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ABSTRACT

This review is aimed to increase knowledge on computational CO, capture and storage
models that are gradually evolving in the design and development to act as more
effective carbon capture agents with acceptable toxicity and costs and complementary
adjuncts to experiments for comprehending amino-CO, reaction mechanisms. Also, the
review discussed experimental research of degradation reactions of aqueous organic
amines, measurements, kinetics and forecasts of amine pKa values and amine-CO,
equilibria.  Also, the researcher comprehensively discussed the computational
simulation of mechanisms of carbon capture reactions. In the contexts of experimental
and computational studies, the comparative advantages of bicarbonate, carbamic acid,
termolecular and zwitterion are described. Computational approaches shall gradually
evolve in the design and development to act as more effective carbon capture agents
with acceptable toxicity and costs and complementary adjuncts to experiments for
comprehending amino-CO; reaction mechanisms. Some of the main research findings
indicate that advancements in quantum computing might help in simulating larger
complex molecules such as CO,. Moreover, the simulations might discover new catalysts
for CO, capture that are more efficient and cheaper than present models. CO, capture
and storage (CCS) could minimize the CO, emission volume by 14%. The first stride in
CCS is capturing CO,. It accounts for 70% -80% of this technology total costs. Virtually,
50% of the costs to operate the post-combustion capture (PCC) plants are related to
steam costs. It is thus important to acquire the best possible data to avoid unnecessary
costs and overdesigns.

© 2021 Natt Makul. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons Attribution
Non-Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is
properly cited. (http://creativecommons.org/licenses/by-nc/4.0/)
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1. Introduction

The developments and scaling up of cost-efficient carbon capture processes are of great significance to allow
the extension of these technologies to minimize emissions of greenhouse gases [1]. With the objective of
designing a computational toolset that would allow the industry to more efficiently determine, develop, scale up,
run and optimize promising ideas, this initiated the carbon capture simulation initiative (CCSI). Advanced
multiscale modeling and simulations have the potentials to drastically reduce the costs and time of developing
new carbon capture technology. The CCSI is a partnership among universities, national laboratories and industry
[2]. The CCSI is designing, developing, scaling-up, operating and optimizing a range of such tools, including risk-
analysis frameworks, validated high-fidelity device-scale computational-fluid-dynamics (CFD) models with
quantified uncertainties, high-resolution filtered CFD sub-models, advanced dynamic process control frameworks,
uncertainty quantification and process quantification tools, dynamic process and steady-state models, and basic
data sub-models. These models and tools allow fundamental data sub-models to be deployed within
comprehensive process models to optimize and synthesize processes, including kinetics and thermodynamics.
The resulting processes inform the developments of more detailed simulations and process control systems of
possible equipment to enhance the designs and minimize the scale-up risks [3]. An important part of these
models and tools is quantifications and propagations of the uncertainties across scales.

Since the beginning of industrialization, there is little scientific doubt that concentrations of international
atmospheric CO, have been growing, majorly because of energy generation by fossil fuels’' combustion [4]. Fossil
fuels are still currently the major energy production sources regardless of rapidly increasing and extensive
investigations into renewable energy technologies. At least for the next couple of decades, fossil fuels are
anticipated to remain the main source of energy production. High concentrations of CO, create grave ecological
issues, remarkably increases in global temperatures, resulting in climate challenges such as more severe climate
and weather patterns, increasing sea levels, and melting of polar regions [5]. The general agreement is that
immediate reductions of CO, emissions from fossil-fuel-powered production are needed until more renewable
energy sources or more efficient technologies can substitute fossil fuels. In the short-to-medium term, CO,
capture and storage (CCS) among greenhouse gas ameliorations will be an integral green “bridging” technology.
CCS could minimize the CO, emission volume by 14% as forecasted by Economic Cooperation and Development
(OECD) and the International Energy Agency (IEA). The first stride in CCS is capturing carbon dioxide. It accounts
for 70%-80% of this technology total cost. In the literature, various post-combustion CO, capture (PCC)
technologies have been studied [6]. Such technologies include adsorption and other processes such as cryogenic
process and micro algal bio-fixation process, absorption process and membrane separation as indicated in Fig. 1.
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Figure 1: Methods and technologies utilized for CO» capture [19].

Nevertheless, the main challenge with amine-based gas scrubbing is the higher energy demands of the
capturing agent regeneration phase even though PCC technologies have great advantages [7]. The designs of
energy-efficient capture agents, improved process designs and technical improvements in the capture processes
can greatly minimize the high regeneration energy requirements. Other problems, like amine loss and formations
of nitrosamines, must be dealt with because they can pose grave health hazards and increase the costs of CO,
capture.
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Chemists and engineers have developed more effective adsorbents and absorbents by substantially optimizing
existing processes and equipment [8]. Chemists produce experimental data on kinetic and thermodynamic
energies (enthalpies, activation parameters and entropies), adsorbent and absorbent reactions with CO,, and the
corresponding equilibria and constant rates for the reactions that are important for a detailed comprehension of
desorption and adsorption/absorption processes.

