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Abstract

Experimental and Modeling Study on the Absorption of

CO:; in Novel Activated Amine Solvents

The increasing concentration of carbon dioxide (COy) in the atmosphere has had a negative
impact on the environment over the previous few decades and has been a focus of global
attention. CO; capture, one of the most important greenhouse gases (GHG), is now a critical
stage in the functioning of electric power plants, petroleum refineries, chemical fertiliser plants,
coal gasifiers, cement plants, and steel mills. Gas scrubbing with activated aqueous
alkanolamine solutions has recently emerged as the most reliable post-combustion CO>

collection retrofit option.

The current study looks into a new activator called tris (2-aminoethyl) amine (TAEA), which
could be an excellent way to remove CO> from flue gas. The thesis presents novel experimental
CO: solubility data of absorption in various aqueous (TAEA+MDEA+H;0) and
(TAEA+AMP+H,0) systems compositions over wide temperatures and pressure ranges of
(293.15-323.15) K and (2-500) kPa, respectively. The modified Kent-Eisenberg (KE)
equilibrium model is used to model the experimental solubility data. To fit the equilibrium CO>
solubility data, the equilibrium constants related to amine deprotonation and carbamate
production reactions are regressed as a function of essential operating parameters such as CO-
partial pressure, amine concentration, and temperature. The results of the KE model's projected
solubility are in good accord with the experimental data. The modified KE model established

in this study may also be used to estimate the concentrations of various ionic species in the

solvent phase at equilibrium conditions. With the variation of Olco2, the distribution of different
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Abstract

reaction products arising from the CO2 —amine reaction has been estimated. The pH of CO-
loaded amine solvents can also be predicted using the KE model. From the standpoint of CO>

capture process design, understanding the pH of the loaded solvent is essential.

Feed forward Aurtificial Neural Network (ANN) model is used to correlate the solubility data.
The Levenberg-Marquardt back propagation technique is utilised as the training function in
this ANN architecture. Hyperbolic tangent sigmoid and linear functions are used as transfer
functions for the hidden and output layers. The experimental data and the anticipated value
from the feed-forward neural network model agree pretty well. FTIR and qualitative **C NMR
were also used to evaluate the many major reaction products and appraise the CO,- amine
reaction scheme. To assess the performance of the researched solvents in this study, a detailed

comparison of CO; loading with other standard solvents was presented.

Over a temperature range of (293.15-333.15) K, important thermophysical parameters of the
solvents, such as density and viscosity, are measured and reported. Diffusivity is also calculated
using the measured viscosity values through the modified Stokes-Einstein relation. Along with
physical solubility (Henry’s law constant) of (TAEA+H20), (TAEA+MDEA+H>0) and
(TAEA+AMP+H0) are also investigated at different temperatures (293.15-323.15) K and
other compositions. These features are essential in determining flow behavior, intermolecular
interactions, the design of the absorber or regenerator column, solvent pumping costs, mass
transfer, and CO> kinetic rates in solvents. The earliest principal models, Redlich-Kister and
Grunberg-Nissan, were used to model density and viscosity. For the correlation, Henry’s law
constant an Arrhenius type equation is used. As a function of temperature and composition, all
attributes were connected. The results showed a reduced variance between the experimental

and predicted data, indicating that the models were accurate.
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Chapter 1

Introduction, Literature Review, and Objectives

The present movements in universal greenhouse gas emissions and their influence on the
environment are presented in this chapter. The need to implement efficient carbon capture
storage systems (CCS) has been discussed, and a quick overview of various carbon capture
technologies. A detailed literature review on chemical absorption via aqueous single and
blended amine systems is also presented in this chapter. It goes into detail on the background

of the research project and the significance and goals of the project.

1.1 Introduction

Global warming and climate change difficulties caused by significant emissions of greenhouse
gases and other ozone-depleting compounds, mainly CO2, have been a global concern in recent
years. Due to increased global energy consumption, CO2 discharges from energy-related
sources rose 1.7 percent to a notable high of 33.1 Gt of CO> in 2018 [1]. This was the fastest
rate of increase since 2013, and it was also 70% greater than the yearly average pace since
2010. Higher energy demand and a robust global economy have resulted in higher emissions.
Extreme weather conditions in some regions have also increased the need for additional energy
for extra cooling and heating. While several factors contributed to the increased emissions, the
power sector accounted for roughly two-thirds of the entire increase in worldwide greenhouse
gas emissions. Coal-fired power stations are the primary source of CO, emissions from fossil-
fueled power plants, accounting for almost 40% of total CO, emissions [2]. According to data
compiled by the International Energy Agency (IEA), the four largest CO2 emitters globally are
(i) China (9839 Mt COy), (ii) the United States (5270 Mt CO>), (iii) the European Union (3544

Mt CO), and (iv) India (2467 Mt COy), with total global emissions totaling 36153 metric tons
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in 2017 [3]. The general trends of total greenhouse gas emissions by significant emitter
countries and the European Union are depicted in Fig 1.1. These top emitters account for almost

70% of world emissions [4].

Global greenhouse gas emissions, per country and region

gigatonnes CO, eq
£ International transport
Other countries
50 .
I Other G20 countries
40 Japan

I Russian Federation
B 'ndia

European Union (EU-28)

30

20 United States

I china
10
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0 “  land-use change

1990 1995 2000 2005 2010 2015 2020

Figure 1.1 Emissions of greenhouse gases around the world [4].

However, there are significant inequalities observed globally in the yearly per capita emission
of CO». The world's largest per capita CO. emitters are the major oil-producing nations. In
2017, Qatar recorded the highest emissions at 49 tonnes (t) per person, followed by Trinidad
and Tobago (30 t), Kuwait (25 t), United Arab Emirates (25 t), Brunei (24 t), Bahrain (23 t)
and Saudi Arabia (19 t) [5].

In the category of more populous countries, Australia (17 t), the United States (16.2 t), and
Canada (17 t) have some of the largest per capita emitters (15.6 t). This statistic is more than
three times greater than the global average, 4.8 t in 2017. These patterns clearly show that
countries with better living standards have more giant carbon footprints. On the other hand,
some industrialised European countries have per capita emissions close to the global average.
In 2017, emissions in Portugal, France, and the United Kingdom were 5.3 t, 5.5, and 5.8 t,

respectively [5]. The energy source used is important since a large portion of energy generation
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in many European countries comes from nuclear and renewable sources, resulting in a lower
carbon footprint. With 1.7 t/yr of total per capita emissions, India ranks 61st globally [3].
Continuous emissions, on the other hand, have resulted in a massive increase in carbon dioxide
concentration in the atmosphere, which in 2018 passed the 411 ppm milestone [4]. As a result,
there is a pressing need to address the issue of CO. emissions into the atmosphere while
preserving quicker economic growth. In this context, effective CO. collection technologies and
subsequent abatement, such as carbon capture and storage (CCS), play a critical role [4]. In its
yearly report, the IPCC stated that a modern conventional power plant coupled with efficient

CCS technology might reduce atmospheric CO2 emissions by 80-90 percent.

1.2 A quick overview of various carbon capture technologies

When selecting a CO collection technique, keep in mind the application, the upfront and
ongoing costs of technology deployment, and whether or not the present system requires any
modification to connect to current technology. CO: capture from industrial exhaust gas streams

can be accomplished in three ways. (Figs. 1.2 - 1.4).

1.2.1 Pre-combustion

It is the process of capturing COz before it is burned. For this situation, the fossil fuel (coal) is
partially oxidised in a gasifier to yield syngas. The syngas (combined CO and H») are then
steam reformed to produce CO> and Hz [6]. The CO2 was then concentrated and injected into
the scrubber column, where it came into contact with the appropriate solvents to begin the
absorption process. In the regenerator column, CO»-rich solvent is passed, where it is stripped
of COg, and the separated H, stream can be employed as a source of energy. Chemical or
physical solvents can split CO2 depending on the working conditions of pressure, temperature,
and COz concentration. This technology is primarily practical for newer facilities because it

requires significant changes in the architecture of power plants.
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Figure 1.2 The pre-combustion capturing procedure is depicted schematically

1.2.2 Oxy-fuel combustion

One of the most striking features of oxy-fuel combustion is that it takes place with pure oxygen

rather than air. As a result, pure CO; is produced as the primary combustion product. This

technology necessitates using a separate air separation unit that purifies the air by removing

nitrogen and other contaminants. This stream is then introduced into the boiler, where it

undergoes combustion, resulting in steam creation to power the turbine and generate electricity

[7]1.

Figure 1.3 The oxy-fuel combustion process is depicted in a diagram
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Figure 1.4 Graphic design of post-combustion capture process

1.2.3 Post-combustion

CO;

COs- is caught after combustion in post-combustion capture technology and deployed as a

distinct separation unit in thermal power plants or other significant point sources. Because CO>

in the exhaust stream is diluted by nitrogen in the combustion air, many gases must be handled.

Membrane separation, adsorption, physical absorption, and chemical absorption are some of

the separation processes used. [8].

1.3 Carbon dioxide capture technologies for the post-combustion

process

Various CO; separation processes, such as absorption, adsorption, cryogenic distillation, and

membrane separation, can be used within the post-combustion capture (PCC) technology [8].

The leading technologies used in PCC applications are summarized in Fig 1.5.
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Figure 1.5 Post-combustion CO> capture process technologies [10]

Various CO; separation technologies are now available, and they are all explained in detail [8].
According to [9], chemical solvent absorption (reactive absorption) is the most practical
method in most circumstances. The most common absorbents utilised in the gas processing
sector are aqueous alkanolamine solutions. Amines, alkaline amino acid salts, and

carbonate-bicarbonate buffers are also used in bulk CO» removal.

1.3.1 Chemical absorption process

Chemical absorption's central premise is based on the varying reactivities of solute gases with
solvents. The process in the system is mainly reversible, allowing the CO2-rich solvent to be
regenerated at the same time. Basic absorbents such as aqueous ammonia, alkali carbonates,
and alkanolamines are utilised as solvents in the absorption process. The chemical solvents
significantly interact with CO., resulting in faster CO2 removal in a single stage of the

absorption process.

The primary amines, monoethanolamine (MEA) and diglycolamine (DGA), the secondary

amines, diethanolamine (DEA) and diisopropanolamine (DIPA), and the tertiary amines,
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methyldiethanolamine (MDEA), and triethanolamine (TEA) are all industrially important
alkanolamines for CO. removal, according to Kohl and Nielsen [10]. MEA is extensively used

for gas purification due to its high reactivity with CO..

A closed-loop absorption-desorption cycle comprising CO, absorption in an MEA scrubber,
regeneration of the CO-rich solution by desorption, and recycling of the lean regenerated MEA
solution to the scrubber represents a standard process configuration. MEA, on the other hand,
has several drawbacks, including a low CO- loading capacity, a high solvent regeneration cost,
the formation of toxic products due to degradation in an oxygen-rich environment (for example,
flue gas), reduced scrubbing efficiency due to amine decomposition, and equipment and piping
corrosion [10-11]. Besides, MEA has a high vapour pressure, and hence, it is not suitable for
low-pressure operations due to possible vaporisation losses. As a result, finding other candidate
amines is desirable. MEA requires more steam regeneration than DGA and DIPA. Although
MDEA is less reactive than MEA, it has a larger CO> loading capacity. Another potential
solvent is 2-amino-2-methyl-l-propanol (AMP), a sterically hindered primary amine that
mimics the hindered form of MEA. The CO> loading capacity and reaction rates of AMP are
more significant than those of MEA, according to reference [12]. AMP and DEA are more
resistant to solvent degradation and corrosion than MEA,; additionally, according to [13], no

degradation or erosion occurs when MDEA is used.

MEA and DEA are primary and secondary alkanolamines that react quickly with CO> to
generate carbamates. The heat of absorption associated with carbamate production, on the other
hand, is quite considerable. As a result, the expense of solvent regeneration is significant.
Furthermore, the capacity of such alkanolamines to load CO: is restricted to 0.5 mol CO> per
mol of amine. Tertiary alkanolamines, which have a low reactivity toward CO, lack a

hydrogen atom linked to the nitrogen atom, as do MEA and DEA, and hence cannot undergo
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the carbamation reaction. On the other hand, Tertiary amines stimulate the CO2 hydrolysis
reaction, which produces bicarbonates. Because the reaction heat emitted in bicarbonate
creation is smaller than that released in carbamate synthesis, solvent regeneration costs are

lower.

Furthermore, tertiary amines have a sizeable CO> loading capacity of | mol CO2/mol amine, as
evident from the activated methyldiethanolamine (MDEA) technology suggested by BASF SE,
the addition of promoters to tertiary amines accelerates the reactive absorption process. Thus,
the cyclic diamine piperazine (PZ) enhances the CO. absorption rates in aqueous MDEA
solutions. Conventional primary and secondary amines (e.g., MEA and DEA) and other
polyamines (e.g., hexamethylene diamine or HMDA) also are efficient activators in aqueous
solutions of tertiary amines [14]. Conventional alkanolamine used in the PCC process includes
monoethanolamine (MEA), diethanolamine (DEA), N-methyldiethanoalmine (MDEA), 2-
amino-2-methyl-1-propanol (AMP), piperazine (PZ), etc. [6, 15-16]. The molecular structures

of some crucial amines are shown in Fig. 1.6.

HO OH
H-N ~ N~
2P"0H H
Monoethanolamine, (MEA) Diethanolamine, (DEA)
GHa HsC OH
HO/\/ N\/\OH HN - CH3
N-methyldiethanolamine, (MDEA) 2-Amino-2-methyl-1-propanol, (AMP)

H
N T NH
N
H

Tris(2-aminoethyl)amine, (TAEA
Piperazine, (PZ) ris(2-aminoethyl)amine, ( )

Figure 1.6 Chemical structure of amines used in CO> capture application.
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Blended amine solvents, which blend primary and secondary amines with tertiary or sterically
hindered amines that have superior CO> loading with faster reaction kinetics, are also viable
for CO> capture for the post-combustion process. Piperazine (PZ), a rate activator, has been
combined with slow reacting alkanolamines with promising results [16]. PZ is more resistant
to heat and oxidative degradation than typical amines, allowing lower amine concentrations to

be used.

An absorption column and a regenerator column make up an amine-based chemical absorption
system (Fig 1.7). As part of the post-combustion CO> separation method, flue gas from power
plants enters a packed tower from the bottom, making counter-current contact with the CO-

lean amine solvent.

CO; out

Gas out Condenser

Make H,0 . Leanin _
i

Am-Cooler

Flue gas in
— P

Lean out

Figure 1.7 Schematic of CO2-amine absorption technology
After the chemical reaction-aided absorption phase, the CO-rich solvent enters the stripper
column via a heat exchanger for solvent regeneration. Steam is used in the regenerator column
to extract CO, from the solvent at temperatures of 393.15-403.15 K. The pure CO> stream from

the regenerator column can be compressed even further for storage or other downstream
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applications, while the lean amine solvent is cooled to 313.15-333.15 K and returned to the
absorption column via a lean, rich heat exchanger [17]. There are, however, certain energy
costs associated with this technique. The first is the reboiler's heat duty, which includes steam
generation and desorption heat to remove CO> from the solvent. The second energy source is
utilised to compress CO: to the requisite storage conditions and power the numerous

intermediary metering devices.

1.3.2 Physical absorption process

According to Henry's law, CO2 gas molecules are absorbed in a liquid solvent during the
physical absorption process. As a result, the entire absorption process is controlled by
temperature and pressure. Instead of reacting chemically, the technique uses organic solvents
to absorb the solute component physically. The weak van der Waals or electrostatic force is
responsible for the essential connection between the solvent molecules and the solute CO> gas.
In comparison to chemical solvents, these linkages are weaker. The partial pressure of the gas
can be proportionately connected to the volume of solute gas absorbed in the system. When the
partial pressure of CO- is higher and the temperature is lower, this reaction is more favorable.
Reducing the system pressure or heating can help in the regeneration process. Commercially
accessible physical solvents include cold methanol (Rectisol), N-methyl-2-pyrollidone
(Purisol), polyethylene, dimethyl ether of polyethylene glycol (Selexol), propylene carbonate
(Fluor Process), and sulfolane. [6]. The employment of a physical solvent as the only post-
combustion capture approach is limited, however, due to the low partial pressure of CO: in the
flue gas. As a result, some CO. capture units looked into using mixed solvents, which combine
physical and chemical solvents. The sulfinol procedure, which used a mixture of physical
solvents like sulfolane and chemically reactive amines like DIPA or MDEA, is the most

prevalent example given here.

TH-2912_136107043 10



Chapter 1

1.3.3 Physical adsorption process

The adsorption technique relies on a solute molecule’s inherent thermodynamic characteristics
to shift from the gas phase to preferentially adsorb on the adsorbent's surface. Physisorption
and chemisorption are two types of adsorption. After adsorption, either pressure swing or
temperature swing adsorption can regenerate or desorb the material. The active molecular
sieves with amine coatings, metal-organic frameworks (MOF), and grafted zeolites are the
subjects of considerable research [18-19]. Polyethyleneimine or Na2CO3 based adsorbents are
often utilised grafting agents for this sorbent to adsorb CO> from exhaust gas [20]. However,
this approach will need a lot of R&D before it can be used to treat high-volume flue emissions

in the industry.

1.3.4 Cryogenic separation process

Cryogenic separation is based on the idea that CO> may be separated from other gases by
chilling and condensation. Cryogenic separation effectively treats gas streams with high CO>
concentrations (> 90%), but it is less effective in treating dilute CO> streams. Cooling gases to
shallow temperatures (below -346.45 K) allows CO: to be frozen out or liquefied and separated
[21]. CO- is recovered/extracted as a liquid, making it easy to transport to storage facilities or
pump to injection locations for enhanced oil recovery (EOR) applications. The high expense
of refrigeration and removing water traces from streams to avoid condensate traps are the

procedure’s key drawbacks.

1.3.5 Membrane technology process

CO2 may be removed from flue gas streams using gas separation membranes. Gas separation
membranes and gas absorption membranes are two types of membrane technologies that can
separate CO> from other gases. Gas separation membranes for PCC are available in various

grades, including porous or non-porous organic polymeric or inorganic membranes (carbon,
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zeolite, ceramic, or metallic) [22]. Another type of membrane is imbued with reactive agents
like amine, which selectively reacts with CO> [19]. Even though membranes have some
advantages over traditional absorption technology, such as minimal regeneration energy
demand and a simple modular system, they cannot consistently achieve a higher degree of
separation, necessitating the use of multiple recycling stages [23]. Other drawbacks of
membranes include their increased sensitivity to Sulphur compounds and other trace elements.
Researchers have recently combined membrane separation methods with other methodologies

such as chemical absorption processes to reap the benefits of the procedures.

The high expense of solvent regeneration is the key source of worry for amine-based chemical
absorption techniques. Furthermore, the solvent's oxidative and thermal breakdown need a
more significant amount of solvent to make—up. On the other hand, chemical absorption has
the advantage of being the most well-established method for CO> capture and is suitable for
retrofitting existing plants. Chemical absorption is recognised as a reliable and somewhat cost-
effective technique to reduce CO2 emissions compared to other known technologies for CO>
capture from industrial flue gas streams [8]. Using an energy-efficient aqueous amine solvent,
chemical absorption is also the most practical technique for industrial mass scale acid gas
separation. The alternatives are either in development or are too expensive. As a result, novel
amine solvents, such as sterically hindered amines or tertiary amines, are currently the focus of
global R&D, aided by amine activators with improved CO: selectivity, degradation resistance,

and lower reboiler heat duty.

1.4 Literature review

Amine-based absorption-regeneration has been routinely utilised to remove acid gases from
flue gas and natural gas streams for many years. Li et al. [24] observed that boosting CO>

loading capacity can increase the hindrance placed on the amino-functional groups found in
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distinct amine categories. Trends include primary amines, secondary amines, tertiary amines,
and diamines. The thorough characterization of a solvent for usage in the PCC unit requires a

fundamental understanding of acid gas solubility and thermophysical properties.

1.4.1 CO; absorption in a single amine solvent

For the rational design and optimization of acid gas removal units, data on CO> solubility in
aqueous amine solutions under various experimental parameters, such as temperature, pressure,
and solvent concentration, is critical. Carbon dioxide solubility in single agueous amines has
been thoroughly examined by several researchers throughout the world, as shown in Table 1.1.
Because of their stochiometric restrictions with CO», primary and secondary amines have a
lower CO; loading capacity than tertiary and sterically hindered amines. On the other hand, the
increased loading could be due to carbamate species hydrolysis at higher CO2 partial pressures.
Many studies on the solubility of agueous monoethanolamine solution have been published
[25-30]. It is frequently employed as a base case solvent in comparison investigations of new
solvents for COz absorption, in addition to its use as a low-cost conventional solvent in acid
gas treatment technologies. The use of highly concentrated MEA, according to Bouillon et al.

[31], can improve CO> absorption performance.

