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Solvent selection and design are critical in the CO, capture process as the choice of solvent directly impacts the
cost of the process, capture efficiency, equipment size, and regeneration energy. In the present study, 1MPZ-PZ,
PZ, PIP, DEEA and MEA-DEEA are analyzed in terms of interaction intensity (attractive and repulsive) and
diffusivity by molecular dynamic simulation. A high intermolecular interaction intensity promotes CO2 ab-
sorption, while intra-molecular interaction intensity affects COy desorption during the regeneration process.
Diffusivity is also an important factor for a fast CO, uptake rate, which is desirable for efficient CO2 capture. The
interpretation of diffusivity and intermolecular interaction intensity findings is conducted through mean square
displacement and radial distribution function analysis, respectively. The order of interaction intensity in various
amines is DEEA>MEA-DEEA>PIP>1MPZ-PZ. It shows that DEEA can increase the CO, absorption rate as it
shows the highest interaction intensity in pure and blended amine systems. The results of the intramolecular
interaction intensity show that it is easier to regenerate DEEA, PIP, PZ, and 1MPZ than MEA. The temperature
effect on the interaction intensity is revealed at higher temperatures, where the molecular structure becomes
unstable due to higher thermal motion, which is the cause of lower interaction intensity. On the other hand, the
mean square displacement analysis for the diffusivity rate shows that PZ shows the highest diffusivity rate
compared to other selected solvents. The order of diffusivity rate in various pure and blended amine systems is
PZ>PIP>1-MPZ-PZ>MEA-DEEA. The diffusivity of various amine solvent systems increases with temperature. As
examined in this current research, assessing solvent characteristics holds significant importance in optimizing the
most effective solvent system.

1. Introduction global warming and climate change (EV, 2011; Zhang et al., 2021).

Carbon capture and sequestration (CCS) stands as one of the viable

Modern industrialization has been a driving force behind economic
growth and technological advancement over the past century (Zhao
et al., 2023). However, a significant drawback of this industrialization
model has been its heavy reliance on the combustion of fossil fuels,
including coal, petroleum, and natural gas, to meet energy demands
(Wang et al., 2024; Zhang et al., 2023). These fossil fuels have served as
the primary sources of energy for various industrial processes, electricity
generation, transportation, and heating (Dong et al., 2022). CO> is the
most abundant anthropogenic greenhouse gas. It results primarily from
the burning of fossil fuels for energy and industrial processes. It accounts
for a staggering 93% of total anthropogenic greenhouse gas emissions.
The accumulation of CO2 in the atmosphere is the primary driver of

options to enable the continued use of fossil fuels while reducing CO4
emissions (Yi et al., 2022). Among the various technologies for carbon
dioxide (CO,) capture, chemical absorption is the method that has made
significant progress and is closest to commercialization (Fang et al.,
2020). Several alternative solvents have been identified for application
in COy chemical absorption (Liu et al., 2021a; Li et al., 2021). The
current study focuses on developing a consistent framework for better
solvent systems through computational processes like molecular dy-
namic simulation.

Numerous research studies employing computational methods have
explored amine-based absorption processes. For example, the study
conducted by (Masiren et al., 2014) explored the impact of temperature
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on the intermolecular interaction of primary amine and CO; in the ab-
sorption process through Molecular Dynamics (MD) simulations,
focusing on (MEA+H30+COy) system at three different temperatures
(298 K, 313 K, and 318 K). The analysis utilizes the radial distribution
function (RDF). Results indicate stronger interactions at 318 K compared
to 298 K and 313 K (Masiren et al., 2014). Hwang et al., (2015). con-
ducted a quantum chemical and molecular dynamics study to investi-
gate the reaction mechanisms of aqueous monoethanolamine (MEA)
with carbon dioxide (Hwang et al., 2015). The analysis reveals a
zwitterion-mediated two-step mechanism for both CO5 absorption by
MEA and solvent regeneration (Hwang et al., 2015). A study conducted
by Harun and Masiren 2017a, and Harun and Masiren 2017b investi-
gated the amine absorption processes by focusing on the mixture of
blended amines MDEA/PZ. This study employs MD simulations to gain
insights into the intermolecular interactions by RDF analysis within this
blended system. The findings indicate that the hydroxyl group (-OH) of
MDEA exhibits a stronger attraction to water molecules compared to the
amino group (-NH), and the intermolecular interaction probability be-
tween -OH and -NH groups of MDEA with CO; is enhanced in the
presence of PZ. This implies that PZ acts as an activator, promoting
intermolecular interactions between MDEA and COs, potentially leading
to increased CO; absorption rates and reduced heat regeneration re-
quirements (Harun and Masiren, 2017a, 2017b; Masiren et al., 2016a).
Similar results were obtained for the MDEA-PZ blend by Farmahini et al.
(2011) which contributes to the understanding of the interactions be-
tween piperazine-activated MDEA and COj, which is crucial for
designing efficient capture processes (Farmahini et al., 2011).

The study conducted by (Narimani et al., 2017) employed molecular
dynamics (MD) simulation to calculate the physical and chemical
properties of (amine/H20/CO>) systems, including density, solubility,
radial distribution function, and diffusivity (Narimani et al., 2017). The
MD results demonstrated a consistent trend with reported experimental
and quantum mechanical (QM) data, providing valuable insights into
the absorption mechanism for CO; capture by tertiary amine com-
pounds. A study conducted by (Masiren and Harun, 2017) employs
molecular dynamics (MD) simulation to investigate the effects of
different carbamate molecules, specifically monoethanolamine (MEA),
2-amino-2-methyl-1-propanol (AMP), and piperazine (PZ), in water
during the regeneration process. The simulation reveals that during the
stripping process, AMP and PZ facilitate easier CO removal compared
to MEA carbamate. The findings highlight MEA’s limitations in the
stripping process due to its weaker repulsive interaction strength in the
carbamate (Masiren and Harun, 2017).

Furthermore, molecular simulations provide a virtual platform to
investigate the influence of different solvent compositions, tempera-
tures, and pressures on the transport properties of CO, (Yu et al., 2018)
and interpret structure-property relationships (Malhotra et al., 2017;
Firaha and Kirchner, 2016; Liu et al., 2019; Gao et al., 2023; Xie et al.,
2023). Diffusion coefficients are crucial in understanding mass transfer
properties in absorption processes. The research (Masiren et al., 2016b)
estimated the diffusivity of various types of amines and the effect of
temperature on the diffusivity of monoethanolamine (MEA) absorption
for CO; capture. MD simulations at varying temperatures demonstrate
that as temperature increases, the diffusion coefficient also increases,
with the highest diffusion coefficient observed at 318 K (Masiren et al.,
2016b). These findings align with the principle that higher temperatures
enhance molecular movement, facilitating CO, capture in MEA solu-
tions. Masy’s research focuses on predicting the diffusivity of CO; in
substituted amines. Diffusivity is a critical parameter in the context of
CO4, capture, as it influences mass transfer rates (Masy, 2013). This work
contributes to a fundamental understanding of the transport phenomena
involved in CO; capture and can aid in the selection and design of
capture solvents. These computational approaches have proven suc-
cessful in enhancing comprehension of experimental outcomes and have
played a pivotal role in the development of innovative solvent systems.