Ab initio simulation methods and computational quantum chemistry (QC) in concert can offer efficient and
accurate predictions of structural and electronic features such as reaction species structures, transition state
energies, free reaction energies, and reaction energetics [8]. Also, spectroscopic strategies like UV-vis, EPR, Raman
and FTIR help in the practical experimental designs of contemporary adsorbent and adsorbent materials. Monte
Carlo (MC) simulation approaches and classical molecular dynamics (MD) also play integral roles in relating
macroscopic scale phenomena experimental observations to the molecular levels using atomistic molecular
mechanics force fields. They can for instance produce central comprehension of the influences of solvent-solution
interaction and the information of physicochemical ideas, transport behaviors (mass transfers, diffusivity and
viscosity), and reaction dynamics to solution CO, captures and release performances [9]. At the pilot-plant scale,
the interplays between quantum chemical and other molecular-level modeling and simulation approaches and
chemical engineering experiments can offer cost-effective and efficient ways to interpret data, directing study into
optimizing a plant for scale-up and deployments and process alternatives.

Advancements in quantum computing might help scientists simulate large and complex CO, molecules [10].
These simulations might reveal new catalysts for CO, capture that are more efficient and cheaper than present
models. Currently, small molecules can be simulated up to a few dozen qubits. However, this should be scaled to
the order of one million. Being able to easily and cheaply eliminate CO, directly out of the atmosphere would be
greatly powerful in the battle against climate change [11]. Quantum computing can be the instrument the
scientists require to design such an easy-to-deploy, clean and safe innovation. Now, the question is whether we
can design error-corrected and large-scale quantum computers that are needed to profoundly realize important
applications such as computational quantum-scale CO, capture and storage models. If scientists can design cost-
efficient and practical technologies to capture CO,, those technologies would immediately change the future of the
biggest sector in the universe and offer technical solutions to one of the most puzzling challenges facing humanity
[12]. This research explored the computational-scale and storage models to capture CO,.

The developments and scale-up of the cost-efficient carbon capture process are of great significance to allow
the widespread deployments of these technologies to greatly minimize the emissions of greenhouse gases [13].
One of the greatest problems for modern energy investigators is the challenge of thermodynamically scalable and
effective carbon capture. The combustion of fossil fuels leads to carbon dioxide emissions into the atmosphere.
The anthropogenic CO, emission is now changing the climate. For decades to come, combustion will remain a
major global energy system component even though various alternatives to combustion are being considered
[14]. Today's CO, capture technologies are energy-intensive, expensive and cumbersome.

Some of the notable remaining obstacles are the lack of economic incentives for investments and the costs
involved as carbon capture and storage (CCS) is making its way forward to development globally [15]. CCS is an
important tool or technology for minimizing emissions of greenhouse gases and slowing down climate change for
two main reasons. CCS is presently the only available tool for decarbonizing the heavy industry sectors. CCS is
essential in complementing sources of renewable energy with the least carbon-intensity fossil fuel power-driven
sources of energy.

The overall goal of this work is to acquire an integrated and full chain model of carbon capture, transportation
and storage processes that integrate the impacts on transportation and storage that can originate from having an
intermittent and dynamic generation of CO, [16]. Regarding the storage processes, the concentration of this
project will be on storage in depleted gas and oil reservoirs and saline aquifers and capture usage of products for
carbon dioxide. Carbon dioxide-enhanced oil recovery (CO»-EOR) offers a very vital economic incentive for carbon
capture and storage and can assist in accelerating its usage. Also, at different points, the full chain model shall
enable for identification of cost reduction potentials in the process [17]. The full chain model will establish how
specific differences would impact the rest of the chain.
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The concentration of this review is to highlight the current state-of-the-art in comprehending multifaceted and
still not fully comprehended, mechanisms of reactions in amine systems involved in CO, capture as shown in Fig. 2
[18]. Also, the review aims to summarize the main contributions that the approach of computational chemistry
have contributed to this crucially important area. Besides, the review aims to offer perspectives on the capabilities
of these strategies for futures in silico-designs of more successful CO, capture amine-oriented materials.

The current research is majorly concentrated on the literature investigations that have utilized quantum
chemical approaches in modeling the CO, capture reaction mechanisms and physicochemical properties and
chemical thermodynamics of aqueous amine absorbents by these solutions [19]. This knowledge will be combined
with major experimental investigations to create contemporary theoretical frameworks for comprehending the
complexities of reactions of CO,-amines.
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Figure 2: Scrubbing industrial process of a typical amine [18].