Table 1.1 CO> solubility measurement in several single amine solvents: a summary of the

literature
Amine Concentration, Temperature, K CO; Partial Reference
wit% Pressure, kPa
Monoethanolamine 30 0-348.15 1.387 - 100.2 Mason et al. [25]
(MEA) 15.3 313.15-413.15 0.56 — 4862 Jones et al. [26]
30 0-333.15 0.0012-19954 Jou et al. [27]
(15-30) 313.15-373.15 0.288 — 842.7 Lee et al. [28]
30 393.15 7.3-191.9 Mamun et al. [29]
(15-60) 313.15-393.15 0.001 - 20 Aronu et al. [30]
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Kennard et al. [32]
Benamor et al. [33]

Sulaiman et al. [34]
Isaacs et al. [35]
Shen et al. [36]

Mamun et al. [29]
Park et al. [37]

Chakma et al. [38]
Rho et al. [39]

Chung et al. [40]
Xu et al. [41]
Kundu et al. [42]

Teng et al. [43]
Dash et al. [44]

Liang et al. [45]

In their study, Aronu et al. [30] looked at CO> solubility in an aqueous MEA system over a

wide range of experimental temperatures and CO> partial pressures. Their findings reveal that

at more significant loadings, the COz solubility is strongly influenced by the solvent content.

With increasing amine content and CO: loading, the equilibrium CO. partial was discovered

to increase. To correlate the solubility data, the extended Uniquac model was used. The model

was used to great success to forecast the ionic speciation profile, heat of absorption, and amine

volatility. MEA has a high heat of absorption, which directly impacts the heat duty. For a2 M

and 4 M aqueous diethanolamine (DEA) solution, Benamor et al. [33] achieved CO- loadings

of 0.786 and 0.671 at a CO> partial pressure of roughly 100 kPa. They used titration analysis
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to determine the carbamate ion concentration and compared the model's predictions. The
solubility data were fitted simultaneously to estimate the numerous binary interaction factors

needed to compute the Deshmukh Mather Model's activity coefficients [33].

Even though tertiary amines, such as N-methyldiethanolamine (MDEA), have slower kinetics,
they have several essential characteristics with primary amines, such as lower vapour pressure
and superior thermal and chemical durability. MDEA can also be used at a high concentration
in gas sweetening technology since it has a lesser corrosion behavior. Using a highly
concentrated solvent reduces the rate of solvent circulation in the absorption process, resulting
in better plant economics. Because MDEA does not react with COz in the absence of water,
water plays a crucial role in the tertiary amine — CO; reaction system [39]. Furthermore, as
suggested by Barth et al. [47], the aqueous media enhances the dissolution of MDEA by
hydrogen bonding, and this interaction promotes the hydration process of CO.. Rho et al. [39]
evaluated and expressed CO- solubility in the variable concentration range of (5 to 75) wt
percent to investigate the effect of solvent concentration. According to their findings, the CO>
loading reduces as the mass concentration of MDEA increases at a given operating temperature
and CO- partial pressure. The absorption capacity plot was used to express the solubility data
(mol of CO, per volume of solution). The plot shows that using a 20.5 wt percent MDEA
solution at pressures below 10 kPa is preferable. However, using 50 mass percent MDEA at
higher pressures yields superior results. In addition, the Gibbs-Helmholtz equation was used to
calculate the enthalpy of CO- absorption, which was determined to be 54.6 kJ.mol™ for 50 mass
percent MDEA. Furthermore, research into substitute tertiary amines with faster kinetics than
MDEA leads to the discovery of 1-dimethylamino-2-propanol (1IDMAZ2P), a novel tertiary
amine category. The findings of Liang et al. [45] show that 1DMAP has a more excellent
equilibrium CO2 solubility than other standard amines like MEA and MDEA. According to the

mass transfer study, the overall mass transfer coefficient (KGav) in a packed column is MEA
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>1DMAZ2P > MDEA. The CO; absorption heat calculated using the Gibbs-Helmholtz equation
was -30.5 kJ.mol™, which is significantly lower than MEA and the commonly used tertiary

amine MDEA.

Sartori and Savage [12] indicated that sterically hindered amines could be investigated as a
potential CO capture solvent. Among the sterically hindered amines, AMP is the most
common due to attractive characteristics, including a theoretical capacity that is double that of
MEA. According to Chakraborty et al. [48], 13C NMR analysis, the AMP carbamate generated
in a relatively small amount compared to its fast-reacting unsubstituted equivalent, MEA. Xu
et al. [49] measured the intermediate carbamate species and discovered that it was only 10 of
the total amine concentration. This observation suggests that the unstable carbamates generated
during the process may undergo fast hydrolysis, resulting in the formation of bicarbonate ions
and free amine species. Dash et al. [44] report a theoretical and experimental investigation of
CO: solubility in an aqueous AMP solution at various concentrations. According to their
findings, when the aqueous AMP solution's concentration increases at a constant operating
temperature and CO: loading, the CO> partial pressure rises. Kundu et al. [42] reported similar
trends. The thermodynamic model created based on the electrolyte non-random two-liquid
(ENRTL) theory describes the experimental solubility data. The model's projected activity
coefficients were used to forecast the liquid phase ionic speciation profile concerning changes
in CO2 loading. According to the speciation plot, the AMP disappears as CO> loading increases,
and protonated species and bicarbonate ions dominate the system. The thermodynamic model
was also used to predict the volatility of AMP, which was found to be 0.001 kPa for a 40 wt
percent aqueous amine solution at 338 K using the thermodynamic model. In addition, between

T = (313 - 373) K, the average heat of absorption was determined to be 70 kJ.mol? COx.
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In acid gas separation technology by chemical absorption, the notion of acceptable amine

blending is gaining prominence to overcome the constraints of a single amine solvent. The

blended amines are formulated using the synergetic effect of primary or secondary amines'

improved reaction kinetics and tertiary or sterically hindered amines' higher CO> loading and

lower regeneration energy. Table 1.2 briefly summarizes the literature review of CO> solubility

in blended amine systems.

Table 1.2 CO: solubility measurement in several blended amine solvents: a summary of the

literature

Amine blends

Monoethanolamine + N-
Methyldiethanoalmine

Monoethanolamine + 2-
amino-2-methyl-1-

Diethanolamine + 2-
Amino-2-methyl-1-

Diethanolamine + N-
Methyldiethanolamine

2-amino-2-methyl-1-
propnaol + N-
Methyldiethanolamine

N-Methyl-2-ethanolamine
+ N-Methyldiethanolamine
2-amino-2-methyl-1-
propnaol + N-Methyl-2-

Concentration, wt%

MEA :(6-18)
MDEA : (12 - 24)

MEA :(12-24)
MDEA : (6 - 18)

MEA :(6-24)
AMP (6 - 24)
DEA :(6-15)
AMP (15 - 24)
DEA :(15-4.5)
MDEA : (25.5 — 28.5)
AMP :(8.9-17.7)
MDEA : (11.8 - 23.4)
MAE :(3-24)
MDEA : (6 - 27)
MAE :(15-21)
AMP :(9-285)

Temperature,

K

313.15-373.15

313.15-373.15

313.15-373.15

303.15-323.15

303.15-323.15

303.15-343.15

303.15-323.15

303.15-323.15

CO,, Partial
Pressure, kPa

1.12 - 2080

1- 2016

0.86 - 199

1.021 - 354

24 - 90

106.25 - 4110

0.503 - 545.6

0.511 - 515.7

References

Li et al. [50]

Shen et al. [36]

Lietal. [51]

Kundu et al. [52]

Kundu et al. [53]

Suleman et al. [34]

Kumar et al. [54]

Kumar et al. [54]
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As a preliminary amine blend for CO> absorption, mixtures of primary and tertiary amines
(MEA + MDEA) have been extensively explored. Li et al. [50] investigated the solubility of
CO: in aqueous (MEA + MDEA) over a wide range of temperature and pressure working
conditions. According to their research, CO> solubility decreases steadily as temperature rises
from 313.15-353.15 K. At a position when the partial pressure of CO> is 45 kPa, the solubility
curves also intersect. Another study by Li et al. [51] looked at the CO» absorption properties
of a mixture of MEA and sterically hindered AMP solvent. CO- solubilities are higher in
solutions with a higher AMP mass fraction than those with a high MEA mass fraction. The
Kent-Eisenberg model is used to correlate the solubilities. As a function of reaction
temperature, amine concentration, and CO> loading, the equilibrium constants of amine-based
reactions are calculated. The solubility of CO; in (DEA + AMP) and (DEA + MDEA) blends
was examined by Kundu et al. [52-53]. They saw a cross-over in the solubility curves of various
blended compositions. The explanation for this can be linked to the fact that DEA can react
with CO> faster than MDEA at low to moderate loadings due to its quicker kinetics. However,
as CO2 loading rises, the free DEA species decreases, resulting in a higher MDEA to DEA ratio
in the aqueous system. The equilibrium is closer to MDEA than DEA with more significant
loadings, causing the curves to cross. The modified Clegg-Pitzer equations are used to correlate
the solubility data. A simulated annealing approach was used to calculate interaction
parameters and determine the equilibrium composition of various ionic species present in the

liquid phase.

More recently, there has been increased interest in using enhanced and activated alkanolamine
solvents for CO. removals, such as piperazine (PZ) activated MDEA or AMP [55-56]. These
activated blended solvents have the desirable characteristics of considerably greater reaction

speeds and higher activating agent solubility. These activating agents are frequently used with
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non-carbamate forming amines, with higher loading capacity and lower regeneration heat duty.
Table 1.3 provides a quick summary of the CO: solubility measurement in the activated amine
system. The CO. loading increases with the increase in PZ content in the mixed amine solvents
of (PZ + MDEA) up to a loading of 1.0, according to Dash et al. [56]. A crossover has been
recorded at a steady CO> partial pressure beyond this threshold value, where the loading
decreases with increasing PZ concentration. This phenomenon is linked to the creation of
intermediate reaction products such as PZ- carbamate, PZ-dicarabamte, and protonated PZ
carbamate, according to Bishnoi and Richelle [57]. As a result of synthesizing all of these
intermediates, the total carbamate stability improves, and more amine molecules are attached

to each incoming CO2 molecule in the absorber column.

Table 1.3 CO- solubility measurement in several activated amine solvents: a summary of the

literature
Amine Blends Concentration, Temperature, K CO, Partial Researchers
wit% Pressure, kPa
Piperazine + 2-amino-2- PZ:(2-8) 313.15-393.15 5.7 - 463.5 Tong et al. [55]
methyl-1-propanol AMP: (22 - 28)
Piperazine + N- PZ: (2-8) 303.15-323.15 1.85 - 1246 Dash et al. [56]

Methyldietahanolamine MDEA : (22 - 28)

PZ: (8.5-16.8) | 303.15_343.15 | 102.5-4490 | Suleman etal. [34]
MDEA : (11.8 - 23.4)

Piperazine + PZ: (5-15) 313.15- 353.15 0.8 -923 Chang et al. [58]
Diethylenetetramine DETA : (15 - 25)
Hexamethylenediamine + HMDA: (5 - 20) 303.15 -333.15 05-111 Mondal et al. [59]

N-Methyldiethanolamine MDEA : (10 - 25)

Hexamethylenediamine + HMDA: (5 - 20) 303.15-333.15 | 1.04-110.57 Mondal et al. [60]

2-amino-2-methyl-1- AMP (10 -25)
propanol
Ethylenediamine + N- EDA: (5-15) 293.15 - 313.15 40 - 180 Hafizi et al. [61]
Methyldiethanolamine MDEA : (85 - 95)
Diethylenetetramine + N- DETA: (5 - 15) 293.15 - 313.15 40 -180 Hafizi et al. [61]
Methyldiethanolamine MDEA : (85 - 95)
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Triethylenetetramine + TETA: (5-15) 293.15-313.15 30-180 Hafizi et al. [61]
N-Methyldiethanolamine MDEA : (85 - 95)
Tetraethylenepentamine TEPA: (5 - 15) 293.15-313.15 30-190 Hafizi et al. [61]
+ N- MDEA : (85 - 95)
Methyldiethanolamine
1,3-diaminopropane + DAP: (2.5-5) 313.15-333.15 3-215 Khodadi et al. [62]
Monoethanolamine MEA : (10 -12.5)
Piperazine + Potassium PZ: (7.5 -10) 313.15-363.15 1.8-675 Kim et al. [63]
carbonate K>COs : (15 - 20)
2-methylpiperazine + 2-MPZ: (7.5 - 10) 313.15-363.15 1.8-675 Kim et al. [63]
Potassium carbonate K>COs3 : (15 - 20)
2-((2- AEEA: 5 308.15 —368.15 103 - 4445 Zoghi et al. [64]
aminoethyl)amino)ethano MDEA: 30
| + N-

Methyldiethanolamine

Dash et al. [65] used the ENRTL model to explain the thermodynamics of CO; absorption in
the (AMP + PZ) mixed amine system. Within the AAD value of 12%, the model was employed
to describe the solubility data adequately. The predicted speciation plot differs significantly
from the single AMP or PZ system. Compared to 30 and 40 wt percent systems, the mixed
blend concentration of 50 wt percent has the maximum cycle capacity. Among the examined
systems, the mixed system with the composition (42 wt percent AMP + 8 wt percent PZ) had
a maximum capacity of 1.8. The thermodynamic model was also used to evaluate amine
volatility, which was lower than that of single amines. The findings of Tong et al. [55], who
investigated CO- solubility for two different mixed amine compositions, back up the above
essential results. The solubility data are well correlated with a modified Kent-Eisenberg model
based on non—rigorous equilibrium, yielding an average absolute relative deviance. Compared
to the usual 30 wt percent MEA solvent, the investigated amine system has double the CO-
loading capacity. Despite its excellent characteristics, the applicability of PZ in concentrated
form is limited due to solid precipitation under both lean and rich CO> loading circumstances.

Concentrated PZ solution (8 mol.kg™) requires a net CO2 input of 0.25 mol of CO; per mol of
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alkalinity to remain prevalent in the aqueous solution at room temperature (295 K) without

precipitation. Solids can form at greater CO. concentrations as well [66].

Another intriguing class of activators, derivatives of piperazine, has been investigated for their
potential use in CO2 absorption from acid gas streams. Kim et al. [63] reported the CO>
absorption rate and capacity after mixing K>COz, an inorganic solvent, with 2-
methylpiperazine (2-MPZ) and piperazine (PZ). Because 2-MPZ has a methyl group attached
to PZ's cyclic diamine structure, it has a steric hindrance effect. Compared to piperazine, this
results in the creation of unsatable carabamte and a substantial amount of bicarbonate and
carbonate species, potentially lowering the total regeneration cost (PZ). They discovered that
the aqueous blend of (20 wt% K2COs + 10 wt% 2-MPZ) and (20 wt% K.COs + 10 wt% PZ)
had the lowest equilibrium CO. partial pressure for any corresponding CO> loading at the same
temperature. These solutions, however, saw a considerable number of KHCOs crystals at
temperatures lower than 313 K. Before starting the reaction with CO>, the aqueous system

separated into two liquid phases.

Another possible piperazine derivative, 1-(2-aminoethyl) piperazine (AEP), has recently been
discovered to have more great absorption properties to PZ. At 303, 313, and 323K, Paul et al.
[67] examined the Kkinetics of dilute aqueous AEP solution and found that the second-order rate
constants ko were 31867.6, 56354.2, and 100946 m® kmol.s™1. The second-order reaction rate
constant measured is somewhat higher than the aqueous PZ solution. Du et al. [66] combined
a less concentrated PZ solution with AEP to solve the precipitation problem while preserving
all of the desirable properties of PZ solutions for PCC applications. The ENRTL model
correctly analysed the thermodynamics of the mixed solvent system, and the CO> solubility,

speciation, and amine volatility were accurately reproduced. The mixed system is predicted to
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have a cyclic capacity of 0.86 mol.kg™, compared to 0.50 mol.kg™ for the 7 mol.kg* MEA
system. Ramazani et al. [68] reported the promoting impact of 1-(2-aminoethyl) piperazine on
the equilibrium CO: solubility of monoethanolamine. As the concentration of AEP in the blend
increases, the loading capacity of the blended solution increases, with maximum loading
attained at a molar ratio of 0.8, equivalent to a (0.5 M AEP + 2.5 M MEA) system. The link
between the numerous independent factors on the CO> loading capacity was assessed using the

response surface methodology based on central composite design.

Hexamethylenediamine is another possible activator recently studied in the literature (HMDA).
The CO: loading capacity of different amines with numerous amine groups was compared by
Singh et al. [69]. They looked at the CO- loading capacity of several straight-chain diamines
and concluded that HMDA has superior absorption to other straight-chain diamines. Mondal
et al. [59-60] widened the scope of the inquiry. With AMP and MDEA as primary amines, their
research spans binary and mixed systems. When HMDA is added to a mixed amine system,
the CO2 loading increases dramatically. The CO2 loading for the (15 wt. percent HMDA + 15
wt. percent AMP) system was increased by 30% compared to the 30 wt. percent AMP system.
The authors also assessed the heat of absorption in the aqueous HMDA and (HMDA + MDEA)
systems in addition to the solubility investigation [70]. The heat of absorption is the most
critical factor to consider when choosing a solvent because it directly affects the energy penalty
in the regeneration process. Because highly reactive amines have a greater enthalpy of CO>
absorption, the increase in reaction rate due to blending is also linked to the increased
absorption heat. As a result, the blending ratio should be tuned using kinetic, solubility, and
enthalpy data. The aqueous mix of (15 wt. percent HMDA + 15 wt. percent MDEA) translates
to Habs = 79 kd.mol ™ at a CO; partial pressure of 15 kPa and a temperature of 313 K, compared

to 84 kJ.mol* for a 30 wt. percent MEA solution.
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Their chain length also influences the CO> absorption capacity of alkylamines. The initial
absorption rate decreases as the chain length increases and CO> loading increases. The impact
was studied by Hafizi et al. [61], who combined MDEA with several Polyamines containing
varied numbers of alkyl and amine groups, such as EDA, DETA, TETA, and TEPA. The CO>
loading is enhanced from 0.91 for pure MDEA to 0.94, 0.99, 1.01, and 1.05 for 15 wt% EDA,
DETA, TETA, and TEPA boosted solvent systems their findings. Continuous absorption-
desorption operations were used to investigate the solvents' cyclic capacity. Primary carbamate
> primary - primary dicarbamate > primary secondary dicarbamate, in that order, is the most
stable of the produced ions. The desorption investigation further reveals that amine blends with
a larger ratio of secondary to primary amine groups result in more secondary carbamate and

dicarabamate species, resulting in better or complete regeneration of these species.

1.5 Importance and objectives of present work

The complete literature research shows the vast industrial significance of acid gas (such as
CO») absorption utilising activated alkanolamine solutions. As a result, a novel amine activator
with faster reaction kinetics and high equilibrium loading capacity was required to reduce
solvent circulation rate, improve degradation resistance, and minimise corrosivity, all of which
would result in cheaper capital costs. The absorber column will be substantially smaller due to

the quick reaction, and hence the price will be lower.

Above all conditions, we introduced a novel activator Tris(2-aminoethyl)amine (TAEA), with
three primary amine groups and one tertiary amine group. And it is expected to have a larger
equilibrium loading capacity than PZ. TAEA also has a lower evaporation rate than PZ due to

its greater molecular weight. Furthermore, no such amine activator has been found in the
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literature to our knowledge. TAEA was chosen as an unique CO absorption activator for
several amine mixtures in this investigation. In addition, because of the potential of AMP and
MDEA, two novel aqueous blends were chosen in this study: (TAEA+MDEA+H>0) and
(TAEA+AMP+H20). Any new solvent system's physicochemical characteristics and
absorption of CO> are critical for its commercial application. As a result, the following are the

goals of this research project:

® To measure thermophysical characteristics (density, viscosity, and diffusivity) of
aqueous single (TAEA+H20) and blended amine solutions (TAEA+MDEA+H-0),
(TAEA+AMP+H0) solutions were measured over a wide temperature range (293.15-

333.15) K and at various amine concentrations.

® To model the measured thermophysical properties using well-established empirical

models like Redlich-Kister and Grunberg-Nissan.

® To measurement the physical solubility (Henry’s law constant of N2O) in the aqueous
single (TAEA+HO) and blended amine solutions (TAEA+MDEA+H:0),
(TAEA+AMP+H0) over a wide range of temperature (293.15-323.15) K and different

amine concentrations.
® To model the physical solubility with an Arrhenius type equation.

® To generate equilibrium solubility data of CO> in blended aqueous solutions of N-
methyldiethanolamine (MDEA) and 2-amino2-methyl-1-propanol (AMP) with the
novel activator tris(2-aminoethyl)amine (TAEA) at various amine compositions over
the temperature range of (293.15 -323.15) K and between the CO; partial pressure of

2-500 kPa.

® To model the equilibrium solubility data over blended solvent systems (Kent —

Eisenberg equilibrium-based equation).
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® To implement a Feed-forward Neural Network model utilising the Levenberg-
Marquardt (LM) back propagation algorithm and correlation of the results of CO>

solubility.