Since the solvent plays a significant role in the chemical absorption
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process, careful selection of a solvent system coupled with ongoing
research and development, is crucial for advancing the science and en-
gineering of CO, capture techniques. Among other crucial characteris-
tics, the reversibility of the absorbent and its liquid structural attributes,
including diffusion coefficients and viscosities, hold substantial influ-
ence over the entire CO5 absorption process. In addition to a high ab-
sorption rate with CO3 and a low energy requirement, there are other
properties to consider while searching for an appropriate solvent. For
example, the solvent should be the least corrosive and should have a low
volatility and a high selectivity. It should also not be prone to temper-
ature and contaminant degradation (Zhao et al., 2024). Additionally,
economic considerations play a crucial role, with cost reduction being a
paramount objective. To achieve cost minimization, researchers
concentrate their endeavours on improving absorption efficiency,
necessitating the utilization of absorbents with robust absorption
characteristics.

Many researchers have recently investigated several novel individual
amine candidates such as diethylenetriamine (DETA), triethylenetetr-
amine (TETA), piperazine (PZ), 1-methylpiperazine (1MPZ), 2-amino-2-
methyl-1-propanol (AMP) and 3-dimethylamino-1-propanol (3DMA1P)
with the comparison of existing absorbents for CO3 removal (Dubois
et al., 2010; Rayer et al., 2014). Recent studies have predominantly
emphasized the absorption of CO; into sterically hindered polyamines
and tertiary amines, which have been identified as promising alterna-
tives to traditional MEA (Monoethanolamine) systems. This is why the
present study selected several amine systems like 1-methylpiperazine
(1MPZ), Piperidine (PIP), Piperazine (PZ), and Diethyl ethanol amine
DEEA (as presented in Table 1) (Chowdhury et al., 2013). estimated the
characteristics of MDEA against that of 24 different tertiary amine ab-
sorbents. The results of a comparative analysis show that DEEA has a
larger CO; loading capacity, a greater cycle capacity, and superior
chemical stability. Furthermore, the heat of the reaction of DEEA is
lower (Chowdhury et al., 2013). Because it has significant potential for
removing CO, from gaseous streams, DEEA is a good substitute for
conventional tertiary alkanol amines like MDEA (Vaidya and Kenig,
2012). Kruszczak and Kierzkowska-Pawlak (2017) measured the rate of
CO4 absorption in aqueous N, N-diethylethanolamine (DEEA) solutions
and examined the reaction kinetics of CO, with DEEA. The results of this
study indicated that DEEA can be a good potential candidate with a
second-order reaction rate constant (Kruszczak and
Kierzkowska-Pawlak, 2017). Dubois and Thomas measured the ab-
sorption and regeneration characteristics of piperidine (PIP), Piperazine
PZ, piperazinyl-1,2-ethylamine (PZEA), and various individual/blended
amines. In their study, AMP, MDEA/PZ, and PIP were identified as
possible solvent candidates for CO absorption (Dubois and Thomas,
2012).

The use of blended amine solvents in carbon dioxide (CO3) capture
processes has gained significant attention due to their potential advan-
tages over monoethanolamine (MEA), for example, the fast absorption
kinetics of primary and secondary amines and the lower regeneration
energy penalty associated with tertiary amines, makes them promising
candidates for CO capture (Wang et al., 2021). In line with this, Muchan
et al. (2017) conducted a study aimed at selecting the most suitable
amine solvents for CO5 capture, taking into account the position of hy-
droxyl groups within the amine structure. Their findings highlight that
primary, secondary, and tertiary amines with a single hydroxyl group
attached to the amine structure, such as AMP, 2EAE, and 2DMAE,
demonstrate superior CO; capture performance (Muchan et al., 2017). A
study conducted by Sharif et al. (2023a) revealed that primary and
secondary amines mixed with tertiary amines show greater potential as
compared to single amines (Sharif et al., 2023a).

These findings emphasize the potential of unconventional amines in
CO4, capture applications, which forms the basis for the current study’s
exploration of these alternative amines. Table 1 provides essential mo-
lecular information about the selected solvents in this study, laying the
foundation for further investigation into their CO5 capture capabilities.
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Table 1
Chemical Solvents Selected in the Present Study.
Name of Solvents Molecular Structure Molecular Weight (g/mol) Density (g/ml) CAS No.
1-Methylpiperazine CH 100 0.903 109-01-3
(1-MPZ)
N
N
H
Piperidine 85 0.861 110-89-4
H
N, N-Diethyl ethanol amine (DEEA) 117 0.885 100-37-8
/\N/\/OH
Piperazine PZ H 86 1.1 110-85-0
N
N
H
Monoethanolamine MEA H-N 61 1.01 141-43-5
2
\/\OH

This study is primarily concerned with two fundamental metrics: the
rate of CO; diffusion and the intensity for intermolecular interactions
within carbamate molecules. The primary goal of this research is to
determine the best solvent candidate for the absorption and stripping
operations. This is accomplished through a detailed examination of the
intermolecular and intramolecular interaction strengths of selected
amines, as well as a thorough investigation of the diffusion coefficients
within various blend compositions. The solvent system under consid-
eration includes 1-MPZ, PIP, PZ, DEEA, 1MPZ-PZ, and MEA-DEEA.
While previous research has focused on individual pure solvents as
well as amine blends, there is a considerable gap in the literature
regarding the complete analysis of diffusivity and interaction intensities
(both intra- and inter-molecular), within these specific combinations. As
a result, the present study fills the gap in the literature by exploring
diffusivity and interaction intensity. The current study’s three compo-
nents offer the most contribution to existing research in this area.
Beginning with an analysis of molecular behaviour throughout the ab-
sorption process, the current study used a computer technique called
molecular dynamic (MD) simulation. Second, in this investigation,
various types of amines were employed to identify which solvent system
have the best intermolecular and intramolecular interaction intensity.
The solvent system characterized by the most robust intermolecular
interactions plays a pivotal role in facilitating absorption, whereas the
solvent system with the lowest intra-molecular interaction can lead the
amine-CO3 system through the regeneration or stripping process. Third,
the current study established a simulation-based approach for esti-
mating the diffusivity of the previously unexplored solvent system.
Finally, the investigation will ultimately contribute to the identification
of the most promising amines for laboratory-scale implementation to
protect the environment by lowering atmospheric carbon emissions.

