25 8.65 9.37 8.50
1.5 9.00 8.63 9.10 8.44
2.0 8.81 8.63 8.95 8.45
2.5 8.63 8.63 8.79 8.42
296.5 3.0 8.46 8.64 8.61 8.43
35 8.26 8.63 8.40 8.40
4.0 8.01 8.61 8.15 8.33
45 7.61 8.56 7.86 8.23
5.0 3.02 3.12
Average pK, = 8.62
0 10.65 10.6
0.5 9.53 8.58 9.51 8.56
1.0 9.16 8.56 9.2 8.60
1.5 8.93 8.56 8.95 8.58
2.0 8.71 8.53 8.76 8.58
2.5 8.54 8.54 8.58 8.58
298.0 3.0 8.34 8.52 8.41 8.59
35 8.13 8.50 8.21 8.58
4.0 7.84 8.44 7.96 8.56
45 7.39 7.56 8.51
5.0 2.70 2.97
Average pK, = 8.55
0 10.56 10.59
0.3 9.72 8.53 9.75 8.56
0.6 9.37 8.50 9.4 8.53
0.9 9.1 8.44 9.13 8.47
1.2 8.95 8.45 8.98 8.48
303.0 1.5 8.79 8.42 8.82 8.45
2 8.61 8.43 8.64 8.46
2.5 8.4 8.40 8.43 8.43
3 8.15 8.33 8.18 8.36
4 7.31 7.34

Average pK, = 8.45
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Temperature | HCIl amount Experiment 1 Experiment 2
(K) (mL) pH pPKa pH PKa
0 10.51 10.41
0.5 9.39 8.44 9.32 8.37
1.0 9.02 8.42 9.01 8.41
15 8.79 8.42 8.76 8.39
2.0 8.57 8.39 8.57 8.39
308.0 2.5 8.4 8.40 8.39 8.39
3.0 8.2 8.38 8.22 8.40
3.5 7.99 8.36 8.02 8.39
4.0 7.7 8.30 7.77 8.37
4.5 7.25 7.37 8.32
5.0 2.56 2.78
Average pK, = 8.38
0 10.36 10.42
0.3 9.52 8.33 9.58 8.39
0.6 9.17 8.30 9.23 8.36
0.9 8.90 8.24 8.96 8.30
1.2 8.75 8.25 8.81 8.31
313.0 15 8.59 8.22 8.65 8.28
2.0 8.41 8.23 8.47 8.29
2.5 8.20 8.20 8.26 8.26
3.0 7.95 8.13 8.01 8.19
3.5 7.66 7.72
4.0 Felnl 7.17

Average pKa = 8.26




Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
0 10.27 10.27
0.5 9.18 8.23 9.15 8.20
1.0 8.87 8.27 8.78 8.18
15 8.62 8.25 8.55 8.18
2.0 8.43 8.25 8.33 8.15
2.5 8.25 8.25 8.16 8.16
318.0 3.0 8.08 8.26 7.96 8.14
3.5 7.88 8.25 7.75 8.12
4.0 7.63 8.23 7.46 8.06
4.5 7.23 8.18 7.01
5.0 2.64 2.32
Average pK, =8.19
0 10.13 10.18
0.5 9.04 8.09 9.06 8.11
1.0 8.73 8.13 8.69 8.09
15 8.48 8.11 8.46 8.09
2.0 8.29 8.11 8.24 8.06
323.0 2.5 8.11 8.11 8.07 8.07
3.0 7.94 8.12 7.87 8.05
3.5 7.74 8.11 7.66 8.03
4.0 7.49 8.09 7.37 7.97
4.5 7.09 8.04 6.92
5.0 2.50 2.23

Average pK, = 8.08
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Temperature | HCI amount Experiment 1 Experiment 2
(K) (mL) pH PKa pH PKa
328.0 0 10.08 10.12
0.3 9.24 8.05 9.28 8.09
0.6 8.89 8.02 8.93 8.06
0.9 8.62 7.96 8.66 8.00
1.2 8.47 7.97 8.51 8.01
15 8.31 7.94 8.35 7.98
2.0 8.13 7.95 8.17 7.99
2.5 7.92 7.92 7.96 7.96
3.0 7.67 7.85 7.71 7.89
3.5 7.38 7.42
4.0 6.83 6.87
Average pK, =7.97
0 9.99 9.97
0.5 8.87 7.92 8.88 7.93
1.0 8.5 7.90 8.57 7.97
15 8.27 7.90 8.32 7.95
333.0 2.0 8.05 7.87 8.13 7.95
2.5 7.88 7.88 7.95 7.95
3.0 7.68 7.86 7.78 7.96
3.5 7.47 7.84 7.58 7.95
4.0 7.18 7.78 7.33 7.93
4.5 6.73 6.93 7.88
5.0 2.04 2.34