1.6 Thesis organization

The thesis is organized according to the given below.

Chapter 1: This chapter covers the background of the work related to CO> capture and the
complete literature review, the thesis objectives, and the thesis outline.

Chapter 2: The reaction mechanisms of various categories of amines with CO>, as well as the
solubility modeling methodologies used in this study, are described.

Chapter 3: The measurement of critical thermo-physical properties such as density, viscosity,
diffusivity, and Henry's law constant of (TAEA+H20), (TAEA + MDEA + H,0), (TAEA +
AMP + H,0), and their correlation using Redlich Kister, Grunberg Nissan type equation, and
Arrhenius type equation is the focus of this chapter.

Chapter 4: The solubility of CO2 in blended aqueous solutions of N-methyldiethanolamine
(MDEA) and 2-amino2-methyl-1-propanol (AMP) with the novel activator tris(2-aminoethyl)
amine (TAEA) was measured experimentally throughout a wide range of composition,
temperature, and CO: partial pressure in this chapter. The modified Kent-Eisenberg model is
used to correlate the solubility data further. The equilibrium constants associated with amine
deprotonation and carbamate hydrolysis reaction are regressed to link the solubility data. The
CO2-loaded solvent's pH and liquid phase speciation were also calculated using the
thermodynamic equilibrium model. To evaluate the reaction scheme, FTIR-ATR and **C NMR
studies are used. An optimal Feed forward neural network model using the Levenberg-
Marquardt algorithm was built to correlate the solubility data.

Chapter 5: In a final remark, the overall results of this work, as well as future research

directions, have been mentioned in this chapter.
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Chapter 2

Mechanism of CO,-Aqueous Amine System Reactions and

Modeling Methodologies

This chapter provides a thorough examination of the fundamental chemistry of CO, with the
agueous amine solutions. Thermodynamic and kinetic aspects relating to the absorption of CO>
in an aqueous amine solution have been concisely discussed. The reaction process for various
amine groups is discussed and establishes rate expression, and interprets possible reaction
products. The second section of the chapter covers thermodynamics and detailed explanations
of the different modeling methodologies used in the current work to connect CO: solubility

data.

2.1 Introduction

CO; absorption in alkanolamine solutions is caused by a chemical interaction between the CO>
and the amines. A chemical reaction in the liquid phase raises the liquid-film absorption
coefficient compared to simple physical absorption. The dissolved molecules appear to move
well into the liquid's body before the chemical reaction occurs. For that purpose, the overall
mass transfer rate is not considerably accelerated. However, in highly fast reactions, the
dissolved molecules only move a short distance before the reaction. There are moderately rapid
and fast processes, resulting in varied absorption Kinetics. The types of chemical processes
involved are crucial in defining the total absorption kinetics. The underlying mechanism
governing CO>'s reactivity with alkanolamines is still unknown. However, significant progress
has been made in gathering rate data and constructing kinetic expressions that reasonably
describe experimental data. As a result, in the gas-liquid absorption system, proper knowledge
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of reaction mechanisms and reaction regimes is critical for establishing a suitable reaction

mechanism.

In addition to dependable solubility measuring techniques, proper mathematical models are
required to forecast gas solubility across a wide variety of temperature and acid gas loading
conditions. The aqueous amine system's equilibrium thermodynamics can be described as a
combination of physical equilibrium in the gas-liquid phase and reaction equilibrium matching
numerous intermediate reactions found in aqueous alkanolamine systems. Additionally, the
thermodynamic framework and construction of precise process model development for non-
rigorous modified Kent Eisenberg models are presented. The building of an ANN model, model

architecture, and ANN network optimization are also covered in this chapter.

2.2 Chemistry of COz-aqueous alkanolamine system

The zwitter ion mechanism and the termolecular mechanism are commonly used to describe
the interaction of CO, with a primary or secondary alkanolomaine. Still, the base catalysed

hydration of CO [1] illustrates the reaction of tertiary amines.

2.2.1 Zwitterion mechanism

CO- forms a bond with the amine functionality in the first phase, according to this two-step
mechanism established by Caplow [2] and later reintroduced by Danckwerts [3]. In the second
stage, an amine-proton is transferred to a second molecule. The second molecule in Caplow's
article was water, but it could be any base molecule. A zwitterion is the reaction's intermediate
species. Before the amine reacts with the CO, molecule, Caplow [2] assumes that a hydrogen
bond is created between the amine and a water molecule. However, as can be shown in the
work of Danckwerts [3], Versteeg et al. [4], and Kumar et al. [5], this trait has been neglected

in later published material. As a result, according to this mechanism, the interaction between
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CO2 and the amine (referred to as Zam) takes place via the creation of a zwitterion as an

intermediate:

k
2 + -
—c
C02 + ZAm (k—ZAmCOO (2.1)

This zwitterion undergoes deprotonation by a base (or bases) b, thereby resulting in carbamate

formation:

Kk
2;,C00” +b—L 7, COO™ +bH* (2.2)

The base, b, can be an amine, OH" or H»0O, although the contribution of OH" can be neglected
as its concentration is deficient compared with those of amine and H2O [6].
The rate of reaction of CO> in aqueous solutions can be stated as follows using the steady-state

principle and the intermediate zwitterion:

€O, [[Zn]
1+ !

=[ 1o Je

I

CO,—-amine = I(2 (23)

For two asymptotic situations, Eq. (2.3) may be simplified as follows:

i, The term k_l/( K, [0]) <1. This leads to simple second-order kinetics, showing that

the zwitterion deprotonation reaction is quick compared to CO2 and amine reversion

rates. Eq. (2.3) is therefore simplified to

o, smne =K3| €03 || Zpm | @4

ii.  Theterm k_l/( K, [b]) 1 1t leads to complex expression:
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) =k2><kb><[C02]><[ZAm]><[b]
COz—amine k

(2.5)
-1

If the contribution of water to the deprotonation of the zwitterion is ignored, Eq. (2.5) shows
that the total reaction order is three. The reaction order shifts from two to three in the transition
zone between the two asymptotic situations. In the limiting scenario, where the contribution of
amine to zwitterion deprotonation is significantly more outstanding than that of other bases

such as H20 and OH-, the entire reaction is of the second order concerning amine.

The carbamate production can be written as follows if the base, b, considering in the Eq. (2.2)

is the amine:

+ — - +
Z, 00" +2, -7, COO"+Z, H (2.6)

The total reaction that accounts for carbamate production in a solution is given by the sum of
reactions represented by Egs. (2.1) and (2.6):

co,+2z2,, =2,,CO00 +Z, H" (2.7)
When the amine is sterically hindered, the zwitterion interacts with water more readily than

with Am, resulting in the creation of bicarbonate:

- - +
Z \,COO™ +H,0 - HCO,” +Z, H (2.8)

The reaction that accounts for bicarbonate generation is obtained by summation of Egs. (2.1)
and (2.8):

N +
CO2 +ZAm - HZO S HCO3 +ZAmH (2.9)

Due to their low stability, the carbamates of sterically hindered amines may also readily
undergo hydrolysis, forming bicarbonates and releasing free amine molecules. This can be

expressed as follows:
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Z,,COO +H,0=HCO; +Z,, (2.10)
The liberated amine molecules will react with CO2 once more. As a result, bicarbonate ions
will be more abundant than carbamate ions.
The reactions of water and its dissociation products with the gases and amines are necessary to
understand CO> absorption into aqueous amine solutions. The water dissociation reaction is

the most significant in aqueous chemistry.

HZO;‘H++OH_ (2.11)

In an aqueous amine solution, the following reactions can also happen at the same time:

Z, +H0=7
m

+ —
A HT+OH (2.12)

2 A

€O, +H,0 & HCO; +H 1 (2.13)

CO,+0H = HCO3

) (2.14)

The reaction (2.13), which is extremely slow (k = 0.026 s at 298 K) [7], may normally be
ignored. Even when the hydroxyl ion concentration is modest, the reaction (2.14) significantly

impacts the overall reaction rate. [7] describes the forward reaction rate for reaction (2.14):
‘ —k*__[eo, [lon] (2.15)
CO2 —OH"™ OH

The sum of the reaction rates given by Egs. (2.15) and (2.3) gives the overall rate of all CO;

reactions in an aqueous solution:

k,[CO « -
= o 2[ Z]JIEZAm] + kOH- [COZ][OH ] (2_16)
(%, e
fy =Koy [Coz] (2.17)
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The observed overall reaction rate constant, which can be measured, is denoted by kov and is

given by:

k, =—elZml \* 1oH]
ov 1 OH
T+

(i e

The apparent reaction rate constant (Kapp), Which is employed in experimental data analysis, is

(2.18)

calculated as follows:

— [ZAm]
kapp - k2 1 1 (2.19)

(i e

Kapp Can be obtained from koy as follows:

kapp = kov B k;H [OH _] (2.20)

2.2.2 Termolecular mechanism
According to the termolecular process, the amine in the aqueous solution reacts concurrently
with CO2 and one molecule of base, b [8]. The proton transfers and the required bond formation

between the amine molecules and CO2 co-occur in this pathway.
CO,+Am------. b= AmCOO"------ bH ™ 2.21)
During the reaction, an unstable short-lived intermediate chemical complex forms. A small

fraction of the intermediate combines with a water molecule or an amine molecule to create

ionic products, while the complex dissociates further into free amine molecules and CO..
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2.2.3 Base-catalysed hydration mechanism
According to Donaldson et al. [9], tertiary alkanolamines (referred to as RsN here) cannot react
directly with CO2. On the hydration of CO2, such amines have a base-catalytic action. This can

be expressed as follows:

K
2 + —
CO, +RyN +H,0—2—R,NH™* +HCO, (2.22)

In aqueous solutions, the reaction with tertiary amines creates protonated amines and
bicarbonate ions, resulting in enhanced CO; loading and reduced heat of absorption compared

to primary and secondary amines.

2.3 Modeling of CO:2 solubility data

Together experimental and theoretical analysis of CO- solubility data is required to reasonably
design a CO; collection unit. In aqueous amine systems, CO2 solubility or VLE data are often
reported as the total concentration of CO; in the agueous amine solution vs. the total, partial
pressure of the gas phase at equilibrium circumstances. However, adequate correlations are
always required for interpolating and projecting the data to the intended range of operating

possibilities [10].

In an absorber unit, the CO2-amine reaction produces a variety of ionic species. The reaction
equilibrium in the CO2—amine system has been assessed using various thermodynamic models.
Numerous research has been conducted and published in the open literature to anticipate
equilibrium solubility values for equally single and blended aqueous amine solvents.
Thermodynamic models used to forecast or model CO> solubility data in aqueous alkanolamine

solutions can be divided into the subsequent classes [1]:

e Excess Gibbs energy-based rigorous models (gamma-phi models): The model employs

the utilisation of excess Gibbs energy. Some of the most extensively used models in
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this category are Electrolyte-NRTL and e-UNIQUAC [11-12]. Faramarzi et al. [13]
used the e-UNIQUAC equation to model binary agueous solutions of MEA and MDEA,
as well as ternary amine blends of MEA and MDEA.

e Equation of state model (phi-phi approach): This category includes equations of state
(EOS) that are used to analyse molecular interactions accurately and can be used to

correlate solubility data, such as PR-EOS, PC-SAFT, and electrolyte EOS [14].

e Non-rigorous Empirical models: These methods estimate the reaction equilibrium
constant's solubility data. It ignores the non-ideality of the system, resulting in fugacity,
and the activity coefficient is assumed to be one. The Kent-Eisenberg model was one

of the first models, and it is still used in various modified variants today [15].

2.3.1 Modified Kent-Eisenberg model

Kent and Eisenberg [15] proposed the first valuable and adaptable model. The non-ideality that
exists between the aqueous amine-CO> systems is ignored in this model. Compared to other
rigorous models, the equilibrium reaction constants are the only parameter to estimate. By
calculating the equilibrium reaction constants as a function of essential operating factors, the
equilibrium reaction constants may be easily determined. Failure to provide an accurate
approximation of the initial guess values can also cause solubility estimation convergence
difficulties in rigorous models. As a result, the KE model reduces processing time dramatically.
According to Lee et al. [16], the KE model has given an excellent prediction between the

experimental and predicted over a wide range of experimental conditions.

2.3.1.1 Thermodynamic framework

The following are the equations that describe the CO> solubility in primary, secondary, or
tertiary amines aqueous system: (where ZNH> stands for primary amine and ZsN stands for

secondary amine)
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K (2.23)
ZNH 3t —11 HY+ZNH,
K (2.24)
+ 11 +
ZNH HY +Z,N
K, (2.25)
ZNHCOO™ +H,,0 ZNH,, +HCO,~
Ky ) (2.26)
H,0+CO, H* +HCO,
K (2.27)
H,0 4 .yt i0oH™
K (2.28)
HCO.  —=2—~H*t4+C0O. 2~
3 3
Where,

K., = Equilibrium constant of de-protonation of amine

K, = Equilibrium constant of carbamate hydrolysis of amine
K, = Equilibrium constant of formation of bicarbonate ion
K, = Equilibrium constant of dissociation of water

K, = Equilibrium constant of dissociation of bicarbonate ion

Henry's Law can be used to calculate the concentration of COz in the liquid phase.

"co, ~Mco, €0, | (2.29)

Where, R, is the equilibrium CO2 partial pressure and Hc, is Henry’s law constant for CO

in agueous amine solutions. The whole amine mass and electro neutrality balance equation for

the primary amine can be written as:

m, =[ZNH,]+[ ZNH," |+ ZNHCOO" | (2.:30)

M, x &g, =[CO, ]+ HCO;™ |+[CO,* ]+ ZNHCOO™ | (2.31)
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[ ZNH,"|+[ H* |-[ZNHCOO ]+ HCO; |+2[CO;* [+[OH™ |=0 (2.32)
All the terms in the third bracket represented in equation (2.29) — (2.31) stand for the ionic

concentrations of all the species prevailing in the reaction phase.

The general method for the modified KE model is as follows [17]:

e The proposition of the possible (or confirmed) reactions of the CO2-amine system.

e Development of the system's charge balance, chemical, and physical equilibria.

e Development of the CO> loading equation using the above steps, providing appropriate
initial guesses of the equilibrium to be estimated according to the proposed reactions.

e Solving the non-linear equation to estimate the concentration of all ionic species stated
in reaction equilibria.

e Calculation of the unknown equilibrium constants, K; associated with chemical
reactions by reducing the AAD between the calculated and experimental CO2 loading
data.

The equilibrium constants for reactions (2.26-2.28) can be found in the public domain. The
solvent explicit equilibrium constants specified in reactions (2.23-2.25) must be regressed and
determined to fit the experimental solubility data. The equilibrium model and Henry's law

constant were originally expressed as a function of temperature alone, as seen below:

InNK = I+$+n.InT +oT (2.33)

where T is temperature and |, m, n, and o are the coefficients.

Many variables, such as CO. partial pressure and amine concentration, have recently been
studied in various logarithmic and square forms to account for the multiple non-idealities
associated with prediction [18-24]. The equilibrium constants related to deprotonation and

carbamate hydrolysis were employed in this study as a function of the variables listed below:
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Ky = g+(hxM)+(kxT)+(IxM xT)+(nxT?)+(pxPs, )+(axP,) (2.34)
= 0 (M) (T (1Mo (T (5T (02 o (5P ) (239

Where g, h, k, I, n, p, g, and r, are parametric coefficients linked with the equilibrium constants
and originate through optimization.

2.3.2 Artificial neural network model

2.3.2.1 Neural network modeling
A neural network is a type of artificial intelligence that can simulate any complex data,

including highly non-linear systems. A neural network's input layer, hidden layer(s), and output
layer are all made up of neurons as shown in Fig.2.1. Every neuron in the previous and
subsequent levels is linked to the prior and subsequent layers. A transfer function is used to
calculate each neuron's output based on its input. In the field of CO> capture processes, neural
network modeling has been widely used for various property predictions and process
intensification [25-26]. It can accommodate any multivariate system's nonlinearity by making
minor adjustments such as normalising i/p and o/p data. It usually does not necessitate a
thorough understanding of the system's technical aspects. For any system with input 'p," a
neuron calculates the output 'm' using the following equation:

= f(i %l(wixi “b )] (2.36)

Here Xi and Yi denote the i neuron's i/p and o/p, one-to-one, f represents the transfer function,
wi is the weight coefficient, and bi indicates the bias associated with each weighting coefficient.
Weights and biases are automatically modified for a network to imitate a specific task. This is
known as training, and it involves using a proper training algorithm to process the network's
weights and biases. The training aims to reduce the difference between the modeled output and
the actual or experimental value. The Levenberg-Marquardt (LM) back-propagation method is

utilised as the training function in this ANN design [26-27].
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For moderate-sized networks, the LM technique is regarded as the fastest algorithm when the
network functions comprise many data sets. The exclusive property of memory reduction
distinguishes it. Hyperbolic tangent sigmoid and linear functions are used as transfer functions

for the hidden and output layers.

«
=
Input 2 @ l‘ Output layer
pu ‘ \
Q

Input layer

Hidden layer 1

Figure 2.1 The feed-forward network with two unseen layers, each with five and three

neurons, has a network structure.

1 (2.37)

Mhiden ™

foutput (x)=x (2.38)

Where fri de n(x) and f (x) are the transfer functions used for the hidden and output

output

layers, respectively. The hyperbolic tangent sigmoid function is employed in the hidden layer,

while the linear function is used in the output layer. The training procedure’s primary goal is to
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reduce the difference between the experimental and predicted values. The following statistical

parameter is used to analyse the performance and validation of the constructed network:

2

1 N
Mean square error (MSE) = — ) (Y &® _y Pre 2.39
q (MSE) = 1371 -v) (2.39)
1 N Y.EXp _Y.pl’e 2
%AAD = WZ Y—pj x100 (2.40)

Where ‘N’ stands for the number of data points, Y,*®is the experimental value of output

variable, Y,” is the network predicted value of output variable.

2.3.2.2 Analysis and acquirement of solubility data

Detailed experimental CO> solubility data under various operating conditions is critical for
optimising a specific neural network. The total number of data sets that have been moved into
the network can be categorized into three:

Training data sets: These are sent into the network via the training phase, and the network is
then optimised based on the resulting error.

Validation data sets: These are used to compute network generalisation and end the training

process when the generalisation does not improve further.

Testing data sets: These have no bearing on the training process and give an objective

evaluation of network performance during and after training.

The majority of the researchers in this discipline used 70% of the complete data sets for
training. As a result, in the current method, networks are constructed using 70% of data for
training, 15% for validation, and 15% for testing [28]. Because all of the input and output
property data sets are known with various units and ranges, the input and output data sets are

normalised in the field of 0-1 before training the ANN network.

X. =X .
Y, =—1 Min_ (2.41)
max min
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The maximum value of different input variables X; is represented by X and the minimum

max !

value is expressed as X, ;, respectively in the training and test data sets. Y; is the input and

n
output variable's normalised value in the range of (0-1). With the variation in the number of
neurons, the ideal architecture of the ANN was determined through trial and error. A small
number of neurons can cause substantial network defects, whereas a large number can cause
over-fitting [29]. The minimum error criteria are used to determine the network's optimal

structure (i.e. %AAD and MSE).

The black box aspect of the artificial neural network model and the network's inexplicable
behavior are the model's key drawbacks. In addition, no formal rule exists for determining the
structure of an artificial neural network. Experience and trial and error are used to create an
appropriate network structure. Furthermore, to make better predictions, ANN modeling

necessitates a lot more data than conventional models.
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NOTATIONS
CO2 Carbon dioxide
Zam Amine
b Base
kt Backward rate constant in Eq. (2.1), s
() Second order forward reaction rate constant, m3 mol* s -1
Kov Observed overall reaction rate constant, s
Kapp Apparent reaction rate constant, s
r Reaction rate, kmol m3s 1
R3N Tertiary alkanolamine
[] Concentration, kmol m=
Ku Equilibrium constant of de-protonation of amine
K2 Equilibrium constant of carbamate hydrolysis of amine
Ks Equilibrium constant of formation of bicarbonate ion
Kas Equilibrium constant of dissociation of water
Ks Equilibrium constant of dissociation of bicarbonate ion
Pcoz Equilibrium partial pressure of CO>
Hcoz Henry’s law constant for CO2 in agueous amine solutions
ANN Anrtificial neural network
Wi Weight coefficient
f Transfer function
MSE Mean square error
N No of data points
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Measurement and correlations of physicochemical
properties of the novel solvent tris(2-aminoethyl) amine
and its blend with N-methyldiethanolamine and 2-amino 2-

methyl-1-propanol

This chapter discusses the thermophysical properties of tris(2-aminoethyl) amine and its blend
with N-methyldiethanolamine and 2-amino 2-methyl-1-propanol. All measurements were
carried out at 0.1 MPa throughout a temperature range of (293.15 to 333.15) K. The density
and viscosity values were then correlated with Redlich - Kister and Grunberg - Nissan models
as a function of temperature and amine concentration. Excess molar volumes, kinematic
viscosity deviations, the diffusivity of CO2/N20O in proposed solvents have all been calculated

using the experimental data.