2. Model design and framework

Molecular dynamics simulation is employed to replicate particle
motion by solving the fundamental equations of motion within the
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context of COy capture (Biovia, 2017). In this current study, the
computational tool utilized for the simulation is Material Studio. There
are two types of case studies, i.e., the first is to calculate the interaction
intensity (intermolecular and intra-molecular) and the second one is to
estimate the diffusivity of the various solvent systems. The precise
specification of input parameters is of paramount importance for
ensuring both the consistency and accuracy of results during the simu-
lation process. The structural foundations are drawn from the Royal
Society of Chemistry’s comprehensive database (Chemspider, 2020).
The simulation methodology encompasses a sequence of distinct phases:
initial structure replication, energy minimization, construction of an
amorphous simulation environment, progressive relaxation of the model
to reduce pressure and energy, subsequent equilibrium and production
stages conducted under NVE (constant number of particles, volume, and
energy) and NVT (constant number of particles, volume, and tempera-
ture) ensemble (Sharif et al., 2020) as presented in Fig. 1. Boundary
conditions are critical to the accuracy and dependability of the results
produced by the material studio. Another important aspect of the
technique is selecting the forcefield and step duration, as both have a
direct impact on the timing and reliability of the result (Sharif et al.,
2022). The current step length is 1fs, and the force field is COMPASS.
According to the literature, the COMPASS force field evaluates the
configuration, structure, motion, and thermal physical properties of
numerous compounds at a wide temperature and pressure range
(Charati and Stern, 1998). The simulation commences with a 200-pico-
second equilibration phase under a fixed ensemble of particles, volume,
and energy (NVE), along with randomized initial velocities. This phase
aims to establish a stable system configuration while conserving energy.
Subsequent progression into dynamic mode, with constant particles,
volume, and temperature (NVT), facilitates the evaluation of diffusion
behaviour. The chosen forcefield and summation approach are derived
from the COMPASS and Ewald models, respectively, ensuring an accu-
rate representation of intermolecular forces. To estimate the interaction
intensity, the atoms are selected which take part in the reaction process.
This is conducted by doing the RDF analysis in the forcite module of the
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Fig. 1. Steps of Model Development in Material Studio.

material studio. To calculate RDF, we analyze the trajectories generated
during molecular dynamics (MD) simulations. The RDF, often repre-
sented as g(r), quantifies the likelihood of atom pairs being at a distance
of r + Ar from one another. Eq. (1) involves parameters like the number
of atoms around a given atom in a shell within the distance r + Ar (nij),
the total number of atoms (N), and the volume of the simulation box (V).

v

(r)
- o\ 1
NN, > i iapa @

i

8y (1)

To compute the diffusivity of the selected solvent system, the next
step after the construction of the amorphous cell is the dynamics at the
production and equilibrium phase. To enhance the authenticity of the
simulation model, the amorphous cell or simulation construct undergoes
an annealing process. Depending on the desired adjustments to density
and external pressure, the choice between the NPT (constant number of
atoms, pressure, and temperature) ensemble and NVT (constant number
of atoms, volume, and temperature) ensemble is crucial. For instances
where the initially chosen density aligns with practical considerations,
NVT can be adopted, aiming to stabilize the system’s pressure at an
average of 1 atm or 0.0001 GPa. This entire process is repeated once.
The simulated annealing procedure effectively mitigates internal stress
within the simulation model, substantially rectifying less plausible
structures introduced during construction. This phase is executed with
random initial velocities and a time step of 1 femtosecond (1 fs), as
certain thermostats may potentially interfere with system dynamics and
the diffusion coefficient. To evaluate the diffusion coefficient of CO in
selected amines, the forcite module of Material Studio employs mean
square displacement analysis, providing insights into the diffusion dy-
namics. Table 2 provides the simulation parameters for developing the
model in the material studio. The amorphous cell structure of the model
constructed in the present study is given in supplementary material
Fig. S3.
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Table 2
Calculation of the simulation model parameters for the selected solvent system.

Solvent Description I-MPZ PZ CO, H,O
System
1-MPZ-PZ Density of mixture 1.031

(g/ml)

wt% 30% 10% 10% 50%

Number of molecules 103 40 78 955
System Description PZ CO,, H,0
PZ Density of mixture 1.08

(g/ml)

wit% 30% 10% 60%

Number of molecules 46 30 442
System Description MEA DEEA CO, H,0
MEA-DEEA Density of mixture 1.04

(g/ml)

wt% 30% 10% 10% 50%

Number of molecules 172 30 79 975
System Description MPZ CO, H,0
MPZ Density of mixture 1.02

wt% 30% 10% 60%

Number of molecules 26 20 293
System Description PIP CO, H,0
PIP Density of mixture 1.008

(g/ml)

wt% 30% 10% 60%

Number of molecules 46 30 440

3. Model validation

The study employs the COMPASS (Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies) force field for
molecular simulations, accounting for both intermolecular and
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intramolecular forces. COMPASS is a versatile third-generation force
field suitable for various systems, including organic molecules, inor-
ganic gases, and polymers. It demonstrates high simulation accuracy
comparable to industrial processes (Cash, 1999; Balbuena and Semi-
nario, 1999). The studies show that COMPASS forcefield provides a
balanced representation of intermolecular interactions, encompassing
van der Waals forces, electrostatic interactions, and hydrogen bonding,
ensuring accurate descriptions of molecular properties like solvation,
solubility, and conformational behaviour. Furthermore, the COMPASS
force field, a versatile all-atom force field for molecular dynamic simu-
lation, was developed through a combination of state-of-the-art ab initio
methods and empirical parameterization techniques (Qiang et al.,
2013).

In molecular dynamics (MD) simulations, assessing the density of
amines plays a pivotal role in evaluating the suitability of the applied
force field. This computational approach utilizes the COMPASS force
field to calculate the density of amines within the simulated system,
allowing for an understanding of their molecular packing. To validate
the accuracy of these simulations, it’s common practice to compare the
obtained density values with experimental data. In this context, Table 3
presents the densities of selected amines at standard conditions of 298 K
and 1 atm, serving as a benchmark for validating the MD results. The
simulations were conducted using the NPT ensemble over a 2 ns time-
scale, with data recorded at regular intervals of 5000 steps. The resulting
average density profiles, depicted in Fig. 2, offer graphical representa-
tions of how the densities of specific amines, including MEA, 1MPZ, PIP,
PZ, and DEEA, vary across different regions within the simulation cell,
shedding light on their intermolecular interactions and behavior under
these conditions.

While examining the experimental densities provided in Table 3, it
can be seen that the densities of the selected amines follow the order:
PZ>MEA>1MPZ>DEEA>PIP. This density information is vital for
initializing the MD simulation, and ensuring the construction of a stable
configuration within the simulation cell. The process of cell construction
and geometry optimization takes place within the amorphous cell
module of the material studio. Fig. 2 visually illustrates the density
variations of the selected solvents throughout the simulation process.
Remarkably, the results from Table 3 and Fig. 2 exhibit strong alignment
with experimental data at the designated temperature. Consequently,
this congruence affirms the validity and appropriateness of the COM-
PASS force field and model employed in this study, providing authen-
tication for the simulation outcomes. This is according to the literature
which show that COMPASS forcefield is compatible with molecular
dynamics simulations, facilitating a robust framework for capturing
essential molecular interactions and dynamics, particularly in the
context of CO4y capture processes (Narimani et al., 2017; Harun and
Masiren, 2017b).

4. Results and discussion

Molecular dynamics (MD) modelling is a powerful computational
technique employed in various scientific disciplines, including chemis-
try and materials science, to simulate and analyze the behaviour of
molecules and atoms over time. In the context of carbamate synthesis,

Table 3
The calculation of Densities of Pure amines in Amorphous cell module of Ma-
terial Studio.