2. Theoretical Methods

In this section, we detailed the computational and theoretical approaches best-appropriate to model the
phenomena of CO,/aqueous-amine solutions. We majorly concentrated on the estimates made at specific theory
levels and how these affect the reliability and accuracy of these models for corroborating and interpreting
experiments and predicting properties of materials, reaction mechanisms and energetics [20]. In this chapter, we
provided sufficient critiques and summaries of fundamental theoretical methods to enable the audience to
comprehend and acknowledge consequent computational investigations of amine-oriented carbon captures.

Computational modeling of kinetic and thermodynamic characteristics is an active research field although it is
mature [21]. The modeling principles and standards are straightforward: suitable molecular modeling methods
are utilized to model reaction systems by defining suitable interactions and establishing relationships between the
macroscopic quantities and molecular interactions which are experimentally accessible. The prediction accuracies
directly depend on the levels of necessary estimations and precisions of the computational methods and
techniques made at each stage.

2.1. Molecular Simulation Methods

Brief overviews of the major molecular simulation methods and specific advanced techniques that are utilized
in CO, absorption simulations in amine solutions are provided here [22]. Molecular simulations consider models
having solute molecules immersed in a huge volume of solvent molecules and determine their behaviors based
on cautious calculations of the interaction between each component [23]. Transport characteristics such as
viscosity and equilibrium properties such as vapor pressure can be computed in statistical thermodynamics'
frameworks provided the system forces and potential energy can be determined from atomic coordinates.
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To represent bulk systems with a small number of molecules, these techniques generally use conditions of
periodic boundaries [24]. This is carried out by replicating the simulation cells (often cubic) in all dimensions.
Simulation is trying conducted in distinctive statistical and mechanical ensembles that have fixed sets of state
variables that are regulated in the experimental setups depending on the desired applications. The NVT
ensembles or canonical ensembles where the temperature (T), the number of molecules (N) and the volume (V)
are conserved, are utilized for single-phased fluids when densities are known [25]. The pressures are kept
constant rather than volumes in the NPT or isothermal-isobaric ensembles. The average system volume is utilized
in predicting fluid density. The Gibbs ensembles where two microscopic phases within the bulk stages are
introduced without any explicit interfaces are the most commonly utilized ensembles for acquiring phase
behaviors of mixtures and fluids like partition coefficients and solubility. The total number of molecules and
temperature are also held constant [26]. The models compute equilibrium characteristics like the coexisting
density of the liquid and vapors and saturated vapor pressures.

2.1.1. Molecular Mechanics/Quantum Mechanics/ (MM/QM) Simulation Methods

Since Quantum Monte Carlo methods or Ab initio molecular dynamics use full quantum chemical descriptions
of all interacting species that include many molecules of explicit waters, they are very expensive. In water,
chemical reactions usually involve fewer water molecules [27]. While treating the remainder of the water
molecules applying classical simulation methods, it is appealing to utilize quantum chemical descriptions of water
molecules involved in the capture reactions of carbon dioxide. Such techniques MM/QM divide the system into
two sections: the non-reacting remainders of the systems (treated molecular mechanically) and locally chemically
active sections (treated by QM methods), as indicated in Fig. 3.

MM
4

! { 2 g _{,nl
¥ Yy ; Y Y

a

OM QM
!M Cys

Figure 3: (a) A molecular system division into parts treated by MM and QM techniques. The boundary modeling between parts
utilizing the (b) connection atoms, HL, or (c) pseudo-atoms [20].

The QM region should include all atoms participating in electronic processes and the simulation results need
not rely on how the system division is done while this division is somehow arbitrary [28]. Only a few water
molecules participate in solvent effects such as hydrogen bonding in typical absorption processes. The system
total energy is computed as indicated in the Eq. (1).

U= UQM + UMM + UQM/MM (1)

For instance, Xie et al. [1] have utilized these techniques to investigate the differences between the
mechanisms of CO, absorptions in mono-ethanolamine and aqueous 2-amino-2-methyl-1-proponal. Lee and co-
researchers [21] also used the methods to research mechanisms of CO, absorptions in six amine solutions and
the improvements of CO, captures in mixed amine solution.

2.2. Hybrid Solvent Models

To study CO, absorptions in amine solution, some investigators have applied hybrid solvent models [29].
Usually, this model is slightly related to other previous models. Having a few major explicit water molecules and
QM core treatments of the solutes, hybrid CSM/QM/MM models for example are related to explicit schemes. The
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MM methods and techniques treat the next water layers that bond to continuum representations in subsequent
layers as indicated in Fig. 4.

Figure 4: MM/QM division representation. The core is the QM section (blue is intermediate theory level and red is high theory
level. The CSM or MM parts constitute the second layers (black) [22].