3.1 Introduction

Increased greenhouse gas emissions have become an object of research in recent years [1,2].
Among all greenhouse gasses, CO> has an excessive influence due to its omnipresence. Among
all greenhouse gasses, CO> has an excessive influence due to its omnipresence. To effectively
handle global warming to provide a sustainable solution, research must be concentrated on
limiting the composition of CO> in the atmosphere [3]. More recently, numerous alkanolamine
solvents have been proposed to effectively remove CO. from the flue, natural, and synthesis
gas streams. The major conventional solvents, namely primary amine (monoethanolamine,
MEA), secondary amine (diethanolamine, DEA), tertiary amine (N-methyl diehanolamine,
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MDEA), and also the amine (2-amino-2-methyl-1-propanol, AMP), which is sterically
hindered, have been used for several industrial gas treatment units [4,5]. Still, these types of
amines also have various downsides like degradation of the solvent, higher energy requirement
for regeneration, and eroding to the equipment leads to the economically unfavorable
utilization of them [6-8]. To overcome these problems, investigators have proposed blended
solvents as striking to remove any acidic impurities in the sour gas streams. Many researchers
have proposed several activators like piperazine (PZ), 1-(2-aminoethyl)piperazine (PZEA), 1-
methyl piperazine, and bis(3-aminopropyl)amine, (APA)[9-13] to blend with these available
commercial alkanolamines solvents because of possible increase in total CO2 loading capacity,
and reduced cost of the regeneration [14—24]. In the current work, we propose a novel activator
tris(2-aminoethyl) amine or (2,2°,2”-Triaminotriethylamine, TAEA). It has three primary and
one tertiary amine groups, which have high thermal stability and, on the other hand, low vapour
pressure, which may provide a higher capacity of CO> per mole of amine. In addition, it is
expected that the activator, as mentioned earlier, plays the role of a rate promoter due to primary
amine groups. For these reflections, this paper deals with eliminating CO2 from gas streams

using the activator TAEA blended with traditionally used aqueous MDEA and AMP solutions.

The physicochemical properties such as viscosity, density of the new blends (i.e. aqueous
solution of activated TAEA with MDEA and AMP), as well as Henry’s law constant (KH-co2),
and CO- diffusivity in these solvents, are crucial for the process design of gas treating units
and the manufacture of gas treating equipment. Awareness of the physical parameters is highly
beneficial to operate process equipment like pumps and heat exchangers. The density of the
solution, viscosity, and physical solubility of CO2 are helpful for mass transfer rate modeling
of absorber and stripper. This is due to the apparent reason that liquid-film mass transfer factor

will affect these properties
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Herein, we measured the physiochemical properties of TAEA and their blends with MDEA
and AMP. This work aims at some new correlations that rely on the data obtained from
experiments to relate the diffusivity, viscosity, and density of novel aqueous solutions. Henry’s
law constant of N2O have also been measured in these solutions regarding amine concentration
and temperature at atmospheric pressure. Measured experimental viscosities have been used to
calculate the diffusivity of CO: into these solutions using a modified-Stokes-Einstein equation.
CO: and the solvent go through a chemical reaction, as mentioned earlier, rendering the
determination of the diffusivity of CO2 in amine solutions and estimation of the Kn.co2 become
cumbersome. Therefore, usage of a non-reacting gas such as N2O as a substitute to CO>
approximates the diffusivity of CO; and also the estimation of Kn.co2 in these solvents. This

analogy is given by Egs. 3.1 and 3.2.

K HCO, -Water
KHCOZ—Am = KHNZO—Am e (3.1)
K HN,O-Water
D —\Water
DCOZ*Am = DNZO—Am [ DCOZ = t_] (3.2)
N,O-Water

Here Ki,co,.an IS the Henry’s law constant of CO2 in amine and Dgq ,, IS One-to-one CO2

diffusivity in amine solutions. The viscosities and densities of binary and tertiary systems have
been correlated using the Redlich-Kister equation, Grunberg and Nissan, respectively. The
physical solubility of N>O of binary and tertiary systems has been correlated using a

temperature-dependent Arrhenius type equation.

3.2 Experimental unit
3.2.1 Materials
The analytical grade AMP (0.95< purity), TAEA (0.96< purity), and MDEA (0.99< purity)

were purchased from Sigma Aldrich and used without any further purification. A double
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distillation unit (Borosil, 3362 Series) has been used for making distilled water. The amine

solutions were prepared with distilled water that had been steam degassed. An auto titrator (DL

50, Mettler Toledo) with hydrochloric acid (HCI, 37 wt%, Merck) was used to determine the

amine content in the solution. The composition of the amine solutions had a 0.001 %

uncertainty. The weighing balance (Wensar, Model: HPB510, Accuracy: 0.001 mg) was used

to weigh the amine solutions. The nitrous oxide (0.99< purity) and carbon dioxide

(0.99<purity) were purchased from Assam Air Products, India, with a testified purity license.

The impurities present in the AMP (purity>0.95) and TAEA (purity>0.96) are mostly water

and traces of other components. Detailed specification of the chemicals is given in Table 3.1.

Table 3.1 Description of used chemicals in this work.

Chemical Name Chemical Molar Molecular structure ~ Source Mass CAS no Method of
formula mass, fraction analysis
g.mol* Purity
2,227 CeH1sN4 146.23 ©NH, Sigma 0.96 4097-89-6 GC
Triaminotriethylamine HaN N Aldrich
n- CsH13sNO2 119.16 CHy Sigma 0.99 105-59-9 GC
methyldiethanolamine HO N"on  Aldrich
(MDEA)
2-amino-2-methyl-1-  C4sH1:NO 89.14 H3C>(\OH Sigma 0.95 124-68-5 HCIO4
proponol (AMP) HzN' CHs Aldrich titration
Nitrous oxide N20 44.013 N'=N=0 Assam air 0.99 10024-97-2 GC
products,
Guwahati
Carbon dioxide CO2 44.01 0=C=0 Assam air 0.99 124-38-9 GC
products,
Guwahati
Hydrogen chloride HCI 36.46 H-CI Merck - 7647-01-0  Titration with
(0.1N) specialitie NaOH
s private
limited,
Mumbai

Impurities are mostly water in AMP and TAEA

3.2.2 Apparatus and Procedure

3.2.2.1 Physiochemical properties
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A digital densitometer (Anton Paar DMA-4500 M model) was used to measure the densities
of the amine. In detail, a U-shaped tube (made of borosilicate glass) has taken where the sample
was placed. Then the tube was excited to vibrate at its characteristic frequency relating to the
density of the sample. This frequency is converted into density by the densitometer. The density
values are reported in the temperature range of (293.15 - 333.15) K. The densitometer
automatically controls temperature with a resolution of 0.01 K and an accuracy of 0.03 K.
Finally, the experimental uncertainty was as low as 2.5 kg.m™ in the measurement of density.

The mean of three measures of density data is reported.

An Ostwald viscometer was used to determine the experimental viscosity. A thermostated bath
was used to submerge the viscometer. The temperature of the bath was maintained within the
accuracy of 0.3 K of the desired level using a refrigerated and heating bath circulator (RW
2025G, Jeio Tech). The average of three measurements was provided for each value. The

calculated experimental uncertainty for viscosity was 0.17 mPa.s.

To validate the density and viscosity measurements, the density and viscosity of pure MDEA,
20 wt%, and 30 wt% aqueous MDEA solutions were measured at 288.15, 313.15, and 333.15
K, and a comparison is drawn with previous studies in the literature[25]. The results are given
in Table A1.1 (Appendix-1). After validating our experimental protocol, a similar procedure
was followed to measure the density and viscosity of the novel aqueous solutions of TAEA and

activated with MDEA and AMP solutions at several temperatures viz. (293.15 - 333.15) K.

3.2.2.2 Henry’s Law Constant (KH-n20)
The stirred cell experimental apparatus designed and developed in this study shown in Fig. 3.1

is used for the measurement of N.O solubility. It consists of three major sections, viz. the
charge section, a cell section, and vacuum/vent manifold. The charge section consists of three

different reservoirs viz. R1, R2, and R3 with volumes ~ (2.25 - 1073, 2.25 - 102 and 1.5 - 107
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m? and two pressure transducers viz. LP1 and HP1 ranges (0 — 3.33 - 10° and 0 — 13.8 - 10°)
kPa. Depending on the requirement of the experiment, one or more of the reservoirs and
pressure transducers may be isolated completely. The low-pressure transducer is of higher

accuracy and was used whenever the experimental conditions allowed.

The cell section comprises a stirred cell with a jacket around it. A water circulator with a
temperature controller is used to circulate water in the jacket during absorption studies to
control the temperature inside the cell accurately. The heater is also provided around the jacket
for high temperatures above 373.15 K. A thermocouple is used to measure the temperature
inside the cell via a thermowell. An impeller is offered to stir the cell contents and is connected
to a motor via a hermetically sealed shaft. The rotation speed of the impeller can also be
changed via an rpm controller. The cell is isolated from the charge section via a feed valve.
Finally, a safety valve is provided on the cell to prevent over-pressurisation. The volume of the
stirred cell is about 850 cm?®. As in the case of the charge section, two transducers viz. LP2 and
HP2 range (0 — 3.33 - 10° and 0 — 13.8 - 10°) kPa are also provided in the cell section for

accurate measurement of the cell pressure.

The solubility measurement principle is based on the mass balance of the gas injected into the
cell. Initially, about 10 m® of the desired solvent is transferred into a well-cleaned cell. The
cell is cooled down to a low temperature of about 278.15 K to minimize the vapour pressure
of the solvent and evacuated. Evacuation is achieved by opening the cell section to the
vacuum/vent manifold connected to a dry vacuum pump and a rotary vane vacuum pump. The
evacuated cell is then isolated from the vacuum manifold and allowed to reach the experimental
temperature in order to ensure the complete equilibrium of the cell contents at the observed
temperature, the cell contents are allowed to equilibrate for an additional two hours. The
temperature and the pressure of the cell are recorded. This pressure corresponds to the vapour

pressure P2 of the solvent at the experimental temperature.
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The charge section is evacuated completely by opening it to the vent/vacuum manifold. In this
case, the gas of interest, N2O is charged into the charge section to a pre-determined target
pressure, Pcharge. The temperature and pressure of the charge section are recorded. The gas from
the charge section is then injected into the cell by opening the isolation valve Ve for a concise
duration of ~ 5 seconds and closed after that. The pressure Prinai and temperature of the charge
section are noted again. If the volume of the charge section is known accurately, then using the
molar density of the gas phase, the number of moles transferred from the charge section into
the cell section can be accurately calculated using the temperature and the two pressures Pcharge

and Prinal.

After injection, the cell contents are stirred at about 1200 rpm and allowed to equilibrate. The
impellers are mounted on the shaft such that contents of both the gas and the liquid phases are
stirred well enough. During the equilibration, the pressure of the gas inside the cell decreases
as it is dissolved in the solvent. Once equilibrium is reached, there would be no further change
in pressure. Usually, about 60-80 minutes was necessary to reach equilibrium. After
equilibration, the cell's final temperature and pressure Pequiibrium are noted. If the volume of the
vapour space in the cell is known accurately, then a mass balance using the two pressures
Pequiibrium and P yields the moles of N2O present in the vapour phase inside the cell. The
difference between the moles transferred from the charge section and the moles present in the

cell section at equilibrium will give the moles of N2O dissolved in the liquid solvent.

As outlined earlier, the technique is based on mass balance, and it is vital to have accurate
temperature, pressure, and volume measurements. All temperatures were measured accurately
to 273.25 K, using thermocouples. The pressure measurements were performed using high-
accurate Baratron transducers (Make: MKS and Model: 627F, 750C). The volume
measurements were performed using helium pycnometry, and the protocol was similar to

solubility measurements but consisted of using helium as the gas and did not involve the liquid
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solvent during the measurements. The volume of the vapour space in the cell after the liquid is
introduced obtained by subtracting the liquid volume from the empty volume of the cell. The
volumes of the various section in the apparatus were measured using helium pycnometry. In
addition, the mole balances also require the densities of the gas phase in the charge and the cell
sections. The density of the charge section is straightforward since it involves only the density
of the pure gas (N20) at the desired temperature and pressure. In this work, the pure gas density
was taken from the NIST Chemistry Webbook (NIST, 2019) [27]. A similar experimental work
was also published in our earlier publication [26]. Henry’s constant in other units calculated
from the experiments (kPa.m3. kmol™) may be obtained by simple manipulation given in Eq.

3.3

1

Ky_ kPa.m3. kmol™ =
H NZO/ KH_n20/kmol.kg=Ll.kPa~lxdensityofsolvent/kg.m=3

(3.3)

The experimental protocol was validated by measuring Ky of CO2 and N2O in water and
compared with the literature [25, 27-28]. The results of the validation experiments are
presented in Tables A1.2 and A1.3 (Appendix-1). These findings suggest that the experimental

equipment used in this study is suitable for determining the physical solubility of N-O.
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Figure 3.1 Block diagram of the stirred cell apparatus. DAQ board = Data acquisition board,
3V = 3-way valve, NV = Needle valve, V = 2-way valve, LP = Low pressure transducer, HP =
High pressure transducer, R = Reservoir.

3.3 Results and discussion

3.3.1 Physiochemical properties

The measured physicochemical properties of TAEA and their blends with MDEA and AMP
solutions are shown in Figs. 3.2 and 3.3 and Tables 3.2 and 3.3. The experimental results
indicate that measured densities and viscosities of studied solutions increased with increase in

mole fraction of TAEA in the amine solutions.
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Figure 3.2 Comparison of experimental and model-predicted density of (a) For ag. TAEA
System / Kmol.m*M 0.1, A 0.3, 4 0.5, ¥ 0.7, ® 0.9; (b) For ag. (MDEA+TAEA) System /
Kmol.m? M (2.9+0.1), A (2.7+0.3), 4 (2.5+0.5), ® (2.3+0.7), ® (2.1+0.9); and (c) For aq.
(AMP+TAEA) System / Kmol.m? B (2.9+0.1), A (2.7+0.3), 4 (2.5+0.5), ® (2.3+0.7), ®

(2.1+0.9); Line is to read modeled results.

62
TH-2912_136107043



For aq. TAEA system / (Kmol/m®)
m 01 A 03 4 05
@ ¢ 0.7 » 0.9——Modeled results

n/ mPa.s

300 310 320 330

T/K
8t For aq. (MDEA + TAEA) system / (Kmollm’)
3 " (29+0.1) A (2.7+0.3)
7+ 4 25+05 & (23+0.7)
3 ® (21+09) Modeled results
6k
51
4t
g
[ (b)
‘l " 1 1 1 i 1
290 300 310 320 330
T/K
8r For aq. (AMP + TAEA) system / (Kmol/m’)
B (29+0.1) A (27+03)
il \ 4 (25+05) & (23+0.7)
c L | ® (21+0.9) Modeled results
5
4
3
2

1 L 1 " 1 n 1
300 310 320 330
T/K

Chapter 3

Figure 3.3 Comparison of experimental and model-predicted viscosity of (a) For ag. TAEA
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(2.1+0.9); Line is to read modeled results.
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Table 3.2 Experimentally measured density (p / ke.m?) of aq. TAEA, ag. (MDEA + TAEA),
and ag. (AMP + TAEA) systems from (293.15 K to 333.15) K at 0.1 MPa.?

p/ kg.m?3
Concentration / T/K
(kmol.m'3) 293.15 303.15 313.15 323.15 333.15
(@ aq. TAEA
0.1 1000.9 996.9 993.5 989.3 985.6
0.3 1002.4 998.9 994.9 990.9 986.5
0.5 1004.7 1000.4 996.7 992.3 987.3
0.7 1007.3 1002.7 998.8 994.3 989.2
0.9 1009.7 1004.9 1000.9 996.5 991.3
(a) ag. (MDEA (1) +TAEA (2))
29+01 1032.8 1027.7 1022.2 1016.2 1009.8
27403 10329 1027.8 1022.6 1016.3 1010.2
25+05 1033.3 1028.0 1023.2 1016.9 1010.9
23407 1033.9 1028.8 1023.6 1017.2 1011.2
21409 1034.8 1029.4 1024.0 1017.8 10119
(b) ag. (AMP (1) + TAEA (2))

29+01 1000.2 9954 9899 9839 9785
27403 1002.7 997.7 9922 986.3 980.2
25+05 1005.1 1000.1 9945 988.5 983.2
23+0.7 1007.5 1002.3 9965 990.3 983.9
21409 1010.0 10045 999.0 9929 986.3

¥The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(p)

= 2.5 kg-m~3, u(c)=0.001 kmol.m™. Solvent is water.
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Table 3.3 Experimentally measured viscosity ( / mPa.s) of ag. TAEA, ag. (MDEA + TAEA),

and ag. (AMP + TAEA) systems at 0.1 MPa and temperature ranging from 293.15 K to 333.15

K.2

Concentration /

T/K

(kmol.m3) 29315 303.15 313.15 323.15 333.15
(@) ag. TAEA (1)

o1 0.988  0.833 0.701 0.590 0.462
03 1123 0972 0.816 0.713 0.590
o 1259 1072 0941 0.817 0.699
> 1408 1222 1.067 0.950 0.810
0.9 1579 1403 1.222 1.075 0.921

. (b) ag. (MDEA (1) +TAEA (2))
994+01 6.415 4203 2.779 1.962 1.626
27403 6.714 4436 3.024 2.164 1.701
95405 7.277 4902 3.416 2.310 1.860
23407 7443 5158  3.652 2.551 1.954
21409 7575 5303 3.712 2.639 2.011

(c) ag. ((AMP (1) + TAEA (2))
99401 5569  3.767 2.304 1.722 1.260
97403 6.450  4.119 2575 1.820 1.371
25405 6.823  4.424  2.865 2.058 1.564
23407 7.264 4680  3.089 2.268 1.774
21409 7.617 5135 3431 2.387 1.814

®The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(y) =

0.17 mPa.s, u(c)=0.001 kmol.m, Solvent is water
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A Redlich—Kister type equation for excess molar volume is used to correlate the densities of
the liquid mixtures. The Redlich—Kister equation has the following expression for a binary

system.[29-34]

VE/m? -kmol*=x,x, 3 A (X, - %, ) (3.4)
i=0

x indicates the mole fraction. A; represents a pair of temperature-dependent parameters, where
Ai is denoted by:

A =a+b(T/K)+c(T/K)’ (3.5)
For the binary system, its assume that the excess volume of liquid mixtures is

VE =V} (3.6)
From the observed fluids density, the excess volume of liquid mixtures can be determined by
the following expression,

VE=V - xV° (3.7)
Vm represents the liquid mixture's molar volume, where Vi® is pure fluids at the system

temperature, respectively. The Vm can be estimated using the formula given below:

Pm

Where Mi is the pure component i molar mass , p,, is the measured liquid density, and x; is the
pure component i mole fraction. A general set of parameters that are predominantly
temperature-dependent has been established with the help of experimental data. TAEA, MDEA
or AMP, and H>O have been chosen as the first, second, and third components for our
suitability. The densities, viscosity, and k, \ , pure TAEA were experimentally measured as

represented in Table 3.4. The experimental data used to derive Henry’s law constants in Table

3.4 is given in Table Al.4 (Appendix-1). The density and viscosity of the pure MDEA and
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AMP were measured and compared with the literature[19] Table Al1.5 (Appendix-1). The
determined parameters over the temperature range (293.15 - 333.15) K are presented in Tables
3.5. The measured excess molar volumes of aqueous TAEA and blended with MDEA and AMP

in the range 0f 293.15 K to 333.15 K are given in Table A1.6 (Appendix-1).

Table 3.4 Viscosity 5, density p, and k,, o, of Pure TAEA from (293.15 to 333.15) K at 0.1

MPa.?
Temperature Density Viscosity Kii noo
(K) (kg.m) (mPa.s) (kPam®kmol )

293.15 976.3 12.47 2206
303.15 964.1 7.83 2465
313.15 953.2 5.36 2687
323.15 943.6 3.78 2834
333.15 934.2 3.14 -

®The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(p) = 2.5 kg-m™3, u(y) =
0.17 mPa.s, u(c)=0.001 kmol.m=. The combined expanded uncertainties for solubility

measurements Uc (Hnzo-Taea ) = 12.96 kPa-m*-kmol™ (0.95 level of confidence, k=2).

Table 3.5 Binary interaction parameters (Ao, A1, and Az) of the Redlich-Kister equation for the

excess volume.