Name of Experimental Simulation Deviation
Solvent Density Density (%)
Chemspider (2020)

MEA 1.01 1.00 0.99
1-MPZ 0.90 0.91 1.01

PIP 0.86 0.84 2.32

PZ 1.10 1.09 0.90
DEEA 0.88 0.86 2.32
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Fig. 2. Density/(g.ml™") calculation of various selected amines.

MD modelling plays a pivotal role in understanding both inter and
intramolecular interactions of amines, which are critical in the reaction
mechanism. Another important key parameter studied in MD simula-
tions is the diffusion coefficient of amines. Mean square displacement
(MSD) analysis is a widely used method to calculate this coefficient. It
provides insights into the mobility of amine molecules within a given
system. A higher diffusion coefficient signifies faster movement of
molecules, which can be indicative of the efficiency of the reaction
process. The radial distribution function (RDF) analysis is an essential
aspect of MD simulations in this context. RDF analysis allows us to
evaluate the intensity of intermolecular interactions among amines. It
provides a quantitative measure of how likely two molecules are to be
found at a certain distance from each other. A stronger value of g(r) at
smaller distances (short-range interactions) indicates strong intermo-
lecular interactions. These interactions are crucial for the formation and
stability of reaction intermediates (Sharif et al., 2020).

The stripping or regeneration step in the CO, capture process is
indeed a critical and often expensive phase. It involves breaking the
amine-COj, link, which typically requires extremely high temperatures.
This step is necessary to separate the absorbed carbon dioxide from the
rich solvent, allowing for the regeneration of the solvent for further use
in the absorption process. The high temperature is needed to release the
captured CO; from the amine solution, therefore the temperature effect
on interaction intensity is also analysed in the current study. To better
understand the molecular-level interactions and temperature effect
involved in this process, simulations are employed. These simulations
investigate how carbon dioxide combines with water to form bicar-
bonate ions, primarily by examining the attractive forces between
carbamate molecules of various amines (MEA, PIP, PZ, DEEA, and
1MPZ) and water molecules. These attractive forces play a crucial role in
the formation and stability of bicarbonate ions and can provide insights
into the efficiency of the stripping process. Additionally, intramolecular
interactions, particularly those involving Ncarbamate-CcCarbamates are
explored in different amine solvents like MEA, PIP, PZ, DEEA, and
1MPZ. The outcomes of these case studies are provided in the following
sections.Fig. 3

4.1. Intermolecular interaction intensity of selected solvents for CO2
absorption process

The CO, absorption and desorption process is a crucial step in
mitigating the negative impact of CO, emissions on the environment.
This process involves capturing CO, from flue gas or other sources,
followed by its separation and storage. The efficiency of the CO4 capture
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PZ and PIP.

process is largely determined by the interaction between the CO and the
solvent used in the process. The strength of this interaction is influenced
by both inter-molecular and intra-molecular interactions.

Inter-molecular interactions refer to the forces between two or more
solvent molecules that determine the physical properties of the solvent,
such as its viscosity, density, and solubility. In the CO5 absorption pro-
cess, inter-molecular interactions play a crucial role in determining the
ability of the solvent to dissolve CO,. Solvents with strong inter-
molecular interactions are typically more effective at absorbing CO2
because they can more easily dissolve the gas. These forces can be
broadly classified into several categories, including ionic, covalent,
metallic, and van der Waals forces. The present study analyses inter and
intra-molecular interaction intensity for various solvent systems by
Radial Distribution Function analysis. This analysis considers the in-
teractions of C, N, O and H atoms involved in the reaction pathway.
Table 4 shows the summary of interaction intensity findings, and Fig. 4
shows the comparative analysis of interaction intensity for all selected
solvents in the present study. We discuss the reaction mechanism and
RDF finding one by one.
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4.1.1. Interaction intensity and reaction mechanism in DEEA and MEA-
DEEA system

There are two main pathways for primary, secondary and tertiary
amines that contribute to CO3 capture. Primary and secondary amines
react with CO3 to form carbamate ions. In this reaction, the amino group
(-NHy) of the amine molecule reacts with CO, to create a stable carba-
mate ion. The carbamate ion can later release CO2 during the regener-
ation phase, allowing for the separation and capture of CO,. Tertiary
amines react with CO5 to form bicarbonate ions (Liu et al., 2021b). This
reaction involves the amine group accepting a proton (H") from CO»,
leading to the formation of bicarbonate ions. Bicarbonate ions are sol-
uble in the amine solution and play a key role in capturing and con-
verting CO» into a soluble form. During regeneration, bicarbonate ions
can release CO; for subsequent capture or utilization (Xiao et al., 2018).
Eq. (2) and Eq. (3) below show the general reaction mechanism for
tertiary amine (refer to DEEA in the present study).

CO, + H,0 - H" +HCO; ()]

R1R2R3N+C02 4’]{2()<—>R]R2R31VI{Jr +HCO; (3)
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Table 4
Interaction Intensity of Various Solvent Systems at 313 K, 323 K and 333 K.
DEEA Npeea-Huzo Opgea-Cco2 HOpgra-Onz0 Npeea-Cco2
313K 5.25,1.13 3.25,1.08 3.25,1.29 5.25,1.82
323K 5.25,1.12 3.25,1.04 3.25,1.34 5.25,1.74
333K 5.25,1.12 3.25,0.84 3.25,1.29 5.75,1.53
1MPZ-PZ Nmpz-Huzo0 Nmpz-Cco2 Npz-Cco2 Npz-Hu20
313K 4.75, 0.90 4.75,1.43 5.75,1.27 4.75,0.87
323K 4.75, 0.94 4.75,1.50 5.75,1.20 4.75,0.84
333K 4.75, 0.91 4.75,1.49 5.75,1.29 4.75,0.81
MEA-DEEA Npeea-Huzo0 Opgea-Cco2 HOpgea-On20 Npeea-Ccoz
313K 5.25,1.18 3.25, 0.89 3.25,1.41 5.75,1.52
323K 5.25,1.17 3.25,0.89 3.25,1.33 5.25,1.53
333K 5.25,1.18 4.25,1.16 3.25,1.31 5.25,1.68
MEA-DEEA NmEa-Huzo Owmga-Cco2 HOwmEeA-Onz20 Nmea-Cco2
313K 4.25,1.11 5.25,1.16 3.25,1.33 3.75,1.42
323K 4.25,1.11 5.25,1.14 3.25,1.31 3.75,1.36
333K 4.25,1.11 5.25,1.12 3.25,1.30 3.75,1.39
PIP Npre-Huzo Oprp-Cco2 HOp1p-Onz20 Nprp-Ccoz
313K 5.25, 0.83 3.75,1.07
323K 5.25,0.76 5.25,1.23
333K 5.75, 0.85 5.25,1.31
60 = caamate™Ccarbamae LNEETACtion in various amines
DEEA ]I\)/;EA
1.25,54
50 m— PZ
. IMPZ —— DEEA
1.25,44 — IMPZ
40412539
PIP
=301 125,40
=
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Fig. 4. RDF Analysis of Repulsive Interaction in Various Amines at 313 K.