There are various challenges that have to be cautiously considered even though the hybrid solvent model has
had some successes [30]. Firstly, there are no basic rules for selecting the solvent molecules’ number and their
conformations. In the first solvation partition, the number of water molecules strongly depends on the
confirmation of solutes that can fluctuate during the reaction course. The absence of suitable constraints of
explicit solvent molecules and outer solvation shells close to the implicit/explicit boundaries to prevent diffusions
into the implicit phases dramatically influence interaction energies and solute behaviors [31]. Experience and care
are thus needed to correctly utilize the hybrid solvent models (mixed implicit/explicit models).

The setting of their conformational states and initial placements of solvent molecules can be accomplished
utilizing molecular simulation techniques as with explicit solvent approaches. In addition, various researchers
have developed a combination of computational methods using water clusters of different sizes since it has been
notably hard to model water due to non-negligible synergistic effects and hydrogen-bonding. For instance,
Temelso et al. [3] decided to apply thirty-eight clusters varying from two to ten water molecules each, Leverentz
and co-investigators [2] used fifteen water clusters having six to seventeen molecules each and Bryantsev and co-
researchers [4] developed twenty-seven water clusters consisting of twenty water molecules each. One need to
make sure that there are no hydrogen-bonding rearrangements in the explicit parts when researching the reaction
mechanisms of CO, absorptions into solutions of aqueous amines since the net losses or gains of one hydrogen
bond in the water clusters would negatively affect the reaction energy [32]. It is worth noting that important
advancements have been made by using multilayer approaches that combine MM and QM or QM description with
implicit solvent strategies in the fields of hybrid strategies.

2.3. Approaches for Computing pKa Values

In capture design and selection, one of the most important parameters is the pK, basicity of amine functional
groups in CO, capture solutions [33]. It provides direct measures of proton transfer thermodynamics. The basicity
(pKv) of amine functional groups in CO, captures solutions is an integral component of understanding the
corresponding absorption capacity and reactions of CO,. In aqueous solutions, the protonated amines’ pK, values
can be readily measured by experiments such as acid-base titrations [34]. Large databases are readily available for
measuring the protonated amines’ pK, values in aqueous solutions. Nevertheless, for promising amines not yet
synthesized, chemists should also estimate their pK, values. Employing computational methods, reliable
techniques for forecasting pK. values are thus of great significance in screening new amines for CO, captures. This
part highlights and compares the most effective approaches for correctly predicting and computing pK. values,
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even though not all the methods have been used to amines. See Seybold et al. [23] for recent and comprehensive
overviews of computational estimations of pK, values.

The methods for calculating pKa values of small molecules vary from majorly empirical to first-principle
methods [24]. To establish the complex relationship between the molecular structures and properties and pKa
values, empirical strategies usually utilize machine learning. Early research by Hall for example developed linear
relationships between pKa values of tertiary, primary and secondary amines and Taft o* values. However, the
correlations between different molecular characteristics and pKa values are often restricted to particular groups of
compounds. Generally, it is unwise to use these relationships to other clusters and molecules of the data sets [25].
Thus, the following summary concentrates on first-principle methods to pKa predictions, consistent with the
concentration of this review being greatly quantum chemical methods CO> captures in absorbents of aqueous
amines. The formula for the dissociation reactions of the conjugate acids of the amines is shown in Eq. (2):

R1R2R3NH(+aq) = R1R2R3N(aQ) + Hzraq) (2)

In which hydrogen or alkyl groups (tertiary, primary or secondary amines) are represented by the R,. pK is
described as shown in Eq. (3):

pK, = —logK,

[R1R,R3N]J[H*] (3)

7 [R;R;R3NH"]

For the computation of the pK, values, two major methods have been utilized. One of the approaches is the
direct computation method, where the reactions free energies are directly computed in the solutions, thus
preventing separate calculations of solvation free energies and gas phases [31]. The second method utilizes
thermodynamic cycles to approximate pKa for computations of reaction free energies in the solvation free
energies for products and reactants and the gas phases.

3. Experimental Phenomena

In this chapter, we provided information about appropriate experimental methodologies [32]. To determine
the free energies, activation parameters, equilibrium constants and kinetics for aqueous amine-CO, chemistry
among an apparently countless range of physical and chemical properties, a variety of experimental methods are
utilized. Often, chemical equilibrium investigations in solutions of carbonated amines use 'H and '3C NMR
spectroscopy in determining the concentration and nature of chemical species present the liquid phases as
functions of CO, compositions and amines [33]. This simple strategy to chemistry observations permits the
computations of activation parameters and equilibrium constants that can be utilized to interpret absorbent
behaviors among a variety of amines or used in the speciation modeling within the measurement data limits.