TH-2912_136107043

System
Parameters TAEA+H,0 MDEA+TAEA  MDEA+H,O0  AMP+TAEA AMP+Hz0
a -124.348 5.004 -10-11 21.253 -10-10 2.992 -10-12 23.979-10-12
Ao b 0.800 1.568 -10-8 -3.905 -10-8 9.356-10-10 -1.261-10
c -0.001 4.930 -10-6 -1.566 -106 2.932:10-7 -4.223-107
a -283.717 1.079 -10-11 3.484 -10-11 5.606-10-13 -1.137-10-12
A1 b 1.826 3.377 10 1.068 -10-8 1.754-10-10 -3.380-10-10
c -0.003 1.060 -106 2.280 -10-6 5.502-108 -1.363-107
a -162.023 9.304 -10-13 3.972 -10-11 4.345.10-14 5.387-10-12
Ao b 1.042 2.912 -10-10 1.263 -108 1.360-10-11 1.664-109
c -0.002 9.135 -10-8 4.2514 -10-6 4.266-109 5.302-10-7
AAD (%) 0.030 1.035 1118
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The experimental viscosity values were associated using Grunberg and Nissan model for

ternary solutions, as shown below[13-16,21].

In(n/mPa.s)=Y x;Inn; + X ¥ x;x;G;; (3.9)
Gij in Eq. (3.9) is represented as a function of temperature, which is shown in Eqg. (3.10).

Gijj = a+ b(T/K) + c(T/K)? (3.10)
Table 3.6 shows the parameters for viscosity that were derived using regression analysis of the
experimental data from this study. The predicted densities and viscosities from the correlation
are highly close to the actual data with the average absolute deviation, AAD (%) among the
correlated and the experimental density and Viscosity data for the (TAEA+H20),
(MDEA+TAEA+H20), (AMP+TAEA+H20), systems being about 0.030, 1.035 and 1.118 for
density correlation and for viscosity it is around 9.602, 2.162 and 1.765, respectively. The
kinematic viscosity deviations, 4v with mole fractions for aqueous TAEA and blended with
MDEA and AMP solutions over the entire temperature range (293.15 - 333.15) K are given in
Table 3.7. As shown in Table Al.6, the values of excess molar volumes are negative in the
whole temperature range. It suggests that the structural contribution of different size molecules
present in the solutions provides a geometrical effect to fit each other’s structure and strong
dipole-dipole interaction among the components. Also, it involves hydrogen bonding formation
in the solution[35]. It also signifies the contraction volume occurred by strong intermolecular
interaction in the system upon mixing. Similarly, Table 3.7 shows that increasing the mole
fraction of TAEA in the solution viscosity deviations also increases, leading to the strong

interaction between the molecules in the solutions.
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Table 3.6 Grunberg-Nissan model parameters for (i) TAEA (1) + H20 (2), (ii) MDEA (1) +
TAEA (2) + H20 (3), and (iii) AMP (1) + TAEA (2) + H20 (3) systems

Parameters (i) TAEA +HO  (ii) MDEA + TAEA + H2O  (iii) AMP + TAEA + H2O

a -1.174 - 103 -4.886 - 10* 1.392 - 10°
G b 7.325 320.095 -885.560
¢  -1.106 - 10 -0.517 1.409
a - 2.031-10° -7.500 - 10°
G23 b - -13.158 48.025
c - 0.021 -0.077
a - 541.671 239.486
Gat b - -3.171 -1.179
c - 0.005 1.500 - 107
AAD (%) 9.602 2.162 1.765

Table 3.7 Kinematic Viscosity Deviations, Av /m?.s, for (i) TAEA + H20, (ii) MDEA +
TAEA + H>0, and (iii) AMP + TAEA + H>0 from (293.15 to 333.15) K

Concentration /

(kmol.m) 293.15K  303.15K  31315K  323.15K 333.15K
mol.m
(i) ag. TAEA (1)
o1 -1.742 102 2962 -10% 4523-10% 4.197-10%  -7.701-10°
03 1.0538-10" 1.647-10" 1.624-10" 1.605-10" = 1.222-10*
05 2.363-10" 2595101 2.789-10" 2685-10%  2.318-10%
07 3.757-10"  4.028-10" 4.044-10" 3.960-10%  3.401-10*
09 5.341-10% 5752-10% 5.493.10" 5222-10%  4.476-10*
(i) ag. (MDEA + TAEA)
29401 -1.140 -8.835- 10"  -4.661-10" -2.897-10" 7.092 1072
27+03 -5.238- 10"  -4.393-10" -9.876-10% -7.230-10° 1.945-10"
25+05 3.517-10% 2339-10% 4.133-10% 2.205-10" 4.013-10°
23+07 8.461-10" 7.036-10% 7.755-10% 5433.10' 545210
21409 1.311 1.0069-10  9.677-10" 7.163-10"  6.525- 10"
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(iii) ag. (AMP + TAEA)

20+0.1 -7.147 -4.154 -1.715 -5.544- 107 -1.995- 107
27403 -5.692 -3.451 -1.285 -3.799 - 101 -4.715- 107
25405 -4.732 2788 -8.318-107  -6.142-102  1.889-10%
23407 -3.684 2162 -4.495-107 2317101  4.451-107
21409 -2.708 -1.328  7.181-10% 432310  5.275-107

3.3.2 N2O and CO: (Physical) Solubility

Figs. 3.4 & 3.5 show data on N2O solubility and anticipated CO> solubility in agueous solutions
using the N2O analogy of novel solvents (TAEA+H.0), (MDEA+TAEA+H20), and
(AMP+TAEA+H0) for temperatures (293.15 - 323.15) K, as well as Table 3.8. The
experimental data used to derive the Henry’s law constants in Table 3.8 is given in Tables

Al1.7-A1.9 (Appendix-1).

Table 3.8 Experimental N2O and estimated CO solubility (k,, ., / kPa-m*kmol™) in (i) ag.

TAEA, (ii) ag. (MDEA + TAEA) and (iii) ag. (AMP + TAEA) from (293.15 to 323.15) K.2

Concentration / K0! kPa-m?3kmol™ K co,/ (kPa-m3-kmol™?)

(kmol.m®) 593715 30315 31315 32315 29315 303.15 313.15 323.15

(i) ag. TAEA
01 4047 4571 5257 6211 3027 3328 3731 4305
0.3 4348 5075 5729 6698 3252 3694 4066 4643
05 4643 5540 6440 7204 3472 4033 4571 4993
0.7 5025 5790 6878 7514 3758 4215 4882 5208
(i) ag. (MDEA + TAEA)
29+0.1 5961 6511 7161 7732 4458 4740 5083 5359
2.7+0.3 6300 7101 7509 8127 4712 5169 5330 5633
25+05 6652 7306 7880 8470 4975 5318 5593 5871
2.3+0.7 6921 7628 8285 8779 5176 5553 5881 6085

(iii) aq. (AMP + TAEA)
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29+0.1
2.7+0.3
25+05
2.3+0.7

4948
4850
4810
4754

5936
5803
5649
5529

6633
6475
6428
6248

7722
7682
7655
7422

3701
3627
3597
3555

4321
4224
4112
4025

4708
4596
4563
4435

5353
5325
5306
5145

The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(c)=0.001 kmol.m>. The

combined expanded uncertainties for solubility measurements Uc (Hn2o-TaeA)
kPa-m3-kmol?, Uc (Hn2o-MDEA+TAEA) =37.3 kPa-m3kmol?, Uc (HN20-AMP+TAEA)
kPa-m3-kmol with (0.95 level of confidence, k=2). Solvent is water.

=37.1
=41.2

TH-2912_136107043
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Figure 3.4 Analysis and comparison of experimental and model-predicted Henry’s constant
K, n2o / kPa.m3.kmoltin (a) For ag. TAEA System / Kmol.m= M 0.1, A 0.3, 4 0.5, ® o7
(b) For agq. (MDEA+TAEA) System / Kmol.m= M (2.9+0.1), & (2.7+0.3), 4 (2.5+0.5), L 4
(2.3+0.7); and (c) For ag. (AMP+TAEA) System / Kmol.m™ M (2.9+0.1), & (2.7+0.3), 4
(2.5+0.5), L 4 (2.3+0.7); line is to read modeled results.
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Figure 3.5 N2O analogy model-predicted Henry’s constant Ky, coz2/ kPa.m3.kmol?in (a) For
ag. TAEA System/ Kmol.m>3M0.1, @ 0.3, & 0.5, ¥ 0.7; (b) For ag. (MDEA+TAEA) System
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is to read data points.
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The calculated Kn-n2o of N2O in aqueous novel solvent TAEA and activated with MDEA is
directly proportional to changes in temperature and mole percent of TAEA in the mixture
because of the exothermic nature in the gas absorption. Whereas in the TAEA activated with
AMP, the results show that the calculated Kn-n2o 0f N2O in these solutions is directly
proportional to changes in temperature but inversely proportional to the mole percent of TAEA.
Thus, it shows that the activator has more affinity towards N2O. To correlate the solubility data,
the Arrhenius type equation is proposed at various concentrations (molarity) of TAEA (M1)
solutions and their blends with MDEA/AMP (M) solutions, and different temperatures (T) as

follows[9,10];

Ky_n20/kPa.m3.kmol ™ = (a+b-M; +c-M,) - exp (T_/—(f() (3.11)

Hn2o represents the Kun2o and T in the above equation, represents the temperature, and (a, b,
¢, d) are the constants, which is applicable for the binary system of TAEA and water when the
concentration of MDEA or AMP is zero. The values are shown in Table 3.9 for binary and
ternary solutions, respectively. The AAD (%) values for the solutions of aqueous TAEA and
their blends with MDEA and AMP solutions were obtained as 1.259, 0.654, and 1.121,

respectively. These deviations indicate excellent agreement with our experimental results.

Table 3.9 Estimated parameters of Arrhenius type equation for N2O Solubility in (i) ag. TAEA,

(ii) ag. (MDEA + TAEA) and (iii) aqg. (AMP + TAEA)

Systems
Parameters TAEA + H O MDEA + TAEA + H,O AMP + TAEA + H20
a 3.746 - 10° -1.862 - 10° 1.463 - 107
b 1.675 - 10° 1.107 - 10° -4.721- 10°
c 0.000 89402.000 -4.672- 10°
d 1343.300 772.260 1412.100
AAD (%) 1.259 0.654 1.121
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3.3.3 Diffusivity
The viscosity of aqueous amine solutions can be correlated to diffusivity by modified Stokes-

Einstein relation[18] as shown in Eq. 3.12.

__=Constant :(DN20 x 1% )W (3.12)

min

(DNZO x 'UO'SO )A

ater

The above modified Stokes-Einstein equation states that product of diffusivity of N2O in an
amine solution and u°8 of the liquid is constant, where u is the measured viscosity of the amine
solution. Diffusivity of CO2 and N2O in water can be obtained by the following expressions[36]

Egs. 3.13 and 3.14, respectively, and viscosity of water was taken from the open literature,

D.. =235.10"%xexp(-2119/T) m?.s71 (3.13)
co,

D,  =507.10% xexp(-2371/T), m2.s71 (3.14)
N,0

Fig. 3.6 and Table A1.10 (Appendix-1) show the predicted CO; diffusivity in the aqueous
solution using the N>O analogy of (TAEA+ H,0), (MDEA+TAEA+ H>0), and (AMP+TAEA+

H>O) for temperatures ranging from (293.15 - 333.15) K.

As we can see from Fig. 6, the diffusivity values are increasing with the increase in temperature
because the viscosity decreases with the rising temperature. Also, it has been observed that

diffusivity decreases with increasing mole fraction TAEA in the solution
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Figure 3.6 Stokes-Eisenstein model-predicted diffusivity of COzin (a) For ag. TAEA System
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Chapter 4

Equilibrium CO: solubility of novel tris(2-aminoethyl)
amine as a promoter to N-methyldiethanolamine and 2-
amino-2-methyl-1-propanol

This chapter includes a comprehensive experimental, and theoretical investigation of CO>
equilibrium solubility in aqueous (TAEA+MDEA) and (TAEA+AMP) blends over a wide
temperature and pressure range. Modified Kent-Eisenberg equilibrium model with gas-phase
non-ideality and Feed forward neural network model were used to model the experimental
vapor-liquid equilibrium data (VLE). In addition, qualitative *C NMR and FTIR studies were

carried out to evaluate the suggested chemical scheme.

4.1 Introduction

Global warming and climate change issues have been raised over the years due to the massive
release of greenhouse gases [1-4]. Among the greenhouse gases, CO2 has an outsized role due
to its abundance. To overcome this problem and maintain a sustainable environment, different
countries have developed various ways to reduce or control CO; in the atmosphere [5-10].
Absorption-regeneration technology helped with various improved alkanolamine solvents
towards the mitigation of CO», and it is considered a feasible technology so far. The most
commonly used solvents such as primary (monoethanolamine, MEA), secondary
(diethanolamine, DEA), tertiary (N-methyldiethanol amine, MDEA), and sterically hindered
(2-amino-2-methyl-1-propanol, AMP) amines have been proposed for various industrial gas
treating units [11-12]. Since various amines have their specific drawbacks when used for CO>
absorption-desorption scale-like degradation of the solvent, corrosion, low absorptive capacity,

high energy requirement for reduction of COg, etc.[13-19], researchers introduced a cyclic
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amine as a promoter to blend with commercial solvents like MEA, MDEA, AMP to improve
absorption capacity and decrease the energy required for the regeneration of CO> [8,20,21].
Novel activated amine solvent development is promising for a sustainable future due to higher
energy demand in the conventional amine blend-based CO. capture process. Activated amine
solvents play a pivotal role in boosting CO> capture efficiency, and focus in this area is
necessary. Herein, we propose a novel cyclic amine (tris(2-aminoethyl) amine, TAEA)
activator to MDEA and AMP solutions to remove CO- from gas streams. This novel promoter
has three secondary and tertiary groups with high thermal stability and low vapour pressure. It

is expected that this activator will act as a rate promoter with a high CO, absorption capacity.

This study measured the equilibrium CO2 solubility in aqueous solutions of novel solvents
such as (TAEA + MDEA + H20) and (TAEA + AMP + H;0). The measured experimental
solubility data is correlated using a modified Kent Eisenberg (KE) thermodynamic model [22].
Various modified thermodynamics models such as Deshmukh-Mather [23], electrolyte NRTL
[24], and Pitzer model [25] are also used in the literature to account for the non-ideality of CO»-
amine systems and to predict the CO> solubility in amine-based solutions. However, compared
to all other models, the KE model deals with effortlessness and reduces the computation time
[26]. In the KE model, the activity coefficients related to all the species in the electrolyte system
are assumed to be unity; the only parameter for regression is the equilibrium constants [27].
Distant from the KE model, an artificial neural network (ANN) model is also applied in the

present work to model the equilibrium solubility of the blended amine systems [28].

4.2 Experimental section

4.2.1 Materials
Reagent grade MDEA (mass fraction purity > 0.99), AMP (mass fraction purity > 0.95) and

TAEA (mass fraction purity > 0.96) were acquired from Sigma Aldrich and used without
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further cleansing. Distilled water degassed by steaming was used for making the amine
solutions. The amine contents of the solutions were determined by acidimetric titration with
standard HCI using an autotitrator (DL 50, Mettler Toledo). The uncertainty in the composition
of the amine solutions was valued as = 0.01 %. The carbon dioxide (mass fraction purity >
0.999) was obtained from Assam Air Products, India. The purity of CO, was reported as
obtained from the same vendor with certified purity. Description of the chemicals is

represented in Table 4.1.

Table 4.1 List of chemicals used in this work.

Chemical Name Formula Molecula Source Purity CASno Purification
r Weight (%) method
(g/mol)
Tris(2-aminoethyl) (NH2CH2CH2)sN 146.23 Sigma 96 4097-89-6 None
amine (TAEA) Aldrich
n-methyldiethanolamine  CH3N(C;H4sOH); 119.16 Sigma 99 105-59-9 None
(MDEA) Aldrich
2-amino-2-methyl-1- C4sH11NO 89.14 Sigma 95 124-68-5 None
propanol (AMP) Aldrich

4.2.2 Experimental Methodology

4.2.2.1 COz2 solubility measurement

A schematic diagram of the developed experimental setup for measuring the CO2 solubility has
given in Fig. 4.1. A similar procedure was explained in chapter-3 was followed for calculating

the COz solubility in aqueous amine solutions.
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Vol-1: Volume section b/w V1, V2, V3, V4, V5, V12, V6 and NV 1. Vol-8: Volume section below V3.
Vol-2: Volume section above V4. LP1,LP2: Low pressure transducers.
Vol-3: Volume section above V5. HP1, HP2: High pressure transducers.
Vol-4: Volume section below V2. V1 to V13 and V16: 2-way valves.
Vol-5: Volume section b/w V9, V10, V11 and V12. NV1,NV2 and NV3: Needle valves.
Vol-6: Volume section below 3V15. 3V14,3V15: 3-way valves.
Vol-7: Volume section b/w NV1, V6, HP2 and 3V15. R1, R2 and R3: Reservoir 1, 2 & 3.

Figure 4.1 Flow diagram of the stirred cell apparatus

The experiments for CO2 were performed in the (0 to 10) bar range and temperatures in the
range of (293.15-323.15) K. To validate the experimental protocol, the equilibrium loading of
CO2in 14.7 wt% MEA solution at different partial pressures were measured. The results were
compared with literature data [30]. The results are shown in Fig. 4.2. These results indicate the

suitability of the experimental apparatus developed in this work to measure solubility for CO..
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Figure 4.2 Solubility of CO in 14.7 wt% aqueous MEA solution at 313.15 K and compared

with the literature data

4.2.2.2 Standard uncertainty in the solubility measurement
The standard uncertainty related to the calculation of equilibrium CO: loading data can be

ascertained by the theory of error propagation [31]. This theory states that the standard
uncertainty u(y), which corresponds to the output variable measured, can be expressed as a
summation of all the uncertainties with respective input variables u (x;). The functional relation

in mathematical form is given below:

2

u?(y) =2 %“(Xi)

; (4.1)

Variables like temperature, pressure, composition, and reactor volume of the inlet solution
together describe the standard uncertainty in the measurement of CO> loading. The maximum
standard uncertainty associated with measured loading data (aCO>) in the present system is

estimated in the vicinity of +5%.
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4.3 Modeling of CO- solubility

The equilibrium CO2 solubility data in aqueous (TAEA + MDEA + H;0) and (TAEA + AMP
+ H20) has been modeled using modified Kent-Eisenberg model [22] and artificial neural

network (ANN) model [27].

4.3.1 Modified Kent-Eisenberg model

Phase and chemical equilibrium processes are both presents during the absorption of CO> in
aqueous (TAEA+MDEA+H;0) and (TAEA+AMP+H20) solutions. Henry’s law constant
represents the physical solubility of CO2, whereas reaction equilibrium constants represent the
chemical equilibrium considering reversible reactions in the liquid phase. The steric hindrance
effect accounts for the low stability of the intermediate, AMP-carbamate, which then undergoes
hydrolysis forming a free amine molecule along with bicarbonate species. The liquid phase
reaction consisted of protonation of both the amines, carbamate formation by TAEA, and other
reactions. The equilibrium reactions for (TAEA+MDEA+H,0) and (TAEA+AMP+H0) can

be expressed using reactions R 4.1 to R 4.8:
Physical Solubility

(R4.1)

H
coz(g)%coz(aq)

Dissociation of bicarbonate ion

K R4.2
HCO, (g)«—21— COSZ_+H+ (R4.2)

Formation of bicarbonate ion

K2 . (R4.3)
CO2 +H20<—>HCO3 +H

Dissociation of water
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K
HZOe—iL»OH’+H+

Deprotonation of TAEA

K
TAEAHY «4 STAEA+ HT

Carbamate hydrolysis of TAEA

K
TAEACOO™ +H,0 «—2 > TAEA+HCO;

Deprotonation of MDEA

K
MDEAH* «—9 s MDEA+H T

Deprotonation of AMP

K
AMPH' «— > AMP+H*

Chapter 4

(R4.4)

(R4.5)

(R4.6)

(R4.7)

(R4.8)

In the modified Kent-Eisenberg model, the activity coefficients of the species in the liquid

phase are assumed to be unity. The concentration-based apparent equilibrium constants of

reactions R 4.2- R 4.8 are expressed as:

L

L [HCO&}
[Hco* | HT
2" —[cog |

Ky = [HJ“}[OH_}

[TAEA][H q
K I:TAEAHJF}

88
TH-2912_136107043

(4.2)

(4.3)

(4.4)

(4.5)



Chapter 4

. [TAEA][HCO?: }

S [TAEACOO_:l (4.6)
[MDEA][HJF}
N [MDEAHJF} 4.7)
[AMP][HJF}
“7° [AMPH*} (4.8)

Where, (K1-K7) are the equilibrium constants corresponding to the reaction R (4.2) — R (4.8).
The CO; partial pressure, Pco,, at equilibrium, is related to the physically dissolved CO-
concentration, [CO2], in the solvent phase by Henry’s law expression. Vapour phase

equilibrium can be expressed as:
Fco. “Heo [002 J (4.9)
2 2
The overall mass balance and charge balance of various molecular and ionic species present in

the liquid phase can be described as:

TAEA balance:
[TAEA) =m, = [TAEA][TAEAH*’J[TAEACOO_} (4.10)
MDEA balance:
4.11
[MDEA} =m, - [MDEA][MDEAH+} (4.11)
AMP balance:
4.12
[AMP =m, [AMP][AMPHJF} (4.12)
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CO: balance:

“co, X(ml + m2)= [cozHHcos—Hco 32_}+[TAEACOO_} (4.13)

Where, o is the CO2 loading and mg, as well as my, represents initial TAEA and MDEA

CO2

or AMP molar concentration, respectively.