The most important interactions are O-C and N-C. For the tertiary
amine DEEA under investigation, a prominent peak appears around r =
5.25 A for (Npgea-Cco2) nitrogen in DEEA and carbon of CO3 in the RDF
plots (b). This peak signifies a common distance at which interactions
occur between the carbon atom of CO5 and the nitrogen atom of the
tertiary amines. The reaction mechanism in Eq. (3) shows that the
protonation of tertiary amines takes place in the presence of H,O and
CO, molecules. The RDF analysis shows its highest peak at 5.25 A
(Npega-Ccoz), (5.25,1.82) for all three temperatures observed in the
present work in the DEEA system (Table 3). It means that the carbon
atom of CO5 and the nitrogen atom of DEEA are approximately 5.25 A
apart at three different temperatures. Interestingly, tertiary amines lack
the N-H group necessary for direct interaction with CO; to form carba-
mate ions. Consequently, the electrostatic attraction between the ter-
tiary amines and CO- is weaker and we observe the first peak at a larger
distance like 5.25 A". This weaker interaction results in a probability of
finding COy molecules at further distances from the tertiary amines
(Fig. 3). These results can be justified by Narmani et al., 2017, where
similar results are obtained from a molecular dynamic simulation study
of tertiary amines (Narimani et al., 2017), the reaction rate in tertiary
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amines is slower than primary and secondary amines (which is the cause
of observing interaction at a higher distance of 5.25 A") (Chowdhury
et al., 2013). These results are reflected in the RDF plots in Fig. 3, where
the probability of finding CO2 molecules around different amine mole-
cules in all the studied solvents is provided in a specific order.s

The chemical reactions occurring between CO, and blended DEEA-
MEA solutions are controlled by the Eqs. (4)-(12) (Jiang et al., 2018).
Monoethanolamine (MEA) is well-known for its ability to react with
CO., forming a carbamate intermediate, a key step in the CO, capture
process. This reaction is facilitated by the N-C interaction, where the
nitrogen atom in MEA reacts with CO3 to form the carbamate species as
given in Eq. (8). Diethylethanolamine (DEEA), on the other hand, does
not participate in carbamate formation due to its tertiary amine struc-
ture. Tertiary amines lack the hydrogen atom necessary for forming the
N-H.O—C hydrogen bond, which is crucial in the carbamate formation
process. When MEA and DEEA are blended, the CO5 absorption process
involves multiple pathways, not limited to carbamate formation. While
DEEA does not form carbamate, it can still react with CO5 and water to
form bicarbonate and a protonated amine. This reaction enhances the
overall CO; loading capacity of the blend without directly participating
in carbamate formation Eq. (10).

H,O— H"+OH" @
CO, + H,0 - HCO; +H* (5)
HCO; < CO* +H" ©]
MEA +H' < MEAH" )
CO, + MEA < MEACOO™ + H* ()
MEACOO™ + H,0 < MEA + HCO; 9
R3N + MEAH™ < RyNH™* + MEA (10)
CO, +R3N + H,O < RyNH" + HCO; 11
RiN +H" - R;NH' 12)

While analyzing the MEA-DEEA system, it can be seen from Table 4
that Nyea-Ccoz is observed at 3.75 A” (3.75, 1.42) at 313 K, whereas the
same interaction for DEEA shifts to 5.75 A" (5.75, 1.52), as the distance
increased for DEEA. It indicates that MEA is more reactive to CO, than
that of DEEA. Other studies in the literature also support these findings,
for example, a study conducted by Chowdhury et al. (2013) demon-
strates that primary amines are more reactive to COy than tertiary
amines (Chowdhury et al., 2013). On the other side, the protonation of
DEEA takes place in the presence of CO2 and H,O as given in Eq. (11). As
a result, it is obvious from Eq. (11) that the interaction HOpgga-On20
must be higher than HOpga-Opzo which is reflected in Table 4
(HODEEA'OHZO, 3.25,1.41), (HOMEA'OHZO; 3.25,1.33). The existing
literature underscores that the presence of the hydroxyl group in amines
primarily governs their solubility in water, whereas the amino group
plays a crucial role in describing their reactivity in acid gas reactions
(Kohl and Nielsen, 1997). Therefore, the higher interaction intensity for
the hydroxyl group in MEA-DEEA indicates that it has a high solubility
in water as compared to other studied systems. Fig. 3(a), and (c)
demonstrated the comparative RDF analysis of Namine-Hu20 and HO,.
mine-Om20 in the whole solvent system analysed.

The blend MEA-DEEA creates a synergistic effect, where MEA facil-
itates rapid CO; capture through carbamate formation, and DEEA con-
tributes to the COy loading capacity through bicarbonate formation.
This synergy enhances the overall efficiency of the blend, even in the
absence of direct N-C interactions involving DEEA in carbamate for-
mation. The efficiency of the MEA-DEEA blend in CO; absorption is thus
not solely dependent on the formation of carbamate by MEA but also the
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complementary roles played by both amines. The presence of DEEA can
influence the solution’s physicochemical properties, such as viscosity
and thermal stability, potentially affecting the kinetics of CO5 absorp-
tion and desorption in the blend. The absence of direct N-C interaction
related to carbamate formation by DEEA in the MEA-DEEA blend does
not detract from the blend’s CO, absorption capabilities. Instead, the
blend leverages the strengths of both amines to achieve enhanced CO,
capture efficiency through complementary mechanisms. As a result, we
observe higher interaction intensity in the MEA-DEEA blend than in
1MPZ-PZ.

4.1.2. Reaction mechanism and interactions in IMPZ-PZ and piperidine

1-methyl piperazine (1MPZ) is a derivative of Piperazine (PZ), con-
taining a methyl group attached to one of the nitrogen atoms in PZ. It is
classified as both a cyclic and a diamine and possesses dual amine
characteristics, functioning as both a primary and secondary amine.
During the interaction with CO,, 1MPZ transforms, yielding formations
such as carbamate ions, zwitterion ions, and protonated carbamates. The
reaction pathway elucidating the MPZ interaction with CO is outlined
in Eq. (13) to Eq. (17) (Li et al., 2015).

CO,+2H,0 < H,0" + HCO; 13)
HCO; + H,0 < H;0" + COY a4
IMPZH* 4+ H,0 < IMPZ + H;0* (15)
IMPZH*" + H,0 < IMPZH" + H;0" (16)
IMPZCOO™ + H,0 < IMPZ + HCO5~ a7

The intermolecular interactions in 1MPZ-PZ indicate that MPZ
interaction with COy (Nmpz-Ccoz) is higher than the interaction of PZ
with C02 sz-Ccoz. Similarly, NMPZ'HH20 is also higher than sz-Hﬂzo.
This indicates that in the blend of 1MPZ-PZ, 1MPZ is more reactive to
COs than PZ. In addition, the solubility of 1MPZ is greater in HyO than
PZ. This is because of the methyl group attached to nitrogen in 1MPZ. On
the other side, the reaction mechanism of PZ demonstrates that it also
produces protonated carbamate. Hence the higher interaction intensity
in the MPZ-PZ blend can be because of both MPZ and PZ. These findings
can be supported by literature showing that PZ and its derivatives are
good activators for amines (Dubois and Thomas, 2012). Farmahini et al.
(2011) highlighted that the combination of MDEA and PZ in a blend
demonstrated favourable properties for the CO, absorption process.
Within this blend, the PZ molecule transforms protonated piperazine
(PZH™) and piperazine carbamate (PZCOO"), contributing to increased
solubility in water. Notably, the formation of PZCOO™ was found to
enhance the absorption rate, emphasizing the significance of this com-
bination in CO, capture applications (Farmahini et al., 2011). While
analyzing the Intra-molecular interaction intensity of PZ, the N-C bond
is easy to break and for the carbamate breakdown, the intensity is 39 A,
which is 46% less than MEA (whose strength is 21 A"). Consequently, it
is suggested to blend piperazine with other solvents to enhance the rate
of the CO, absorption process.