Systems of heterogeneous reactions involving the interaction of more than a single phase can be
experimentally hard due to the need of isolating chemical reactivity from the gas-liquid mass transfer effects in
dynamic systems. The most appropriate experimental approaches to research the kinetics of reactions depend on
the time scales of the reactions being investigated [34]. Generally, aqueous CO, reacts quite quickly with
secondary and primary amines that are best researched with approaches having appropriately quick temporal
resolutions, like stopped-flow conductivity and stopped-flow spectrophotometry. Typically, these approaches need
homogenous reaction media.

A common method is to rapidly react one solution of aqueous amines with a solution pre-saturated with CO,
[35]. With respect to the low CO, solubility (milli-molar range at atmospheric pressure, this method is somehow
restricted, needing concentration of amines to be equal, instead of the molar solutions or concentrations applied
in the industry. Using specialized equipment, greater dissolved CO, solutions can be accomplished at increased
pressures [36]. The methods that alternatively depend on measuring CO, mass transfer rates to the liquid phase
from the gas phase (such as stirred batch reactors, wetted-wall reactors, and disc reactors) can be deployed to
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establish the kinetics of CO,-amine reactions at industrially appropriate concentrations of amines. Nevertheless,
the methods are also complex because the techniques need the chemical reactions to correctly interpret the
results of experiments and decouple CO, diffusion effects via the liquid and gas [37]. Direct spectroscopic
methods such as IR or NMR spectroscopy can be employed for the determinations of kinetic constants for slower
reactions (such as the reactions of CO, with tertiary or hindered amines with bicarbonates and amines).

4. General Mechanism of CO; Absorption in Aqueous Amines

We critically examined CO, absorption simulations in different amino-based aqueous solutions in this section
[38]. | summarized the diverse mechanisms of reactions that have been recommended in the studies in this
chapter.

CO, captures are majorly through the formation of bicarbonates and carbamates in the overall chemical
processes as shown in Eq. (4).

R,R,NH + CO, + B = BH* + R,R,NCOO"~
R,R,NH + CO, + H,0 = R,R,NHJ + HCO; 4
R,R,NH + CO, + B = R,R,NH} + R;R,NCOO"

In which B is any base (alkaline) such as HCO3, H,0, and RR:NH and R; is hydrogen for primary amine [39]. The
protons will eventually transfer to a second amine R;R,NH if B is not an amine and the general reactions for the
formation of carbamates become the last equation above. Only bicarbonate mechanisms are possible in tertiary
amine or a tertiary alkanolamine. For alkanolamine solutions, the direct reactions of CO, with hydroxyl ions are of
little significance. The alkaline-catalyzed bicarbonate mechanisms recommended by Donaldson and Nguyen [24]
is thought to be the best appropriate for tertiary amine. For the unhindered secondary and primary amines,
previous experimental results and findings have indicated that the bicarbonate reactions are negligible. The
carbamate formations take place much more quickly than the bicarbonate formations. [40] By heating the
solutions, the regenerations of the capture agents are completed that drive the equilibriums first and second
equations toward the reactants.

Carbamate ions are mainly produced through reactions of equation one before bicarbonate generation, in
solutions of secondary or primary amines and under optimal conditions [41]. The nitrogen atoms lose hydrogen
atoms to the hydrogen-bond networks when the nucleophilic alkanolamine nitrogen atoms bond to CO,. For this
process, various competing reactions have been suggested in the literature.

4.1. Zwitterion Mechanisms

Initially, the hydrogen atoms remain on the amine nitrogen atoms, leading to zwitterion intermediates of
RiIR:NH'COO". These steps are followed by transfers of protons to second molecules of amines. Danckwerts [6]
recommended the zwitterion mechanisms. Versteeg et [7] reintroduced zwitterion mechanism. Initially
recommended by Caplow [8], zwitterion mechanisms are two-step simplifications of three-step mechanisms in
which water is the base B. Starting with the formation of carbonates, the two reaction steps are shown in Eq. (5):

Kik_1
CO, +R;R,NH & R;R,Nj; — €00~
) (5)
R,R,NH*C00~ + B—— R,R,NCOO~ + HB*

The carbamate concentrations are smalls at very low CO, loadings (that is often the scenario in the industry)
and thus can be considered irreversible. The CO; reaction rates (rCO-) in aqueous solutions with the application of
steady-intermediate conditions can be expressed in Egs. (6) - (7):
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k, [R,R,NH]
Ico, = 111—kz_1 [CO,] (6)
kg[B]
Tco, = k;[CO;][R{R;NH] (7)

In which kg[B] represents the zwitterion deprotonation rate constant by combinations of bases and by protons-
accepting species in the systems, like RiR;NH, OH-, HCO5, H,0O, or CO;*[41]. The formula above portrays fractional
orders between one and two regarding the amine concentrations.