Electroneutrality balance for aqueous (TAEA + MDEA):
[HJF} +[TAEAH+}+[MDEAH+:| —[HCO?,_} + Z[COBZ_]+[OH —] +[TAEA(COO_H _o (414

Electroneutrality balance for aqueous (TAEA + AMP):

+ + +* - 2— = s || = (4.15)
[H }+[TAEAH }+[AMPH }—[Hc:o3 }2[003 }L[OH }+{TAEA(COO H =0
Where the terms in the third bracket relate to the concentration of ionic species in the reaction
medium, the system of equations (4.2) - (4.12) and either of (4.14) and (4.15) can be used to

derive a polynomial equation which is expressed in terms of [H*]. The linear polynomial

equation accompanied with the coefficients can be described as follows:

W Poelw Poco T oo i o we offw e -0 (4.16)
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Furthermore, equations (4.2) — (4.16) can be used to get the modified form of loading equation

as given below,

(4.17)

Where Oicoz is the estimated CO> loading in the aqueous amine solution and mz, mz represents

the concentration of TAEA and MDEA in molarity scale, respectively. The real root of the

equation (4.16) is used to calculate the estimated CO> loading value from equation (4.17). In

the above model, the equilibrium constants (K1-Kz), Ke, and K7 can be considered as a function

of temperature and expressed as follows:

InK:ai +bi /T +Ci InT

(4.18)

Where aj, bi, and c; are the coefficients of the above expression and are reported in Table 4.2.

TH-2912_136107043
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Table 4.2 Coefficients of the equilibrium constants used in the present work.

Ki / kmol.m™ ai bi Ci T/K Ref.
K1 220.067 -12431.7 -35.4819 273-498 [22]
K2 235.485 -12092.1 -36.7816 273-498 [22]
Ks 140.932 -13445.9 -22.4773 273-498 [22]
Ks 87.3972 -8483.95 -13.8328 298-333 [23]
K7 -3.68672 -6754.686 0 273-328 [32]

Henry’s constant for physical solubility, Hco,, has been taken from the work of Hsu et al. [34]

as given below.

kPa .m3

C02 kmol

1.38306x10% N 0.06913x10%  0.015589x1011 p 0.012x1013  (4.19)

InH = 20.2669 —

The equilibrium constants Ks and Ks are regressed using the least square fitting in the
MATLAB® platform. These constants refer to the deprotonation and carbamate hydrolysis
reaction of TAEA, respectively. The algorithm for the data regression system is shown in Fig.
4.3. The equilibrium constants estimated by the Kent-Eisenberg model in their work [33] were
correlated in terms of temperature only. There are various modifications proposed so far by
different researchers [22,27,28] in the estimation of equilibrium constants. In some modified
versions, equilibrium constants are considered a function of CO; loading, amine concentration,
and temperature [27]. In the present work, K4 and Ks are expressed in terms of temperature,

COg partial pressure, and amine concentration [28].
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Figure 4.3 Algorithm for regression of equilibrium constants from experimental data

4.3.2 Artificial neural network

Owing to the adaptability of implementation and advantages over other simple models, ANN
models are well known in the application to correlating the solubility of CO: in a variety of
solvents [34,35]. Here, the applicability of the artificial neural network (ANN) model has also
been investigated in the present work to correlate the equilibrium CO2 solubility in

(TAEA+MDEA+H:0) and in (TAEA+MDEA+H0) systems.

In this work, we consider a multilayer feedforward neural network to correlate the available

solubility data. The ANN network comprises various layers like input layers, one or more
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hidden layers with functions, and ultimately an output layer. Processing units known as neurons
are bound by a set of processing units. The neurons in the hidden layer and output layer must
be trained to determine the output of the network. Information at the input layer is processed
at each neuron in the hidden layer using a transfer function and then transferred to the output

layer as given by Eq. (4.20)

Y. - f[i %16/\/ixi +bi)J (4.20)

Where xi and yi represent the input and output of the i neuron, respectively, f is the transfer
function, w; is the weight coefficient, and b; is the bias associated with each weight coefficient.
For a network to simulate a specific task, weights and biases are adjusted automatically. This
process is called training, in which a suitable training algorithm is used to process the weights
and biases of the network. The objective of the training is to minimize the error between the
modeled output and the actual or experimental value. The ANN architecture used in this work
consists of the Levenberg-Marquardt backpropagation algorithm as a training function [36].
The transfer function implemented for hidden and output layers is hyperbolic tangent sigmoid
functions and linear functions, respectively. The performance of the above developed neural

network model is tested based on the following parameter as mentioned below:

n 2 (4.21)
Mean square error (MSE) =% > (Yiexp —YimOdj
i=1
exp _, mod
- 10 i
Average absolute deviation (%AAD)=— Y —— x100
NjZ{ yexp (4.22)
i
s [yexe _y 2 g &P _\ mod 2
) o 2 i—1 i avg i—1 i i
Correlation coefficient (R®) = (4.23)
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Where ‘N’ represents the number of data points YiEXp and Yimc’cI stands for experimental and
network predicted value of output variable, respectively, and Yavg denotes the average value

of the experimental output. The input parameters used in the network are temperature (T/K),

equilibrium CO; partial pressure (Pco./ kPa), and concentration of TAEA (mi/kmol.m) and
MDEA or AMP (mz/kmol.m), respectively. The CO; loading (0tcoz) has been chosen as the

output variable.

4.4 Results and discussion

4.4.1 CO2 Solubility measurement

From the sections above, it can be understood that the validation of the experimental set-up
and the steps for measuring solubility have been performed. The measured data is in good
agreement with that from previous studies on the equilibrium solubility of CO> in an aqueous
14.7% mass percentage of MEA at 313.15 K [30]. The comparison of data is represented in
Fig. 4.2. From the figure, it could be inferred that the current work is in line with the solubility

data available from literature for experiments with MEA at similar conditions.

We then measured the solubility of CO2 in (TAEA + MDEA + H20) and (TAEA + AMP +
H20) at temperatures 293.15, 303.15, 313.15, and 323.15 K and in the CO. partial pressure
range of 2-500 kPa. The amine solution compositions experimented with are TAEA: MDEA
or AMP = 0.1:2.9; 0.3:2.7; 0.5:2.5; and 0.7:2.3, respectively. Tables 4.3 and 4.4 contain the

solubility data of experiments conducted concerning each loading.

Figs. 4.4 and 4.5 explain the CO2 loading vs. the partial pressure of the CO for blended systems
(TAEA + MDEA + H20) and (TAEA + AMP + H20). As shown in Fig. 4.4, the CO: loading
increases with an increase in Pco2 at any experimental temperature and the amine

concentration. This can be attributed to the rise in the partial pressure of the CO> causes the
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increase in the collisions between the gas molecules and liquid surface. Hence, more gas

molecules absorbed on the amine surface lead to higher CO; loading [37]. Furthermore, Fig.

4.4 explains the decrease in CO: loading with an increase in the temperature at constant

pressure due to the exothermic nature of the process [27]

Table 4.3 CO; solubility data in aqueous solutions of (TAEA + MDEA + H>0) solutions at

different temperatures and partial pressures

mol/l P/ kPa Ocoz P/ kPa Qco2 P/ kPa P/ kPa Oco2 P/ kPa
43 034 9 044 29 0.54 37 0.46
12 059 46 0.71 97 0.77 96 0.65
MDEA(2.9)+TAEA 113 0.94 142 0.90 240 0.88 196 0.77
240 0.99 324 0.97 427 0.94 310 0.84
(0.1)+H20 372 1.02 485 1.00 561 0.96 434 0.89
589 1.04 587 1.01 647 0.97 557 0.91
6 0.59 10 0.58 20 0.57 29 0.50
40 0.86 74 0.87 87 0.80 87 0.70
MDEA(2.7)+TAEA 164 1.00 191 0.98 196 0.91 191 0.82
(0.3)+H:0 284 1.04 345 1.03 333 0.97 319 0.89
' 2 437 1.07 466 1.05 445 0.99 443 0.93
570 1.09 564 1.07 568 1.02 551 0.95
3 061 7 0.60 14 0.58 21 0.54
36 0.92 50 0.88 60 0.81 84 0.76
MDEA@SIFTAEA 195 105 162 1.01 147 0.93 190 0.88
(0.5)+H,0 245 1.12 302 1.08 262 1.00 328 0.95
356 1.15 404 1.10 375 1.03 444 0.99
468 1.18 537 1.13 510 1.07 554 1.01
2 065 4 063 7 0.60 10 0.54
27 0.95 46 0.93 42 0.83 56 0.77
MDEARIFTAEA 155 110 144 1.07 121 0.97 145 0.90
(0.7)+H20 216 1.17 257 1.13 233 1.05 266 0.98
329 1.22 393 1.17 349 1.10 381 1.03
454 1.25 512 1.20 486 1.13 498 1.06
96
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Table 4.4 Equilibrium loading of CO> in aqueous solutions of (TAEA + AMP + H>0) at
temperatures T from (293.15- 323.15) K at different partial pressures

mol/I P/ kPa Oco P/ kPa Ocoz P/ kPa P/kPa Oco2 P/ kPa

4 0.34 16 0.47 29 0.54 39 048
12 0.59 58 0.75 98 0.76 93 0.69
111 0.93 177 0.95 240 0.88 198 0.81

AMP(2.9)+TAEA
(0.1)+H,0 238 0.99 360 0.98 428 0.93 318 0.88
371 1.02 509 1.01 564 0.96 448 0.91
583 1.05 618 1.02 648 0.97 577 0.93
7.8 0.62 8 0.60 18 0.56 26 0.50
38 0.87 79 0.90 84 0.79 83 0.69
162 1.01 203 1.00 193 0.91 186 0.83

AMP(2.7)+TAEA
(0.3)+H,0 279 1.06 379 1.04 329 0.96 312 0.91
434 1.09 506 1.06 441 0.99 439 0.94
568 1.11 617 1.07 562 1.01 545 0.97
5 0.66 5 0.59 12 0.59 20 0.56
35 1.00 46 0.87 56 0.81 79 0.77
AMP(25)+TAEA 187 110 133 1.03 136 0.95 186 0.90
(0.5)+H20 278 1.16 270 1.09 257 1.01 322 0.97
393 1.18 380 1.11 371 1.06 440 1.01
508 1.19 512 1.14 507 1.10 546 1.04
3 0.66 2 0.60 11 0.59 14 0.55
26 0.98 43 0.88 42 0.83 53 0.79
AMP(2.3)+TAEA 103 1.12 118 1.04 115 0.97 139 0.94
(0.7)+H20 214 1.18 219 1.12 228 1.06 259 1.03
325 1.23 366 1.15 342 111 375 1.08
448 1.26 486 1.17 497 1.14 492 1.10
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Figure 4.4 Effect of temperature on the CO; solubility in aqueous solutions of (a) (0.5 M

TAEA + 2.5 M MDEA + H,0) and (b) (0.5 M TAEA + 2.5 M AMP + H,0)
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Figure 4.5 Effect of solvent concentration on the CO» solubility in aqueous solutions of (a)

(TAEA + MDEA + H,0) and (b) (TAEA + AMP + H,0) at 313.15 K

Fig. 4.5 represents the effect of TAEA concentration on CO- loading for blended systems

(TAEA + MDEA + H,0) and (TAEA + AMP + H;0). As shown in Fig.4.5, the CO> loading

increases with an increase in the TAEA concentration in the solution while keeping the constant

amine concentration. Ramazani et al. [38] were also observed similar results for the system of

aqueous (AEP + MEA).
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In this work, solubility data has been modeled using different approaches described in the
previous sections. In the modified KE approach, the coefficients of the equilibrium constants
(K4 and Ks) for the ternary system (TAEA + MDEA + H20) and the (TAEA + AMP + H>0) is
represented as (K’4 and K’s) have been regressed to fit the experimental CO> loading data to
obtain the estimated data. A non-linear optimization technique is used to reduce the error gap
between the experimental and estimated data. The corresponding objective function which is

used for optimization in the present work can be defined as:

gL D i
Nij—g| &P (4.24)

The above equation aiexp aimOd stands for experimental and estimated Clcoz, respectively, and

N represents the total number of data sets used in the developed model. The reaction

equilibrium constants (K4 and Ks) and (K4 and K’5) can be estimated as:

K, = -263x1070 +2.75x10 2 (mixm2)+8.1x10 11(T)-3.8x10 712 (m1x m2xT)

4
—1.27x10_14(T 2)+4.88x10_13 P |-68x10716p2 (4.25)
002 c02

K. = 7.25x10% ~9.34x10% (m1x m2)+l.84><102(T)—2.37><10_12(m12 ><m22)

5
4.26
—2.77><101(m1><m2><T)+2.88><10_1(T2)+1.28><101 P |+247x107%| P2 (4.26)
co co
2 2
K', = 2.24x10710 ~168x10~° (mxm2)-112x10"11(T)+8.85x10 12 (mlxm2xT)
+1.l7><10_14(T2)—4.1x10_12 P |+6.02x107 10| p2 (4.27)
co co
2 2
K'g = 1.42x10% ~1.96x102 (m1xm2)+ 2.46><101(T)+8.7><10_1(m12 x mzzj
4.28
+3.02(m1><m2><T)+2.26x10_2(T2)+3.81><10_2 P |-161x107%| P2 (4.28)
co, co,
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The CO: loading values were estimated using the above equilibrium constants and compared
with the experimental data. The comparison between the calculated and the experimental data
is presented in Fig.4.6. Fig 4.6(a) represents the (TAEA+MDEA+H,0) system, and Fig.4.6(b)
depicts the (TAEA+AMP+H20) system. Fig.4.6 indicates that the experimental and predicted
values agreeing under the examined range of temperature and composition. The average
absolute deviation (in%) between the model and experimental results for
(TAEA+MDEA+H>0) and (TAEA+AMP+H>0) is 7.49 and 5.12, respectively. The
equilibrium concentrations of various species present in the liquid phase as a function of the
CO: loading were estimated using the proposed modified KE model and concentration profiles
presented in Fig.4.7. The equilibrium concentrations of different constituent species available
in the liquid phase are further predicted functional to CO> loading using a modified KE model
applied to all the systems. The concentration profile of diverse species for CO2 loaded aqueous
(TAEA (0.5) +MDEA (2.5)) M at 303.15 K presented in Fig. 4.7(a) and for CO2 loaded (TAEA
(0.5) +AMP (2.5)) M at 323.15 K presented in Fig. 4.7(b) respectively. It is evident from the
speciation plot obtained from the equations (R 4.3 R 4.5, R 4.7, R 4.8) that both TAEA and
MDEA or AMP disappear gradually with CO> loading, and the main reaction products are
protonated TAEA, protonated MDEA, or AMP, and bicarbonate ion. The presence of
[TAEACOO-] shown in eq. R 4.6 also shows a decreasing trend concerning aco?, indicating
its hydrolysis to form more bicarbonate type species. The general trend of the majority of
species concerning the change in aco2 i the same. The only significant difference is the
presence of protonated species [MDEAH+] and [AMPH+] at higher loadings. The dissociation
and formation of [HCO3] to COs? species (Rz-Rs) leads to an intermediate profile of both the

species with a very low concentration as a function of CO; loading.
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Figure 4.6 Cross plot for the comparison of experimental solubility data with model data
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Figure 4.7 Model (modified KE) estimated speciation profile of agqueous solutions (a) (0.5 M
TAEA + 2.5 M MDEA + H20) at 303.15 K and (b) (0.5 M TAEA + 2.5 M AMP + H,0) at
323.15K

The pH of the CO2-loaded amine solvents can be predicted using the modified KE model. For
the design of the CO. capture techniques, one should have the proper knowledge about the pH

of the solvents. According to the literature reported data for other solvent systems, the pH range
with respect to the change in Ocoz is within 7-12 [27]. Fig. 4.8 presents the estimated pH of

the CO2-loaded aqueous solution (0.7 M TAEA + 2.3 M MDEA + H;0) using a modified KE
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model at different experimental operating temperatures. An observation found in Fig. 4.8 is
that the gradual reduction in the pH value with the increase in the temperature and CO> loading
for a fixed concentration of amine solvent. This can be attributed to increasing the Cicoz leads
to an increase in the acidic nature of the solution, then the pH of the solvent system decreases.

Furthermore, an increase in temperature causes higher ionization that leads to an increase in

H™ ion concentration [27].

10.5
System:TAEA+MDEA+H,0
10.0 --m--T=293.15K
. -e-T=303.15K
L --a- T=313.15K
925 - -T=323.15K
3 . ~ i =
A T TEel
T 9.0 g s e .
..... "‘-‘hl.-\ ‘.‘-i.' -~ = ‘\
85 ‘"'*-\. \"‘-. P ~ n
i - - '-*\n\ ~ <
8.0 T AL g w,
\.v\ .“‘ N . a
v * l‘ -
7-5 1 1 1 1 | 1 1
0.6 0.8 1.0 1.2

aco 2/ (mol of CO, / mol of total amine)

Figure 4.8 Estimation of pH as a function of CO> loading in aqueous solution of (0.7 M

TAEA + 2.3 M MDEA + H;0) using modified KE Model

The feed-forward ANN model was also used to model the equilibrium CO- loading data for
aqueous (TAEA + MDEA +H0) and (TAEA + AMP +H;0) blends. The optimized
architecture of the ANN model can be obtained by varying the number of neurons. A low
number of neurons may result in a significant error in the network, while a large number may
lead to over-fitting [28]. The minimum error criteria (% AAD and MSE) and correlation
coefficient (R?) are the parameters to understand the optimum structure of the network. The

variation of MSE of the total data set with the number of neurons presented in Fig. 4.9(a) for

104
TH-2912_136107043



Chapter 4

(TAEA + MDEA +H,0) and 4.9(b) for (TAEA + AMP +H0) systems. Similarly, in Fig. 10
it represents the % AAD with no of neurons in the hidden layer for ANN model for (a) (TAEA
+ MDEA + H;0) and (b) (TAEA + AMP + H,0O) systems. Based on the error analysis, the
optimized neurons have been determined to be 8. The solubility data of systems through the
ANN model is presented in Fig. 4.6, and the ANN estimated data is in good agreement with
the experimental data. The % AAD and MSE between the experimental and model-predicted
loading data are for the (TAEA + MDEA +H»0) system found to be 1.538, 0.000417. For the
system (TAEA + AMP +H;0), they are 2.696 and 0.00114, respectively, which further
confirms the accuracy of the ANN model to predict the CO2 solubility in aqueous (TAEA +

MDEA +H,0) and (TAEA + AMP +H0) systems.
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Figure 4.9 Variation of MSE (Mean square error) with number of neurons in the hidden layer
for ANN model for (a) (TAEA + MDEA + H>0) and (b) (TAEA + AMP + H,0)
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Figure 4.10 Variation of % AAD with number of neurons in the hidden layer for ANN model
for (a) (TAEA + MDEA + H20) and (b) (TAEA + AMP + H>0) systems
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The generated data corresponding to the present amine systems is also compared with the
solubility data of CO: in the approximate equimolar concentration of conventional solvents
such as aqueous MDEA, AMP, and blended solvents like MDEA-AEP, AMP-PZ, and AMP-
AEP solutions available in the literature [8, 20, 32, 39, 40] and represented in Fig. 4.11. At low
COz pressure, the CO2 loading in all these aqueous amines is somewhat comparable with our
data. At higher CO: partial pressure, the loading values of (0.5 M TAEA + 2.5 M AMP) and
(0.5 M TAEA + 2.5 M MDEA) are showing greater absorption capacity compared with the
other literature data for single and blended solvents throughout the experimental pressure
range. Fig. 4.11 also shows quite higher loadings for the TAEA-AMP blend compared to the

TAEA-MDEA because of the higher rate of reaction of AMP towards CO:..