Piperidine is a cyclic amine containing a hydrogen atom on nitrogen.
The interaction intensity results of PIP indicate that it is more reactive to
CO; as compared to DEEA and 1MPZ as presented in Fig. 3(b). The
observed interactions in PIP are Nppp-Ccoz and Nppp-Hyoo as presented in
Fig. 3 shows that Piperidine does not contain the -OH group, therefore it
lacks Opip-Cco2, HOprp-Ono interactions and we can only observe two
interactions in it like Npip-Cco2, and Npjp-Hp20. Npip-Ccoz interaction is
higher than Npp-Hp20, which indicates that PIP is more reactive to CO».
These RDF results of interaction intensity show that it can be a good
promoter for tertiary or secondary amines to increase the COy absorp-
tion rate in solvent system. These findings are according to the litera-
ture, for example, a study conducted by Dubois and Thomas (2012)
shows that PIP has better absorption-regeneration performance than
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MDEA (Dubois and Thomas, 2012).

The RDF results of interaction intensity for various amines selected in
the present study show that the aqueous system of DEEA possesses the
highest interaction intensity than that of MEA-DEEA, PIP, and 1MPZ-PZ.
The order of interaction strength for various systems from higher to
lower is DEEA>MEA-DEEA>PIP>1MPZ-PZ. It shows that DEEA can
help to increase the CO, absorption rate either in a single form or
blended with other amines like MEA.

4.1.3. Temperature effect on interaction intensity of selected amines in the
present study

To analyze the influence of temperature on intermolecular in-
teractions, three different temperatures were selected: 313 K, 323K,
and 333 K. Intermolecular interactions are crucial in many chemical and
physical processes, such as solubility and reactions. The strength of these
interactions is influenced by various factors, including temperature.
Understanding the effect of temperature on intermolecular interactions
is essential for designing and optimizing chemical processes.

The RDF analysis is conducted at three different temperatures 313 K,
323 K and 333 K. The graphical representation of RDF at various tem-
peratures is presented in supplementary materials Figs. S4-S7. The in-
tensity results at various temperatures demonstrate that increasing
temperature does not have a significant impact on the interaction in-
tensity of DEEA, MEA-DEEA, PIP and 1MPZ-PZ. This is because, at low
temperatures, intermolecular interactions tend to be stronger. After all,
the molecules are more closely packed together due to reduced thermal
energy (Sharif et al., 2023a). With the temperature rise, the molecules
have more thermal energy as a result of which, the intermolecular dis-
tances increase. Therefore, the strength of intermolecular interactions
typically decreases with increasing temperature for example in DEEA
(Npgea-Hu20) and MEA-DEEA (Npgea-Hu2o), the strength of the inter-
action decreases with increasing temperature Fig. S4. However, in some
cases, the opposite trend is observed. For example, in the case of
hydrogen bonding, the strength of the interaction increases with an in-
crease in temperature up to a certain point (HOpgga-On20) in aqueous
DEEA and then decreases at 333 K (Supplementary material Fig. S5).
This is because thermal energy can facilitate the breaking of hydrogen
bonds and the formation of new ones, leading to an overall increase in
the strength of the interaction. However, beyond a certain temperature,
the thermal energy becomes too high, and the hydrogen bonds become
too weak to maintain their strength. In addition to hydrogen bonding,
other types of intermolecular interactions, such as van der Waals forces
and dipole-dipole interactions, can also be affected by temperature. For
example, in the case of van der Waals forces, the strength of the inter-
action decreases with increasing temperature due to the reduction in
molecular packing and increased thermal motion, this is the reason that
the interaction strength decreases at 333 K as given in supporting in-
formation Figs. S4 and S5. The temperature shows anomalous behaviour
for all the types of amines selected in the present study and this effect is
not substantial. In other words, temperature has no positive effect on the
strength of interaction and there is no significant increase or decrease in
intensity of various types of amines observed by RDF at various
temperatures.

4.2. Intra-molecular interaction intensity of selected solvents in the
present work for CO2 desorption

The interaction intensity is investigated using two methods to assess
carbamate stability. The first is the attractive interaction of Ccarbabamte-
Owater and Ncarbamate- Hwater, and the second is the repulsive interaction
of Ncarbamate- Ccarbamate- The pictorial representation of attractive and
repulsive interactions in primary and tertiary amines is given in the
supporting information file (Fig. S1). The results of these two in-
teractions are shown below.

Intramolecular interactions refer to the forces within a solvent
molecule that determine its shape and stability. In the CO2 desorption
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process, intramolecular interactions are crucial in determining the ease
with which the solvent can release the CO,. Solvents with weak intra-
molecular interactions are typically more effective at desorbing COy
because they can release the gas more easily. Intramolecular in-
teractions are crucial in determining the thermodynamic behaviour of
molecules and their ability to absorb or desorb gases such as CO». In the
context of carbamate molecules, the nature and strength of intra-
molecular interactions play a crucial role in the efficiency of the
desorption process. Table 5 shows the results of repulsive interaction in
various selected amines.

In computational methods, the strength of the repulsive interaction
can be estimated by analyzing the radial distribution function (RDF) of
the carbamate molecules. The RDF is a graph that shows the distribution
of the distance between pairs of molecules in a solution. The RDF can be
used to identify the strength of the repulsive interaction, as well as other
interactions such as hydrogen bonding, van der Waals forces, and
electrostatic forces. It is important to note that the repulsive interaction
in carbamate molecules is not the only factor that affects the desorption
process. Other factors, such as the size and shape of the carbamate
molecules, the solvent used, and the temperature and pressure condi-
tions, can also play a role in determining the efficiency of the desorption
process.