4.2. Termolecular Mechanisms

Bond formations between CO, and nitrogen atoms and proton transfer from the alkanolamine to the base B,
takes place simultaneously. This provides termolecular reactions, a single-step that produces the R;R;,NCOO-
carbonate products. Crooks and Donnellan [9] suggested these mechanisms and except for intermediate species,
are somehow similar to the zwitterion mechanisms explained above. The reactions proceed through complex and
loosely bound encounters. The reaction can be exhibited as shown in Eq. (8):

R,R,NH + CO, + B & CO, + R,R,NH --- B » BH* + R;R,NC0OO~ (8)

In which amine R;R:NH, H,O and OH- are the predominant bases [42]. The rate of reactions can be represented
as shown in Eq. (9):

rco, = (Kamine[R1R2NH] + Ky, 0[H,0] + kou-[OH™]) x [CO,][R;R,NH] 9

When the amine concentration is higher than the CO, concentration (often the scenario industrial uses), its
amine concentration can be regarded as constant [43]. The equation (9) can thus be reduced to Eq. (10):

Ico, = Kops[CO.] (10)

In which ko represents the recorded reaction rate constant that can be experimentally measured and denoted
as shown Eq. (11):

kobs = (kamine[RleNH] + kHZO[HZO] + kOH_[OH_]) X [RleNH] (11)

These equations suggest that if available, OH-, H,O, RiR,NH and other alkaline solutions can affect the reactions
in parallel directions [44]. These behaviors are equivalent to the zwitterion mechanisms exhibited by k-1 > kB[B].
Some computational chemists have therefore presumed that in the termolecular mechanisms, a zwitterion need
not be totally absent [45]. The only requirements are that the zwitterion deprotonations are rates determining k-1
> kB[B]. The zwitterion deprotonates much less favorably than it loses CO,. These ideas have been used in some
computational investigations. Deprotonations occur majorly through water and amines in aqueous amine
solutions. The reaction orders are regarding bother amines and CO, when the contribution of OH- and amines to
carbamate formation is neglected and water (the solvent) is the dominant base [46]. The rate equation can be
denoted as shown in Eq. (12):

rco, = ku,o[H20][CO,][R,R,NH]? = k'[CO,][R;R;NH] (12)

In which k"is ky, ,. The reactions are the second-order with regard to MEA when the amines are the dominant
bases [47]. Then the rate is shown in Eq. (13):

Tco, = Kamine[CO2] [RleNH]z (13)
The numbers of fitted parameters in zwitterion mechanisms are greater than in the termolecular mechanisms.

4.3. Carbamic Acid Mechanisms

In protonation and alkanolamine of the carboxyl groups on the same molecules (producing intermediate
RiR:NCOOH carbamic acids), instantaneous proton transfer can take place either through concerted proton relays
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or directly. The base B consequently reacts with intermediate carbamic acid to form the carbamate products.
These are the best possible case behind the current intermediate carbamic acid mechanisms of McCann and co-
researchers [11] because they never specified how the carbamic acids might be formed in the original stage. In
this mechanism, the two sequential steps are shown in Eq. (14):

k
CO, +RR,NH 2 ——R,R,NCOOH

(14)
k
R,R,NCOOH + B—> R,R,NCOO~ + BH*

Carbamic acid mechanism varies from zwitterions’ method in the intermediate identity. The intermediate
identity (carbamic acids, not zwitterions) varies even though all of the rate laws are similar to the zwitterion
mechanisms [43]. Thus, differentiating between carbamic acid mechanism and zwitterion mechanism through
computational modeling should properly and correctly treat the comparative carbamic and zwitterion stability
forms.

4.4. Bicarbonate Mechanisms

Donald and Nguyen [10] recommended that tertiary alkanols-amine may react with CO, directly. Also referred
to as the base-catalyzed hydration mechanisms, they suggested bicarbonate mechanisms as shown in Eq. (15).

R,R,NH + CO, & R,R,NH, + HCO; (15)

Nevertheless, direct interactions between tertiary amines and CO, can be possible at exceedingly high pH in
contrast to Donaldson and Nguyen [24] recommendations, thus leading to formations of monoalkyl-carbonates.
Nonetheless, at pH values lesser than 12.408, the reactions are negligible. For the bicarbonate mechanism, the
rate expression can be denoted as shown in Eq. (16):

Tco, = k"[CO;][R;R,NH] (16)