12
2 % L
'é 1.0 - L] v
«< g . ‘ [ ] * | * <
- * x R >
=]
£ I
SN 0.6F g > ®  (0.5M TAEA+ 2.5 M MDEA, This work
&) : i : > ® (.5M TAEA+ 2.5 M AMP, This work
S 04l # 2.8 M AMP, Kundu et al. [39]
E ’ o » ¥ 2.5M MDEA, Shen et al. [40]
-::‘N 0.2 * 0.5 w AMP, Dash et al. [32]
8 e B 4 0.05wPZ+ 0.35 w AMP, Dash et al. [32]
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Figure 4.11 Comparison of TAEA based blends with other conventional single and blended

solvents at T= 313.15 K and total concentration of 3 M
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4.4.2 FTIR-ATR and NMR study

The unloaded and loaded carbonated blended amine systems are further characterized using
FTIR- ATR spectroscopy (Model: Perkin Elmer Inc., Germany). The measurements were
carried within the wavenumber 2000 to 800 cm™". The scales of both the unloaded and loaded
blended amine systems are shown in Fig. 4.12. The unloaded system shows specific peaks at
1639 cm! and 1602 cm™! which relates to (N-H) rocking vibration modes [41]. The peaks
corresponding to 1330 and 1456 cm™' relates to ~CH, symmetric and asymmetric rocking
mode. In addition, the characteristic peaks at 1028 cm™ relates to C-N and C-O stretching
vibration modes for blended amine solvent [41]. For the loaded system represented in Fig. 4,
.12 new bands are appeared at 1355, 1467, and 1577 cm™' and that will be the sign for the
(COQO") carbamate symmetric and asymmetric stretching [42]. It can be quite seeming from
the spectra that there is gradual shift in the peaks corresponding to stretching modes of C-N
and C-OH group from 1076 to 1026 cm™! the same can be predicted to be the result of

protonation of TAEA species.

In addition to the IR study, qualitative **C NMR analysis was also conducted to find the current
study’s proper reaction mechanism. The NMR measurement was carried out for CO2-loaded
and unloaded blended amine solvent in D>O using a 500 MHz NMR spectrometer (Model:
Ascend, Bruker) and shown in Figs. 4.13 and 4.14. The information regarding the detected
peaks corresponding to the respective functional groups of the molecules was estimated by
different literature sources [43, 44]. The number of peaks in the 3C NMR spectra of TAEA-
MDEA-H,0-CO> shown in Fig. 4.14 confirmed the formation of primary and secondary
carbamates. The peaks found in the low field region (160-165 ppm) commonly correspond to
the peaks of carbonyl carbon of carbamate and HCO*/CO?,- species. However, the carbons of
amine in the high field region (35-60 ppm) are shown in Figs. 4.13 and 4.14 relate to the CH>

group of various intermediate carbamate species.
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Figure 4.12 FTIR-ATR spectra of (TAEA+MDEA+H0) (a) unloaded amine solvent and (b)
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loaded amine solvent.
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Figure 4.13 C NMR spectra of aqueous (TAEA+MDEA+H;0).
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Figure 4.14 3C NMR spectra of CO; loaded (TAEA+MDEA+H,0) system.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

The primary conclusions gained from work evaluated and reported in this dissertation are

presented in this chapter. A variety of futuristic research approaches are also presented.

5.1 Conclusions

The major goal of this research was to look at the CO> absorption properties of a new amine
activator and its blends with sterically hindered and tertiary alkanoalmines. Amine activator
was chosen with care to reflect large equilibrium loading capacity, and increased degradation
resistance, and also high thermal stability. As a result, tris(2-aminoethyl) amine (TAEA) was
chosen as a new activator for the mixture, which also included N-methyldiethanolamine
(MDEA) and 2-amino-2-methyl-1-propanol (AMP). Additionally, various thermophysical
properties of the blends are also studied. Further, the critical outcomes in the investigated field
are discussed.
e The current work has constructed a precise experimental facility (stirred cell shown in
Fig. 3.1) for assessing equilibrium CO2 solubility. Initial solubility measurements in
14.7 % mass fractions aqueous, aqueous MEA system validated the designed system
and the experimental procedure. The findings are consistent with those found in the
literature.
e Equilibrium CO> solubility in agueous (TAEA + MDEA + H20) and (TAEA + AMP +
H>0) with different relative amine compositions was determined experimentally in a
stirred cell over the temperature range of (293.15 -323.15) K. The CO> solubility data

provided in this study in terms of partial pressure and loadings are considered to be
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valuable as a solubility database for the design of gas treating units like pre or post-
combustion process.

e By examining the results of 3C NMR and FTIR analyses of various loaded and
unloaded solutions, the reactions of CO2 in solvent blends have been proposed.
Following that, the modified KE model is used to predict the systems' reaction species
profiles and pH. The results showed that carbamate hydrolysis produces protonated
species and bicarbonate in all the amines involved in the reaction.

e The generated equilibrium solubility data of CO. in blended aqueous solutions were
correlated using a modified Kent-Eisenberg model. The model is also investigated for
estimating the suggested chemical processes' equilibrium constants among numerous
linked molecules. The average absolute deviation (in %) between the model and
experimental results for (TAEA+MDEA+H,0) and (TAEA+AMP+H0) is 7.49 and

5.12, respectively.

e The feed-forward ANN model was also used to model the equilibrium CO; loading data
for aqueous (TAEA + MDEA +H>0) and (TAEA + AMP +H,0) blends. The solubility
data of systems through the ANN and the ANN estimated data is in good agreement
with the experimental data. The % AAD between the experimental and model-predicted
loading data is for the (TAEA + MDEA +H:0) system found to be 1.538. For the
system (TAEA + AMP +H;0), it is 2.696, respectively, which further confirms the
accuracy of the ANN model to predict the CO> solubility in aqueous (TAEA + MDEA

+H,0) and (TAEA + AMP +H0) systems.

e The CO; solubility in the aqueous solvents of (TAEA + MDEA +H20) and (TAEA +

AMP +H-0) findings show that CO- loading increases with partial pressure at any given
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temperature and amine concentration for all solvent blends studied. At constant
pressure and amine content, CO> loading also decreases as temperature rises.

e The density and viscosity of the aqueous novel solvents (TAEA+H>0), blends of
(MDEA+TAEA+ H>O) and (AMP+TAEA+ H;0) solutions were measured.
Additionally, the experimental data were correlated with varying temperature ranges at
changing the composition of the blends for CO; capture. The diffusivity values of these
blends, as mentioned above, are calculated from the viscosity values using the modified
Stokes-Einstein equation. The density and viscosity of all the above solutions show
decreasing trends with increasing temperature and further increases with the increase
in mole fraction of TAEA is the solution. The diffusivity values increase with the rise
in temperature and decrease with the increase in the mole fraction of TAEA. In addition,
all the systems show a negative excess molar volume because of their strong
intermolecular force. The solubility of N2O in these solutions was measured at (293.15
to 323.15) K at atmospheric pressure and correlated with the temperature-dependent
Arrhenius type equation. The calculated henry’s law constant value of N2O in
(TAEA+MDEA+H>0) increases with an increase in temperature and increasing mole
percent of TAEA in the mixture because of the exothermic nature of the gas absorption.
Whereas the (TAEA+AMP+H;0) shows that increase in temperature, the values
increase and decrease with increasing the mole percent of TAEA, which indicates that
the activator has more affinity towards N>O. The percentage of deviations obtained over
the density, viscosity, and solubility of N>O is less than 10% which indicates a good
agreement with experimental data. The physical solubility and diffusivity of CO> in
(TAEA + H>0) and blends of (MDEA + TAEA + H,0), (AMP+TAEA+ H>0) solutions

were calculated using the N>O analogy.
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e Finally, it is also shown from the comparative study that at higher CO; partial pressure,
the CO: loading in the solvent systems is greater than the CO: loading in other
conventional aqueous amines used in CO. capture processes. All these evaluated
properties can help design COz separation processes using TAEA based solvent and its

subsequent utilisation.

5.2 Future directions
e The current effort primarily focuses on generating solubility data for CO; partial
pressures of 2-500 kPa. The generation of solubility data at regeneration pressure

and temperature is an essential next step.

e The heat of absorption (AH) is a crucial metric since it determines the amount of
total heat released during absorption and the regeneration energy necessary to
remove CO, from the solvent. As a result, this attribute should be tested

experimentally using a reaction calorimeter.

e The Kkinetics of absorption for CO> in the present studied solvents should be focused

on before considering the testing of solvents on an industrial or pilot scale.

e A commercial simulator, such as Aspen Plus®, should be used to simulate the
absorber-regenerator unit for the aqueous amine solvent explored in these studies.
Parametric influences, including relative amine composition, temperature,
absorber/regenerator pressure, liquid to the gas ratio (L/G), reboiler duty, must be

investigated.

e The thermophysical properties of CO2-loaded amine solvents, in addition to

unloaded solvents, are critical for the accurate design of the absorber cum
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regeneration unit. As a result, these properties must be precisely measured over a

wide temperature and CO- loading range.

e Corrosion and solvent degradation are the main concerns with amine technology's
widespread adoption. Future research should focus on the oxidative and thermal

degradation of all activated and aqueous amine solvents.
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Table Al1.1 Comparison of experimental density and viscosity as a function of Temperature
(T) and Mass fraction (w) for pure and aqueous N-methyldiethanolamine (MDEA) at a

pressure of 0.1 MPa .2

MDEA, Density, p/kg.m Viscosity, / mPa.s

mass  T/K Coraturars TS, This
Iterature Iterature

(w) % work work
288.15 1044.5 1044.1 141.9 142.0
100 31315 1026.7 1027.2 34.78 34.73
333.15 1012.3 1012.6 14.50 14.66
288.15 1018.0 1016.7 2.650 2.624
o0 31315 1009.1 1008.6 1.301 1.305
333.15 999.30 999.50 0.858 0.860
288.15 1029.0 1030.7 4.402 4.399
30 31315 1018.0 1019.3 1.937 1.929
333.15 1006.9 1007.1 1.207 1.218

®The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(p) = 2.5
kg-m~3, u(n) = 0.17 mPa.s, u(w)=0.01. Solvent is water.
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Table Al.2 Comparison of experimental measured Henry’s constant of CO; in water as a

function of Temperature (T) and partial pressure of CO>.2

Pcoz2/ kPa Solubility/ (mol.kg of Henry’s constant H,
solvent?) mol.kg*.kPal
T=30115K
47.6 0.0164 3.15 -10-This work
105 0.0346
212.8 0.0674 3.145 - 10*-NIST (2019)*'
411.2 0.1287
T=313.15K
58.3 0.0144 2.40 - 10*-This work
120.6 0.0275 2.38 - 10*- Literature®
231.7 0.0557
454.4 0.1073
T=323.15K
62.3 0.0126 1.97 - 10*-This work
128.2 0.0250 1.96 - 10*- Literature®
251.9 0.0540
484.1 0.0915

The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(c)=0.001 kmol.m™,
The combined expanded uncertainties for solubility measurements Uc (Kn-co2) =34.37

kPa.m3 kmol™* with (0.95 level of confidence, k=2). Solvent is water.
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Table A1.3 Comparison of experimental measured Henry’s constant of N2O in water as a

function of Temperature (T) and partial pressure of N2O.?

Pn2o / Solubility/ Henry’s constant H/
(kPa) (mol.kg of solvent?) (mol.kg™. kPa)

T=313.15K
60.5 0.0107 1.757 - 10"*-This work

1041 27

1315 00212 1.653 - 10™- Literature
249.7 0.0432
464.2 0.0825

T=323.15K
66.2 0.0088 1.447 - 10**-This work
140.6 0.0195 1.339 - 10™*- Literature®’
270.4 0.0392
512.1 0.0730

T=33525K
66.1 0.0071 1.089 - 10*-This work
141.6 0.0151

0.953 - 10*-NIST (2019)*'

285.5 0.0309
516.8 0.0565 1.065 - 10**- Literature?

The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(c)=0.001 kmol.m,
The combined expanded uncertainties for solubility measurements Uc (Kn-n20) =60.4

kPa.m3. kmol* with (0.95 level of confidence, k=2). Solvent is water.
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Table Al.4 Equilibrium loading values of N2O in pure TAEA as a function of Temperature

(T), Pressure (P) and concentration (M) @

T/ K

293.15 303.15 313.15 323.15

P/ Absorbed, P/ Absorbed, P/ Absorbed, P/ Absorbed,
kPa mol/kg kPa mol/kg kPa mol/kg kPa mol/kg

89.3 0.0502 912 0.0399 964 0.0307 1024  0.0247

287.9 0.1317 2875 0.1190 303.6 0.1148 319.3  0.0989

Pure TAEA 4483 0.2027 4605 0.1807 4848 0.1705 4949 0.1694
599.8 0.2660 610.8 0.2538 640.9 0.2488  647.3  0.2346

779.1 0.3566 7944 0.3199 810.2 0.2994 8248  0.2959

The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa.
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Table A1.5 Comparison of experimental density and viscosity as a function of Temperature
(T) and Mass fraction (w) for pure solvents N-methyldiethanolamine (MDEA) and 2-amino

2-methyl-1-proponol (AMP) at a pressure of 0.1 MPa 202

MDEA, T/K Density, p/kg.m3 Viscosity, #/ mPa.s
mass (w) % Literature?®  Thiswork  Literature?®  This work
303.15 1031.5 1032.8 57.86 57.97
100 313.15 1024.9 1027.2 34.31 34.73
323.15 1017.4 1019.1 21.67 21.89
333.15 1009.8 1012.6 14.39 14.66
AMP, T/K Density, p/kg.m Viscosity, 5/ mPa.s
mass % Literature?®  Thiswork  Literature?®  This work
303.15 926.7 927.9 99.47 99.65
313.15 917.9 9194 46.92 47.01
100 323.15 909.6 9111 24.21 24.52
333.15 901.1 902.3 13.99 14.35

The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(p) = 2.5 kg-m3, u(y) =
0.17 mPa.s and u(w)=0.01.
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Table A1.6 Measured excess molar volume, (Vexp / cm®. mol™) of ag. TAEA, ag. (MDEA +

TAEA), and agq. (AMP + TAEA) systems from (293.15 K to 333.15) K

Vexp® / cm.mol*

Concentration / T/K
(kmol.m?) 293.15 303.15 31315 323.15 333.15
ag. TAEA (1)
01 -0.0561 -0.0320 -0.0348 -0.0330 -0.0594
0.3 -0.0933 -0.0841 -0.0846 -0.0881 -0.1059
05 -0.1481  -0.1318 -0.1405 -0.1433 -0.1516
07 -0.2093  -0.1938 -0.2050 -0.2092 -0.2200
0.9 -0.2684 -0.2560 -0.2701 -0.2818 -0.2954
ag. (MDEA (1) +TAEA (2))
29+01 -05170 -0.4935 -0.4792 -0.4644 -0.4540
97403 -0.5661 -0.5466 -0.5449 -0.5270 -0.5261
25405 -0.6218 -0.6049 -0.6175 -0.5991 -0.6066
93407 -0.6861 -0.6791 -0.6867 -0.6710 -0.6812
91409 -0.7569 -0.7473 -0.7564 -0.7482 -0.7661
ag. (AMP (1) + TAEA (2))
29+01 -0.4540 -0.4485 -0.4441 -0.4349 -0.4492
27403 -0.5051 -0.5015 -0.4988 -0.4928 -0.4956
25+05 -0.5580 -0.5561 -0.5552 -0.5498 -0.5753
23+0.7 -0.6104 -0.6084 -0.6054 -0.5996 -0.5998
21+0.9 -0.6665 -0.6633 -0.6723 -0.6688 -0.6675
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Table A1.7 Equilibrium loading values of N2O in TAEA+H-0 as a function of temperature

(T), pressure (P) and concentration (M) @

Appendix 1

T/ K
Concentration / 293.15 303.15 313.15 323.15
(kmol.m) P/ Absorbed, P/  Absorbed, P/  Absorbed, P/  Absorbed,
kPa mol/kg kPa mol/kg kPa mol/kg kPa mol/kg
101.9 0.0240 1049  0.0206 116.2  0.0160 110.3  0.0073
2945  0.0763 316.3  0.0657 339.1 0.0611 339.1  0.0529
0.1 489.4 01190 5129 01121 5379 0.0984 5362 0.0874
662.8 0.1641 695.0 0.1499 725.7  0.1445 733.0 0.1219
846.9 0.2091 902.2 0.2006 9385 0.1777 942.6  0.1499
102.5 0.0212 110.1  0.0174 1195 0.0178 1189 0.0148
3144  0.0758 326.4  0.0637 337.0 0.0549 356.0 0.0530
03 500.9 0.1194 5164 0.1029 5325 00931 5656 0.0866
669.4  0.1571 696.7  0.1350 7148 0.1221 720.3  0.1115
870.7  0.1945 9035 0.1799 933.8 0.1668 9254 0.1514
101.1  0.0188 1135 0.0157 121.2  0.0157 130.3  0.0119
292.6 0.0664 3125  0.0592 337.3  0.0490 356.4  0.0425
0.5 523.3  0.1137 548.4  0.0977 588.1  0.0882 559.2  0.0756
706.5 0.1537 7447  0.1346 767.3  0.1213 752.1 0.1041
895.1  0.1902 942.0 0.1703 9704  0.1524 9619 0.1384
110.0  0.0226 113.3 0.0158 122.7  0.0132 124.3  0.0100
318.0 0.0647 329.8 0.0591 3493 0.0503 3525 0.0460
0.7 506.4 0.1015 526.9 0.0861 554.7  0.0784 554.7  0.0712
691.3 0.1396 7179  0.1276 758.2  0.1072 758.3  0.0997
883.1 0.1732 922.0 0.1589 964.9 0.1448 974.7  0.1333

The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(c)=0.001 kmol.m=.

TH-2912_136107043

129



Appendix 1

Table A1.8 Equilibrium loading values of N2O in pure MDEA+TAEA+H>0 as a function of

temperatures (T), pressure (P) and concentration (M) @

T/K
Concentration / 293.15 303.15 313.15 323.15
(kmol.m) P/ Absorbed, P/ Absorbed, P/ Absorbed, P/ Absorbed,

kPa mol/kg kPa mol/kg kPa mol/kg kPa mol/kg

99.3 0.0220 1013 0.0154 984  0.0142 1057 0.0074

2944 0.0530 3060 0.0449 3032 0.0397 327.0 0.0368

2.9+0.1 4748 0.0743 4936 00759 491.1 0.0672 512.8 0.0632
6448 0.1080 6726 0.1035 669.0 0.0936  698.3  0.0953

837.1 0.1418 8758 01351 8612 0.1218 892.8 0.1161

1047 00178 1288 0.0174 1152 0.0110 1152 0.0086

301.8 0.0475 3332 0.0496 3286 0.0438 3295 0.0389

2.7+0.3 489.0 0.0760 5258 0.0738 520.3 0.0673 518.8  0.0649
673.4 0.1060 7028 0.0995 7013 0.0956 7042  0.0867

866.4 0.1392 889.3 0.1240 9040 0.1204 9015 0.1116

1100 00153 1146 0.0154 1124 0.0106 110.3  0.0093

3047 0.0468 317.8 0.0440 307.4 00387 3166 0.0352

2.5+0.5 4915 0.0709 5029 0.0694 499.0 00623 5082 0.0606
669.7 0.1002  653.2 0.0907 6795 0.0855 690.0 0.0808

849.8 0.1296 8043 01085 868.8 0.1120 8817 0.1055

100.7 0.0146 1051 0.0138 1132 0.0108  103.8  0.0094

306.1 0.0406 2941 0.0366 3209 00390 3115 0.0350

2.3+0.7 4745 0.0721 4752 0.0653 509.0 0.0627  500.8 0.0569
652.4 0.0956  657.1 0.0869 691.4 0.0845 6829 0.0768

848.0 0.1208 8439 0.1090 8925 0.1065 891.1  0.1028

The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(c)=0.001 kmol.m=.
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Table A1.9 Equilibrium loading values of N2O in pure AMP+TAEA+H0 as a function of

temperatures (T), pressure (P) and concentration (M) @

T/K
Concentration / 293.15 303.15 313.15 323.15
(kmol.m) P/ Absorbed, P/ Absorbed, P/  Absorbed, P/  Absorbed,

kPa mol/kg kPa mol/kg kPa mol/kg kPa mol/kg

102.9 0.0207 101.7 0.0173 99.1 0.0149 109.1 0.0120

298.9 0.0606 3075 0.0501 3044 0.0442 3257 0.0443

2.9+0.1 4788 01012 4961 0.0819 4938 0.0730 522.7 0.0684
665.6 0.1317 6738 01146 6725 01020 7103 0.0881

8576 0.1731 880.1 0.1489 8658 0.1315 9214 0.1214

1055 0.0202 1056 0.0183 1129 0.0164 117.8 0.0145

306.7 0.0596 309.6 0.0562 3262 0.0511 3383 0.0437

2.7+0.3 486.1 01049 4956 0.0875 5209 0.0796 537.0 0.0690
665.4 0.1328 6783 01152 7143 01065 7357  0.0945

8548 0.1785 8756 0.1500 919.0 0.1452  946.4  0.1249

101.8 0.0197 1086 0.0191 1161 0.0152  121.3 0.0146

302.2 0.0620 3199 00584 3347 0.0501 346.3 0.0493

2.5+0.5 4816 0.1010 509.3 0.0909 5322 00850 5546 0.0718
656.3 0.1424 6946 01221 7236 01134 7482 0.0979

841.6 0.1703 8883 0.1569 9282 0.1436 9586 0.1241

99.3 0.0210 1040 0.0184 1086 0.0162 1155 0.0157

301.5 0.0633 3128 00552 3234 0.0536 339.3 0.0458

2.3+0.7 4776 01009  500.7 0.0916 521.1 0.0816  542.0 0.0734
6534 01366 680.0 0.1221  710.2 0.1107 736.0 0.1011

843.8 0.1779 8827 0.1603 9126 0.1489 9480 0.1259

The standard uncertainties u are u(T) = 0.3 K, u(P) = 0.01 MPa, u(c)=0.001 kmol.m™,

TH-2912_136107043
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Table A1.10 Estimated diffusivity (Dcoz . 10° / (m2.s%) in ag. (i) (TAEA), (ii) ag. (MDEA +
TAEA) and (iii) ag. (AMP + TAEA) using the N2O analogy

TH-2912_136107043

Concentration / T/K
(kmol.m?) 293.15 303.15 313.15 323.15 333.15
(i) ag. (TAEA)
01 1724 2.096 2564 3.150 4.102
&5 1556 1.852 2271 2.708 3.376
0.5 1420 1.713 2.026 2.427 2.946
0.7 1299 1542 1.833 2151 2.620
0:9 1185 1381 1.644 1949 2363
(ii) ag. (MDEA + TAEA)
29+0.1 0.386 0.574 0.852 1.204 1.500
27+03 0.372 0550 0.796 1.113 1.447
25405 0.349 0.507 0.722 1.057 1.347
23407 0.343 0.487 0685 0976 1.290
21+0.9 0.380 0.477 0676 0.950 1.266
(iii) ag. (AMP + TAEA)
29+0.1 0.432 0.627 0990 1336 1.839
27403 0.384 0583 0906 1.279 1.720
25+05 0.367 0.551 0.832 1.159 1.547
23407 0.349 0527 0.783 1.072 1.399
21409 0.336 0489 0.720 1.030 1.374
132



Appendix 2

A2.1 Calculation of Uncertainty in the Experimental
Measurements

Any physical quantity (Y) such as density, viscosity, solubility, and diffusivity depends

on many factors such as temperature(X1), concentration(Xz), pressure(Xas), etc. So, we

can write as shown below:

Y =f (X1, X2, X3 0000y XN)

If an experimental measurement is repeated in independent and unbiased ways, the
measurement’s result will be slightly different every time. So, it is difficult to get the “best.”
value. Therefore, the uncertainty term in the experimental measurement is considered in this
work.