Average pK, =7.90
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Appendix D: Density, viscosity and refractive index

Table D1 The density of amine solutions at different temperatures.

. Temperature (°C)
Amine o0 T 25 | 30 | 35 | 40
DMAB | 0.8526 | 0.8482 | 0.8437 | 0.8392 | 0.8347
DEAB | 0.8605 | 0.8565 | 0.8525 | 0.8485 | 0.8445
DPAB | 0.9250 | 0.9209 | 0.9167 | 0.9124 | 0.9081
DBAB | 0.9847 | 0.9810 | 0.9775 | 0.9738 | 0.9700
HEMAB | 0.9573 | 0.9536 | 0.9499 | 0.9461 | 0.9424
HEEAB | 0.9748 | 0.9710 | 0.9673 | 0.9635 | 0.9597
MDEA | 1.0404 | 1.0366 | 1.0329 | 1.0291 | 1.0255
. Temperature (°C)
Amine 5T 50 | 55 | 60
DMAB | 0.8301 | 0.8255 | 0.8209 | 0.8162
DEAB | 0.8405 | 0.8365 | 0.8325 | 0.8285
DPAB | 0.9037 | 0.8992 | 0.8947 | 0.8902
DBAB | 0.9653 | 0.9614 | 0.9581 | 0.9544
HEMAB | 0.9386 | 0.9348 | 0.9310 | 0.9272
HEEAB | 0.9559 | 0.9520 | 0.9481 | 0.9442
MDEA | 1.0214 | 1.0176 | 1.0138 | 1.0099
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Table D2 The viscosity of amine solutions at different temperatures.

. Temperature (°C)
Amine 0T 25 | 30 | 35 | 40
DMAB | 2.506 | 2.182 | 1.918 | 1.698 | 1511
DEAB | 3400 | 2912 | 2533 | 2.221 | 1.964
DPAB | 5025 | 4213 | 3584 | 3.08 | 2671
DBAB | 6564 | 5613 | 4791 | 40134 | 3.389
HEMAB | 44.395 | 34.477 | 26.874 | 22.186 | 18.671
HEEAB | 51.025 | 40.213 | 31.584 | 26.192 | 22.121
. Temperature (°C)
Amine T 50 | 55 | 60
DMAB | 1.353 | 1217 | 11 |0.999
DEAB | 1.749 | 1567 | 1.413 | 1.281
DPAB | 2.342 | 2.069 | 1.841 | 1.648
DBAB | 297 | 2641 | 2.416 | 2.248
HEMAB | 16.042 | 13.807 | 11.69 | 9.533
HEEAB | 18.512 | 16.011 | 13.941 | 11.94
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Table D3 The refractive index of amine solutions at different temperatures.

. Temperature (°C)
Amine 0T 25 | 80 | 35 | 40 | 45 | 50
DMAB | 14595 | 1.4577 | 1.4558 | 1.4540 | 1.4522 | 1.4503 | 1.4484
DEAB | 1.4684 | 1.4667 | 1.4649 | 1.4631 | 1.4613 | 1.4596 | 1.4578
DPAB | 1.4397 | 1.4377 | 1.4357 | 1.4337 | 1.4317 | 1.4297 | 1.4277
DBAB | 1.4397 | 1.4377 | 1.4357 | 1.4337 | 1.4317 | 1.4297 | 1.4277
HEEAB | 1.4378 | 1.4357 | 1.4336 | 1.4314 | 1.4293 | 1.4272 | 1.4251
HEMAB | 1.4360 | 1.4339 | 1.4318 | 1.4298 | 1.4277 | 1.4255 | 1.4234
MDEA | 1.4428 | 1.4408 | 1.4388 | 1.4368 | 1.4348 | 1.4328 | 1.4308
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