When computing the above different mechanisms, many investigators on the amine/CO, reaction mechanisms
have considered proton relays or transfers [45]. Fig. 5 exhibits proton relays upon chemisorption of CO, to amines.
The differences among the mechanisms are ultimately hard to differentiate for two major reasons. The first
reason is that as the reaction condition fluctuates, the mechanisms can change [46]. For instance, the amines are
likely to be the proton accepting bases in any of the commended mechanisms at high unreacted amine
concentration and low absorbed CO, concentration. Other bases such as water can begin to make contributions
as the unreacted concentrations of amines are depleted and more CO, concentrations are absorbed [47]. This can
change the rate-restricting steps. The more stimulating reason is that to correctly differentiate among the
mechanisms needs certain observations of the intermediate species formed during the reactions between the CO,
and amines. Currently, the experimental methods and approaches deployed to research these reactions do not
enable quite adequate time resolutions for this to be possible [48]. Exploring the intermediate structures require
either the applications of fast time-resolved approaches such as pump-probe spectroscopies or the applications
of reduced temperatures to extend the intermediate species lifetimes.

5. Simulations of Thermodynamic Characteristics During Absorption of CO;
into Absorbents of Aqueous Amine

In this section, we discussed the physicochemical properties’ molecular modeling of amine materials, like the
equilibrium distributions in systems of aqueous carbon dioxide amines.

The absorbent choice with optimal thermodynamic characteristics is the original step in the designs of amine-
oriented absorber for CO, captures [49]. When selecting CO, capture agents, there are different chemical and
physical molecular properties that should be considered. The amine basicity or alkalinity for instance is a pointer
of its capability to react with carbon dioxide. The solvent flow rate needed is affected by chemical equilibria.
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During chemisorption, comprehending the thermodynamic process taking place can help in the investigation of
the capture agent solution effects on absorption of CO, and their constituent reactions [50]. This can ultimately
help in designing new amines with low regeneration energy requirements and high absorption capacity.
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Figure 5: Putative proton relay or transfer for CO> to amine chemisorption [8].

It is consequently vital to design instruments to define and forecast characteristics appropriate to the
absorption of CO,, like CO, diffusivities, equilibrium constants and solubility in diverse amine solutions [51].
Computational modeling and models that predict absorptions of CO, by new amine shall increase new discoveries
of important amine substances. Experimentally, modeling approaches can simulate accessible characteristics
which can, in turn, be utilized in guiding studies for better capture agents and offering further fields of
concentration for experiments [52]. For instance, Monte Carlo simulation can study equilibria conversions of
different species with good accuracy in reaction mixtures and quantum techniques can compute constants of
absorption equilibria. To compute CO, diffusion coefficients in reaction mixtures, molecular dynamics simulations
can be utilized [53]. In the literature, there are various illustrations in which computational modeling and models
have been utilized to forecast characteristics such as reaction enthalpies, chemical equilibria, free solvation
energies, activity coefficients and basicity of amines.

5.1. Thermodynamic Equilibrium

The reactions between aqueous amine and CO, during absorptions generate bicarbonates and carbamates
[54]. Based on the equilibria constants, investigators can forecast the overall performances of capture agents for
these species formations. In systems, the species distribution knowledge enables estimations of the CO, captured
amounts and the energies required for regenerations of absorbents. These aspects strongly depend on
carbamate stability and aqueous amine basicity [55]. The accurate characterizations of the structures and the
thermodynamic equilibria before and after CO, captures are important for optimizations and designs of amine-
treating process.

In the literature, there are various investigations on systems of CO,-amines [1]. Notable advances have been
recently made on the experimental side. To study structural properties of amine solutions after absorptions of
CO,, X-ray scattering has been used. Infrared absorption spectra have been utilized in monitoring these processes
in situ. The kinetics and chemical equilibrium are hard to experimentally research at the molecular levels due to
the rapid reaction rates and usual mechanisms of complex reactions [2]. To enhance the comprehension of the
microscopic characteristics of the scrubbing solutions, theoretical methods have been used. Enthalpies of
reactions between amines and CO, are some of the vital characteristics for the designs of CO, removal factories
and plants. Virtually, 50% of the costs to operate the PCC plants are related to steam costs [3]. It is thus important
to acquire the best possible data to avoid unnecessary costs and overdesigns. In this area, many computational
and experimental investigations have been reported.
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6. Simulation of Absorption Reaction Mechanisms

In this section, we detailed information on modeling various elements of mechanisms of CO, absorption
reactions in solutions to aqueous amines [6]. The most broadly researched and commonly used amine utilized for
PCC is MEA (HOCH,CH:NH>). In industrial small-scale applications, it is the standard amine used. As such, it
provides benchmarks for any study purposing to get more cost-efficient CO, absorbents [30]. All MEA molecules
react with CO, molecules at lower CO; loading (ordinary industrial conditions), generating the protonated amines
RNH; + (R-CH,CH,OH) and carbamate RHNCOO-. The carbonate formations lead to in 0.50 CO,/MEA ratios. That is,
per CO, molecule, two MEA molecules are consumed and one carbamate is formed [23]. The others serve as
bases to react with the released protons. For this pathway, the general stoichiometry is denoted as shown in Eq.
(17):