Table 5 presents the summary of findings for attractive and repulsive
interactions in various types of amines selected in the present study. The
peak observed in the repulsive interaction in Fig. 4 is due to the strong
repulsive force between the molecules, which pushes them apart and
prevents them from coming too close to each other. This peak is distinct
from the attractive interaction, which is responsible for holding the
molecules together. The attractive interaction (Cearbamate-Onz0) in MEA
is the highest of all of the studied amines, which means that MEA is more
reactive than all other amines. On the other side, the repulsive inter-
action (Ncarabamate-Cearbamate) in MEA is lowest (1.25A°, 21 A) as
compared to other solvents selected in the present study. Because it is a
repulsive interaction, therefore its lower value of N-C in carbamate
shows that it needs the highest energy to separate the solvent molecules
(Fig. 4), which is the highest drawback of using MEA. After MEA,
Piperazine (PZ), Piperidine (PIP), 1-methylpiperazine (1-MPZ) and
DEEA show lower energy in the repulsive interaction of bicarbonate.
One important factor that affects the strength of the repulsive interac-
tion is temperature. As temperature increases, the molecules in a
carbamate solution become more energetic and more likely to experi-
ence a strong repulsive interaction. This can result in a higher peak in
the repulsive interaction and, in turn, a more efficient desorption pro-
cess. This is the reason that desorption is often done at higher temper-
atures (Zhang et al., 2014). Another important factor that affects the
strength of the repulsive interaction in the desorption process, is the
nature of the solvent and the substituent attached to the nitrogen atom.
Different solvents have different properties, such as viscosity and po-
larity, that can affect the strength of the repulsive interaction. For
example, polar solvents tend to have a higher repulsive interaction than
non-polar solvents due to the presence of hydrogen bonding between the
solvent and the solute. This is the reason that different types of amines
vary the strength. Table 5 shows that 1MPZ shows higher intensity for

Table 5
RDF results of Attractive and Repulsive Interactions in Various Amines at 313 K.

System Ccarbamate-OH20 Ncarbamate-Hu20 Ncarbamate-Ccarbamate/
(r, g(1) (r, g(r)) Hpicarbonate-Cbicarbonate
(r, (1))
Interactions Attractive interactions Repulsive Interaction
MEA 3.75,1.41 4.25,1.09 1.25,21
PIP 3.75,0.92 5.25,0.83 1.25,40
PZ 3.75,0.60 5.75,0.92 1.25,39
DEEA 3.75,0.90 5.25,1.15 1.25,54
1MPZ 3.75,1.28 5.25,1.03 1.25,44
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the N-H bond which concludes that it can form strong hydrogen
bonding. Recently a study revealed that the solvent with higher
hydrogen bond capacity facilitates zwitterion (Wang et al., 2020), which
provides information about the reaction mechanism of 1MPZ.

Hence, from Table 5, the order of intramolecular interaction in-
tensity from  higher to lower energy requirement is
MEA>PZ>PIP>1MPZ>DEEA. It shows that DEEA postures the lowest
interaction parameter (1.25,54) among selected solvents, while MEA
has the highest. DEEA’s classification as a tertiary amine, characterized
by the presence of two hydroxyethyl groups on each nitrogen atom, is
pivotal to its chemical behaviour. Our findings reveal that DEEA exhibits
favourable ease of regeneration, a crucial factor in determining the
economic feasibility of such processes. This observation aligns with
established literature, such as Xiao et al. (2018); Wu et al. (2019), has
consistently reported that tertiary amines, including DEEA, demonstrate
lower desorption energies compared to primary and secondary amines.
This is attributed to the steric hindrance created by the bulky alkyl
groups, reducing the interaction with captured gases and facilitating
their release during regeneration.

4.3. Mean square displacement analysis of CO, diffusivity estimation in
MEA-DEEA, PIP, 1MPZ-PZ, and PZ at various temperatures

The mean square displacement MSD is defined as the average
displacement of a given particle in a system and is a powerful means for
determining the average molecular motion in solids, liquids and gases.
The MSD can be expressed as Eqgs. (18) and (19) given below.

MSD = (P (1)) = <§ > () - ri<0))2> as)
D= érlirg% (MSD) 19

Diffusivity is an important factor to consider in the design of a CO,
absorption column because it affects the rate of CO5 transfer from the
gas phase to the solvent. High diffusivity ensures fast and efficient CO5
absorption and reduces the size of the absorption column, thus reducing
capital and operational costs. Furthermore, the absorption column’s
design, including column height, diameter, and flow rate, should take
the solvent’s diffusivity into account to ensure that CO; is absorbed
efficiently. Therefore, the choice of solvent for the CO5 absorption
process should also be based on its diffusivity properties and its ability to
absorb CO;, effectively at the desired operating conditions.

Table 6 shows the CO, diffusivity estimation in various amine sys-
tems by MSD analysis. The blend of MEA-DEEA shows the diffusivity
0.48E-09 m?s~! at 298 K and this value gradually increases with tem-
perature. For example, it is 0.70E-09 m?s~lat 313 K and 0.97 m%s~! at
323 K as presented in. A similar pattern is observed in PIP, 1IMPZ-PZ and
PZ. The CO. diffusivity of pure PZ is highest from all the blends as well as
pure amines analyzed in the present study. Here MEA is taken as a
reference solvent. The diffusivity rate in PZ is 1.52E-09 m?s~! at 208 K,
1.75 m% ! at 313 K and 2.15E-09 m?s! at 313 K. It can be seen from
Table 6 that the diffusivity of a solvent generally increases with tem-
perature. This is because of the increase in the thermal energy of the
solvent molecules with temperature. At higher temperatures, the solvent
molecules have higher kinetic energy, which increases the rate of mo-
lecular diffusion and hence the diffusivity of the solvent (Masy, 2013).
Fig. 6 elaborates on the effect of temperature on the diffusivity of various
amine systems.

Another significant physical parameter for CO-capture effectiveness
is amine viscosity. Table 7 shows the viscosity of aqueous amines while
the boiling point of pure amines. Diffusivity is related to viscosity. The
well-known Stokes-Einstein relation provides the relationship between
viscosity and diffusivity as presented in Eq. (20).

DTy (20)
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Table 6
Simulation Findings for CO, Diffusivity Estimation in Various Amines.
Solvent System/ Simulation Results D(CO,)/ References
Temperature m2s™!
MEA-DEEA 298 K 313K 323K
0.48E- 0.70E- 0.97E-
09 09 09
MEA 298 K 313K 318K
1.42E- 2.11 2.42 Sharif et al. (2023b);
09 Yusof et al. (2021)
1.39E-
09
DEEA 313K 323K 333K
0.76E- 0.98E- 1.16E- Present work
09 09 09
1MPZ 313K 323K 333K
0.66E- 0.97E- 1.09E- Present work
09 09 09
PIP 303 K 313K 323K
0.80E- 0.96E- 1.28E- Present work
09 09 09
1MPZ-PZ 303 K 313K 323K
0.56E- 0.63E- 0.84E- Present work
09 09 09
PZ 298 K 303 K 313K
1.52E- 1.75E- 2.15E- Present work
09 09 09 Sun et al. (2005)
1.77E- Derks et al. (2006)
09
1.73E-
09
Table 7
Viscosities* and Boiling Points of Various Selected Amines.
Solvent  Molecular Boiling Viscosity/ References
Weight/(g. Point (°C) (cP)
mol 1)
DEEA 117 164 4.07 (Maham et al., 2002;
Karunarathne et al.,
2020)
PZ 86 149 1.87 (Freeman and
Rochelle, 2011)
1-MPZ 100.162 138 0.894 (Rayer et al., 2011)
MEA 61.06 171 24.1 (Nakao et al., 2019)

*Viscosites are given for aqueous solvents

In Eq. (20) ‘p’ is the viscosity of the solvent and ‘T” is the absolute
temperature. Viscosity is a measure of a fluid’s resistance to flow. At
higher temperatures, the kinetic energy of molecules increases, leading
to reduced viscosity. This means that the amine solvent becomes less
viscous and flows more easily. According to Eq. (20), the higher the
amine viscosity, the slower the diffusion of CO, in the amine solvent.
This indicates that low-viscosity amines benefit from fast kinetics and
lower viscosity can facilitate the mass transfer of CO3 molecules within
the solvent, promoting efficient absorption and regeneration processes
(Nakao et al., 2019).