So how to calculate uncertainty

Step 1: It has taken the mean value of all independent variables (X1, X2, Xs,....., Xn)

and dependent variable ().

Ex: Let’s assume ‘p’ times experiment is repeated

X, +X, . +X, ,+...X

Ty 11 12 13
Mean of Xl(Xl)_ B

Step 2: Now calculate standard deviation from the mean of all the independent and

dependent variables.

Ex: Standard deviation of X1 (u, )= i=0

Step 3: After that, calculate combined standard uncertainty (uc?).

133
TH-2912_136107043



Appendix 2
N 2
L2 of 1 2

Ex: uC = izl(axi} uXi
Step 4: Finally calculate expanded uncertainty (U), taking the level of confidence 95% by
multiplying combined uncertainty with 2.
Ex: Uc=2*uc
Example: (TAEA+H-0) density ( o ) data from Chapter-3 (Table 3.2) at a given temperatures

and concentrations are given below:

p/ kg.m?
Concentration T/K
(mol.kg™) 293.15 303.15 313.15 323.15 333.15
aq. TAEA (1)
0.102 1000.9 9969 9935 989.3 985.6
0.307 1002.4 9989 994.9 990.9 986.5
0.512 1004.7 1000.4 996.7 992.3 987.3
0.717 1007.3 1002.7 998.8 994.3 989.2
0.922 1009.7 1004.9 1000.9 996.5 991.3

During the experiment, the temperature is fluctuated 0.3 K. Let’s assume that the experiment
performed at 313.15 K. So the temperature of the experiment may be 313.45, 313.15, or 312.85

K.

So mean temperature is 313.15 K.

Standard deviation (Ut) =0.2 K.

Uncertainty in concentration (Uconc) = 0.001 mol/kg.

Uncertainty due to sample impurity is also considered. Assume sample purity is 98% and the

difference between the density of pure sample and impurity is 10 %.

So, relative uncertainty due to impurity is Ur = 0.1*(1-0.98) = 0.002
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So uncertainty due to impurity present in pure compound U; = Ur * p = 1.99 kg/m?

Now calculate the temperature gradient (2—?} . We will find the different slopes at different

points to take the average.

(a—pJ = 0.425 kg/m?. K
oT

Similarly we take concentration gradient [%} = 9.0524 kg/kmol

Now calculate combined uncertainty (uc) =

{LUT (a—pn +(Um (8—'0)} +U,2} =1.99 kg/m?
or ocon

Finally expended combined uncertainty Uc = 2* uc = 3.99 kg/m3
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Appendix 3

A3.1 Brief calculations for solubility measurements of CO: in
water (Appendix-1, Table Al1.2)

All the temperatures, pressures, and volumes are calibrated, and the values are reported here

are the calibrated ones.

Cell volume = 875.56 cc

Charge volume = 60.96 cc

Mass of solution = 298.293 gms

Volume of solution = 292.42 cc

Temperature of the cell = 301.18 K

Saturation pressure of the solution, P = 0.07 bar

Initial charge pressure (Pcharge) = 7.0167 bar

Temperature of the Charge section (Tcharge)= 300.55 K

Density of the gas @ Pcharge and Teharge = 0.2908 mmol/cc (Taken from the NIST site)
Total moles in the Charge section = 60.96 x 0.2908 = 17.73 mmol
After isolation of the gas to the Charge to cell section,

Final charge pressure (Prinal) = 0.75 bar

Temperature of the Charge section (Tcharge)= 301.57 K

Density of the gas @ Prinal and Tcharge = 0.03 mmol/cc (Taken from the NIST site)
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Final moles in the Charge section = 60.96 x 0.03 = 1.83 mmol
Gas transferred to the cell section = 17.73-1.83 = 15.9 mmol
After attaining equilibrium,
pressure in the cell (Pcen) = 0.545 bar
Final gas pressure inside the cell ( Pinal-cell )= Pcen - P%3t = 0.545-0.07 = 0.476 bar
The temperature of the cell section (Tcen)=301.18 K
Density of the gas @ Prinai-cen @and Tcenn = 0.019 mmol/cc (Taken from the NIST site)
Vapour space in the cell section = 875.56-292.42 = 576.14 cc
Final moles in the cell section = 576.14 x 0.019 = 11.0 mmol

Gas absorbed in the liquid = Gas transferred to the cell section - Final moles in the cell section

=159-11.0=4.9 mmol

Absorbed gas, mmol/gm = Gas absorbed in the liquid / (Mass of solution x (1-% solvent

in vapour)/100)
=4.9/(298.293 x (1-0.0073)/100)

=0.0164 mmol /gm
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The same procedure is repeated for the subsequent iterations, and the values are given in the

below table

Pcoz/ kPa Solubility/ mol.kg* Henry’s constant H,

mol.kg*. kPa!
T=301.15K

47.6 0.0164

105 0.0346
3.15 - 104-This work

212.8 0.0674

411.2 0.1287

TH-2912_136107043
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Typical M-File and Program output:

A4.1 Determining excess molar volume and binary interaction
parameters using Redlich-Kister equation for ag. (TAEA+H20)
system.

clc
clear

format long e

% %ocalculation of densities of pure components
rho=[976.23 964.1 953.2 943.6 934.2
998.2 995.7 992.2 988.2 983.2];
%TAEA% Water]
T=[293.15 303.15 313.15 323.15 333.15];
% 1 is for TAEA and 2 is for water
M=[146.23;18]; %M is molecular weights
%rhom is experimental densities of mixtures in kg/m3

%row indicates coposition and column indicates temperature

rhom=[1000.98 996.98 993.5 989.3 985.63
1002.35 998.85 994.98 990.85 986.54
1004.65 1000.41 996.71 992.32 987.31
1007.25 1002.68 998.82 994.27 989.19
1009.65 1004.87 1000.86 996.47 991.32];

Qfmmmmmmmmmmmmmm e e

%calculation of pure component volume at set of experimental temperatures from density
above
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for j=1:5
VO01(j)=M(1)/rho(1,));
V02(j)=M(2)/rho(2,j);
VO0=[ VO01; V02] ; %VO0 is in m3/kgmol
end
x1=[1.46463384 4.385 7.31426857 10.23948803 13.16]; % wt% of TAEA
x2=[98.53536616 95.615 92.68573143 89.76051197 86.84]; % wt% of water

1Y A S, U W S S SN [ P

% mole fractions are found using mass percentages

for ii=1:5
XFL(ID=(x2(ii)/ML)/((XL(i1)/M(L))+(x2(ii)/M(2))); %mole fraction of TAEA
xf2(i)=(x2(ii)/M(L))/((xL(ii))/M(1))+(x2(ii)/M(1))); %mole fraction of water

xm(i)=xf1(ii)*M(1)+xf2(ii)*M(2);%xm is the average molecular weight of components
summation(sigma)of (mole fraction *molecular mass)

xfl
xf2
xm;
for j=1.5
s1(ii,j)=xfL(ii)*VO(1,j)+xf2(ii)*V0(2,));
% s1 is summation(sigma) of (mole fractions *pure component volume)
%excess volume of liquid mixtures VE=Vm- sigma(x*Vio) %s1 indicates this sigma(x*Vio)
%Vm is the molar volume of the liquid mixture and Vi0 is the molar volume
%of the pure fluids at the system temperature
end
end
s1;

Xm;
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for jj=1:5 %Vm is molar volume calculate using mole fractions and density
VML1(jj)=xm(1)/rhom(1,jj); %jj is because of no of compositions taken
VM2(jj)=xm(2)/rhom(2.jj);
VM3(jj)=xm(3)/rhom(3,jj);
VMA4(jj)=xm(4)/rhom(4,jj);
VM5(jj)=xm(5)/rhom(5,jj);
end
VM=[VM1;VM2;VM3;VM4;VM5];
VE=VM-s1
% VE IS EXPERIMENTAL EXCESS MOLAR VOLUMES---------------- -

respectively

for ii=1:5
pl(ii)=xf1(ii)*xf2(ii);
p2(ii)=p1(ii)*(xfL(ii)-xf2(ii));
p3(ii)=pl(ii)*(xfL(ii)-xf2(ii))"2;
end
v12=[p1; p2; p3]’;
r=pinv(v12);
A=r*VE;
Al=A"

for j=1:5
tG)=T0);
©2()=TG)"2;
end
t1=t;
t12=12;
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T2=[ones(1,5); t1; t12];
T3=T2,

B=pinv(T3);
coef=B*Al

% coef =

% Ao Al A2

% a= -49.017 -1059 -57.271

% b= 0.30875 0.6671  0.36061

% c¢=-0.00050389 -0.0010899 -0.00058978

%calculation of densities of mixtures using the calculated coefitients
a=coef(1,);
b=coef(2,:);
c=coef(3,);

for kk=1:5
for nn=1:3
bb(nn,kk)=b(nn)*T(kk);
cc(nn,kk)=c(nn)*(T(kk))"2;
end

end

for mm=1:5
Ail(mm)=a(1)+bb(1,mm)+cc(1,mm);
Ai2(mm)=a(2)+bb(2,mm)+cc(2,mm);
Ai3(mm)=a(3)+bb(3,mm)+cc(3,mm);
Ai=[Ail;Ai2;Ai3];

end
for rr=1:5
vel(rr)=pl(1,1)*Ai(1,rr)+p2(1,1)*Ai(2,r)+p3(1,1)*Ai(3,rr);
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ve2(rr)=pl(1,2)*Ai(1,rr)+p2(1,2)*Ai(2,r)+p3(1,2)*Ai(3,rr);
ve3(rr)=p1(1,3)*Ai(1,rr)+p2(1,3)*Ai(2,rr)+p3(1,3)*Ai(3,rr);
ved(r)=pl(1,4)*Ai(1,rm)+p2(1,4)*Ai(2,r)+p3(1,4)*Ai(3,rmr);
ve5(rr)=p1(1,5)*Ai(1,rr)+p2(1,5)*Ai(2,rm)+p3(1,5)*Ai(3,rr);
end
ve=[vel;ve2;ve3;ve4;ve5];

Vm=ve+sl;

for zz=1:5
Rhom1(zz)=xm(1,1)/Vm(1,zz);
Rhom2(zz)=xm(1,2)/Vm(2,zz);
Rhom3(zz)=xm(1,3)/Vm(3,zz);
Rhom4(zz)=xm(1,4)/Vm(4,zz);
Rhom5(zz)=xm(1,5)/Vm(5,zz);

Rhom=[Rhom1;Rhom2;Rhom3;Rhom4;Rhom5]
end
%rhom is experimental densities of mixtures
rhom;
%Rhom is ecalculated densities of mixtures
Rhom;
Rhom(:,1);
Rhom(:,3);
Rhom(:,4);
Rhom(:,5);

%standard deviation calculation
x=Rhom-rhom;

X1=x."2;

x2=sum(x1);

x3=sum(x2');

sd=sqrt(x3/24)
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%average absolute absolute deviation calculation

b=abs(x);
P=b./rhom;
P1=sum(P);
P2=sum(P1";
aad=(P2*100)/25

Program output:

VE =
-5.611179885446974e-05
-3.303072458156128e-05
-9.329698563444872e-05
-8.806283716578794e-05
-1.480683942742603e-04
-1.432929305194702e-04
-2.093087333353942¢-04
-2.091777716605389%¢-04
-2.683819823659402e-04
-2.818472344509951e-04

coef =

-1.243476675503389¢e+02

8.001890219294860e-01

-1.288768376412810e-03
sd =

3.537781554079003e-01
aad =

2.731718755247563e-02

TH-2912_136107043

-3.200529405199618e-05

-5.939180548526421e-05

-8.413179215093283e-05

-1.058813121826499¢e-04

-1.318472311123489e-04

-1.516425366847041e-04

-1.937735276439194e-04

-2.200054357846676e-04

-2.559508087320167e-04

-2.953888379767372e-04

-2.837171462922246e+02

1.825559350603159¢e+00
-2.939321465109806e-03
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-3.475555526001595e-05

-8.462624722016879¢e-05

-1.405111729695235e-04

-2.049540160642752¢e-04

-2.700892265953166e-04

-1.620227935702026e+02
1.042315822573528e+00
-1.677770343554209e-03
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A4.2 Determining binary interaction parameters for viscosity
using Grunberg-Nissan Model for ag. (TAEA+H20) system

Q

% viscosity regression using Nissan-Grunberg corelation
clc

clear

format long e

%1 is for TAEA, 2 for Water

T=[293.15 303.15 313.15 323.15 333.15]

M=[146.23;18]

x1=[1.46463384 4.385 7.31426857 10.23948803 13.16]; % wt%s of TAEA
x2=[98.53536616 95.615 92.68573143 89.76051197 86.84]; % wt% of water

s mole fractions are found using mass percentages
for i=1:5

x£1(1)=(x1 (1) /M(1))

x£2 (1) =(x2 (1) /M(2))

/((x1 (1) /M(1))+(x2(1)/M(2)))
/((x1 (1) /M(1))+(x2 (1) /M(2)))
end
% etal and eta2 are the viscosities of the pure components
% viscosities are in m Pa sec
etal=[12.475 7.8291 5.3559 3.7774 3.1368];
eta2=[1.002 0.7978 0.6531 0.5471 0.4658];

Q

% etam is the experimental viscosities

etam=[0.99 0.83 0.70 0.59 0.46
1.12 0.97 0.82 0.71 0.59

1.26 1.07 0.94 0.82 0.70
1.41 1.22 1.07 0.95 0.81
1.58 1.40 1.22 1.08 0.92];

Q

% Viscosities of pure component

for 3=1:5
Inetal (J)=log(etal(3));
lneta2 (j)=log(eta2(j)):

end

F————F Viscosities of measured viscosities—---—----

for ii=1:5 %ii indicates composition

for n=1:5 %n indicates temperature
lnetam(ii,n)=log(etam(ii,n));

end

%1ln etam=sigma (x1lnetai) + doublesigma (xixjiGij)
%$A=sigma (x1lnetai)
$B=doublesigma (xixjiGij)
lnetaml=1lnetam
for m=1:5
for k=1:5
A(m,k)=(xfl(m))* (lnetal (k))+(xf2(m))* (lneta2(k));
end
end
B=lnetaml-A
for kk=1:5
x12 (kk)=xfl (kk)*xf2 (kk) ;% calculation of coefficient attached to G
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end

C=x12
B1=B"'
D=pinv (C)
G12=B1*D

tl2=t2;
T2=[ones (1,5);
T3=T2"';

B=pinv (T3) ;
coef=B*G12

tl; tl2];

[

end
Gl2=a*ones (5,1)+bb(:,1)+cc(:,1);

for mm=1:5
for nn=1:5

Lnetam (mm, nn)=xfl (mm) *1netal (nn) +x£f2 (mm) *1neta2 (nn) +x12 (mm) *G12 (n

end
end
% Etam is the calculated viscosity
% etam is the experimental viscosity
Etam=exp (Lnetam)

Etam(:,1)
Etam(:,2)
Etam(:, 3)
Etam(:,4)
Etam(:,5)

$calculation of standard deviation
error=Etam-etam

m=error.” 2

ml=sum (m)

m2=sum (ml) "'

sd=sqrt (m2/25)

%calculation of average absolute deviation
b=abs (error)

P=b./etam

Pl=sum (P)

P2=sum (P1"')

aad=(P2*100) /26
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Program Output:

coef =
-1.174381763370208e+03
7.324796214166682e+00
-1.106598130715793e-02
a =
-1.174381763370208e+03
b=

7.324796214166682e+00
c=

-1.106598130715793e-02

aad =

9.602193973944999¢+00
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A4.3 Solubility using Arrhenius type equation Model for aq.
(MDEA+TAEA+H20) system

function Arrhenious_equation
format short g
E0=[38529
1.2355e+05
-20617
717.6271;

options=optimset ('Display', 'iter', 'MaxIter',5000, "MaxFunEvals', 5000, 'TolFun
,1e-10);

[E, resnorm, residual,exitflag,output] = lsgnonlin (@myfun,EQ0, [],[],options)
function f2=myfun (E)
H= [5961 6511 7161 7732

6300 7101 7509 8127

6652 7306 7880 8470

6921 7628 8285 8779];
x=(H);
=[293.15

303.15

313.15

323.151;
Cml=[0.1 0.3 0.5 0.7];
Cm2=[2.9 2.7 2.5 2.31;
for i=1:4
Y1(1)=(E(1)+(E(2)*Cml(1))+(E(3)*Cm2(1)))*(exp(-E(4)/T(1)));
Y2 (1)=(E(1)+(E(2)*Cml (2))+(E(3)*Cm2(2))) *(exp(-E(4)/T(1)));
Y3 (1)=(E(1)+(E(2)*Cml(3))+(E(3)*Cm2(3))) *(exp(-E(4)/T(1)));

Y4 (1)=(E(1)+(E(2)*Cml (4))+(E(3)*Cm2(4))) *(exp(-E(4)/T(1)));

$Y5(1)=(E(1)+(E(2)*Cml(5))+ (E(3) (Cm1(5) 2))+(E(4)*Cm2(5))+(E(5)*(Cm2(5)A2)
)+ (E(6) *Cml (5) *Cm2 (5) ) ) * (exp (- ) /T (1

Y6 (1)=(E(1)+(E(2)*Cml(6))+ (E(3) (le(6) ))+(E(4)*Cm2(6))+(E(5)*(Cm2(6)A2)
)+ (E(6) *Cml (6) *Cm2 (6) ) ) * (exp (- ) /T (1))

SY7(1)=(E(1)+(E(2)*Cml(7))+(E(3)* (le(7)A2)) (E(4)*Cm2 (7)) +(E(5)*(Cm2(7)"2)
)+ (E(6)*Cml (7) *Cm2 (7))) * (exp (-E(7) /T (1))

end
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% s=std(yl)
plot(T,x(1,:),T,Y1,T,x(2,:),T,¥2,T,x(3,:),T,Y¥3,T,x(4,:))
Y=[Y1;Y2;Y3;Y4]

ans=Y';

$standard deviation calculation
err=x-Y;

errl=err.”2;

err2=sum(errl);

err3=sum(err2') ;

sd=sqrt (err3/15)

%average absolute deviation calculation
b=abs (err);

P=b./x;

Pl=sum(P) ;

P2=sum(P1"'") ;

aad=(P2*100) /16

tt=E

f2=[yl

y2

y3

Program output:

aad = 0.65372

E=
-1.8617e+05
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1.1074e+05
89402
772.26

resnorm =
67555

residual =

-79.533  -77.931  13.662  17.867
-46.792  178.01 -0.71238  21.756
-1.0507  48.943  7.9132 -26.355
-38.309 36.88  50.539 -108.47

exitflag =
3

output =

firstorderopt: 7.783e-05
iterations: 63
funcCount: 320
cgiterations: 0
algorithm: 'trust-region-reflective'

message: ‘Local minimum possible.

Isgnonlin stopped because the final change in the sum of squares relative to

its initial v..."
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