2RNH, + CO, & R,;R,CO0™ + RNHZ (17)

CO, is also captured as bicarbonates in addition to the carbamate products [27]. Bicarbonates are the
dominant products for high loadings of CO,. The bicarbonates are formed through the following reactions as
shown in Eq. (18):

H,0 + CO, + MEA & HCOj + RNH} (18)

To elucidate the CO, capture reaction kinetics in aqueous MEA, a range of experiments have been carried out.
For instance, over the temperature variety of 25-40 °C, Ali [13] described the reaction kinetics between MEA and
CO,. With the rate constants varying from 5.52 to 13.6 m*kmol's™!, Ali [467] described the Arrhenius activation
energies as 11.10 kcal/mole. At 25 °C and with a 5.55 m? kmol™" constant rate, Alper [14] described the Arrhenius
activation value of 11.20 kcal/mole. Employing the stopped-flow techniques, Henni et al. [15] described 5.50 m?
kmol™ s™! constant rate value and 11.10 kcal/mole activation energy at 25 °C. In good agreement with other
literature values, using the wetted-wall techniques, Puxty et al. [12] reported 2.63 m3 kmol™!'s! constant rate value
at 10 °C. For the reactions of MEA with CO,, McCann et al. [11] measured 6.11 m*kmol~'s™! constant rate value at
30 °C and at 30 °C described complete quantitative analyses of the MEA systems. Also, Conway et al. [25] explored
the constant rates utilizing stopped-flow spectrophotometry. During the reactions, colored acid-based indicators
were utilized in monitoring the changes in the pH. From the literature, a notable great spread of constant rate
values is notable. High-level theoretical investigations can offer insights into the potential mechanistic CO,
absorption pathways in MEA solutions by explaining the experimental values of kinetics.

7. Simulation of Degradation Reactions

We reviewed degradation reaction computational modelling in solutions of aqueous amine in this chapter.
Chemical degradation stabilities are integral properties of commercially feasible agents of CO captures. During the
capture processes, materials and compounds that dissociate or break down over time create great costs in
replacements of capture agents and downtime. Also, the degradation materials can be toxic. During CO, captures,
Vevelstad et al. [26] carried out MEA oxidative degradation investigations. While computations for degradations
with CO, were conducted at Hartree-Fock theory level, the B3LYP methods were utilized for computations of the
oxidative degradations. |IEF-PCM models were used to calculate the solvation energies. Various degradation
materials were integrated. Considering solvation effects, the Gibbs free energies of reactions and total enthalpies
were computed. The majority of recommended reactions were established to be favourable energetically.
Oxalamides and oxalic acids were proven to be the best suitable degradation materials [29]. Also, 2-oxazolidones
were formed via carbamate cyclization reactions. The protonated ethanolamine, 2-hydroxyetha-ammonium
(MEAH*) was believed to most likely proton donor as shown in Fig. 6.

8. Conclusion

In this section, we concluded and summarized the primary points discussed in this paper. We evaluated the
advancements made in the computational investigations of CO, captures in solutions of aqueous amines so far
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and outlined future study directions. Amines’ physicochemical characteristics play vital roles in their CO, capture
suitability. Chemical characteristics, including solubility, enthalpies, protonation constants, equilibriums, and
kinetics are directly associated with the original and ongoing capture process costs. Fundamental understandings
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Figure 6: Amine deactivations by formation of open-chain urea recommended by Sayari et al. [17].

of these characteristics will promote the discoveries and designs of new carbon capture substances that capture
and discharge carbon dioxide more effectively and have improved safety, the lower whole of life costs and less
degradation. Using well-established techniques such as spectroscopic techniques (UV-vis, FTIR, and Raman), ionic
and gas chromatography, potentiometric titrations, wetted-wall columns (WWC) and vapour-liquid equilibria (VLE),
many amine characteristics can be presently investigated and experimentally measured. Nevertheless, the costs
and time of synthesis of non-commercial amines and amine characterization experiments are hindrances to
promoting advancements in this area. The shortcoming of availabilities of large amounts of amine substances can
clearly limit large scale tests. Across a variety of amine chemo-types, sophisticated computer predictions and
modeling of structure-activity correlations, physical and chemical characteristics, and mechanisms of amine
reactions, can thus play vital roles in supplementing or complementing restricted experimental data. Synergistic
combinations of computer and experimental techniques help in identifying the optimal characteristics for amine
capture agents more rapidly than just experiment alone. Ultimately, such approaches will fast track future
generations of amine-oriented CO, capture substances.
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