Table 7 shows that the order of viscosity of aqueous amines chosen
for this study is MEA>DEEA>PZ >1MPZ. It indicates that aqueous MEA
has the highest viscosity so it should have the lowest reaction kinetics
but the studies show that the reaction kinetics and diffusivity of MEA are
faster than other conventional amines (Sharif et al., 2023b;. This can be
because of the size of MEA. Table 7 demonstrates that the molecular
weight of MEA is the smallest among all the amines. The larger the size
of the solvent, the slower will be the diffusivity and vice versa. Another
important aspect is the temperature. Temperature has a significant
impact on the diffusivity and viscosity of the amine system. Higher
temperatures tend to reduce viscosity, making the solvent less resistant
to flow. This could, in turn, enhance diffusivity. However, viscosity
reduction might not be linear and can vary with the nature of the solvent
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and its components. This aspect can be seen in 1MPZ, PZ. 1MPZ has a
lower viscosity than DEEA and PZ. However, the diffusivity estimation
of PZ indicates that it should have higher kinetics. These results can be
justified by other studies in the literature, which show that Piperazine is
often used as a rate promoter in various types of amines (Derks et al.,
2006).Fig. 5

Another reason for the lower CO; diffusivity in 1MPZ and DEEA is
the structural variation due to the presence of different functional
groups and the large size of amines. On the other hand, the boiling point
of amine is a critical physical characteristic for CO,-capture applica-
tions. Low-boiling-point amines, in particular, are harmful to the envi-
ronment and the economy because they are prone to volatilization. In
general, the higher the molecular weight, the greater the boiling point.
The other important aspect is the intermolecular forces, such as
hydrogen bonding, dipole-dipole interactions, and van der Waals forces.
Temperature directly impacts these forces. As temperature rises, mole-
cules vibrate more vigorously, leading to a greater number of collisions
and increased chances for these forces to come into play which in turn
cause increased diffusivity at higher temperatures. This can intensify the
strength of attractive interactions,

particularly for hydrogen bonding where molecules with hydrogen
atoms (such as NH or OH groups) can form stronger bonds. Therefore, in
the present scenario, the temperature has positive effect on the CO,
diffusivity in the selected amine. Fig. 6

Hence, efficient capture requires a delicate balance: strong interac-
tion intensity to facilitate absorption, optimal diffusivity to enable fast
CO2 movement, and manageable viscosity to ensure reasonable flow
behavior. Temperature’s impact serves as a tuning knob, offering op-
portunities for enhancement while navigating complexities in solvent
behavior.

5. Conclusion

The proposed molecular dynamic simulation method was used to
investigate the influence of temperature on intermolecular interaction
as well as the diffusivity of various types of amines. The study’s findings
can be utilized as a guideline to select a solvent based on properties that
substantially impact the absorption process. This study’s findings can be
used to improve the efficiency of current solvents while also providing
useful insights for the future development of blended amine solvents.
The findings are described below.

(a) While examining the intermolecular interaction intensity of
selected solvents, it was observed that the intensity is higher in
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Fig. 5. Diffusivity Estimation in Various Solvent System at 313 K.
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Fig. 6. Temperature Effect on Diffusivity of Various Solvent Systems.

the blended amine system than in pure amines. The order of
interaction intensity in various amine systems is DEEA>MEA-
DEEA>PIP>1MPZ-PZ. It shows that pure MEA and a blend of
MEA with DEEA show higher interaction intensity out of all
studied amines. Consequently, MEA-DEEA blend can increase the
CO;, absorption rate. The degree of intensity in 1MPZ-PZ and PIP
is also significant. It is suggested that PIP be combined with other
amines as an activator.

The intra-molecular interaction intensity finding revealed that
PIP, PZ and 1MPZ required less energy to regenerate the solvent
than MEA. The attractive interactions of N-H in DEEA for the
desorption process are higher than C-O interactions because
DEEA does not form carbamate during the reaction mechanism.
There is anomalous behaviour in the temperature effect on
interaction intensity. In certain circumstances, the intensity rises
from 313 K to 323 K before dropping off again at 333 K. This is
because molecules are more tightly packed together due to lower
thermal energy at low temperatures, which tends to make inter-
molecular interactions stronger. As the temperature rises, the
molecules gain more thermal energy which causes higher dis-
tances between molecules. Since the molecular packing is
reduced due to higher thermal motion, as a results intermolecular
interactions become weaker and we observe lower interaction
intensity.

Diffusivity is a crucial factor in the design and operation of a CO2
absorption column. The findings of the diffusivity estimation
indicated that out of all the solvent system examined in the pre-
sent study, PZ shows highest diffusivity rate in pure system. This
is the reason that PZ is often used as a rate promoter in the various
solvent system. The diffusivity estimation in blended amine sys-
tem show that MEA-DEEA has higher diffusivity than 1MPZ-PZ.
The order of diffusivity in various blended system is
PZ>1MPZ>DEEA>MEA-DEEA>1MPZ-PZ. A higher diffusivity
leads to a higher mass transfer rate, which can result in a smaller
absorber unit size and reduced energy requirements.

The temperature effect on diffusivity shows that as the temper-
ature rises, the viscosity of the molecules decreases and the ki-
netic energy of the system increases, as a result, the diffusivity of
the system increases. All the solvent system under consideration
shows the highest diffusivity at 333 K than that of 313 K.

(b)

()

@

(e)

Declaration of Competing Interest

The authors declare that they have no known competing financial

534

Chemical Engineering Research and Design 204 (2024) 524-535

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was supported by the National Key R&D Program of China
(2022YFB4101700), the Pioneer R&D Program of Zhejiang Province
(2023C03016) and the Fundamental Research Funds for the Central
Universities (2022ZFJH04).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.cherd.2024.03.005.

References

Balbuena, P., Seminario, J.M., 1999. Molecular Dynamics: from Classical to Quantum
Methods. Elsevier.

Biovia, Material Studio,San Diego, USA, 2017 Version 8. 2020.

Cash, G.G., A Book Review on Molecular Modeling on the PC. Journal of Chemical
Information Computer Sciences, 1999. 39(1): p. 178-178.

Charati, S., Stern, S., 1998. Diffusion of gases in silicone polymers: molecular dynamics
simulations. Macromolecules 31 (16), 5529-5535.

Chemspider, Royal Society of Chemistry Database, http://www.chemspider.com/. 2020.

Chowdhury, F.A,, et al., 2013. CO, capture by tertiary amine absorbents: a performance
comparison study. Ind. Eng. Chem. Res. 52 (24), 8323-8331.

Derks, P., et al., 2006. Kinetics of absorption of carbon dioxide in aqueous piperazine
solutions. Chem. Eng. Sci. 61 (20), 6837-6854.

Dong, W., et al., 2022. Study on chemical absroption absrober with polypropylene
packing for Guohua Jinjie CCS demonstration project. Int. J. Greenh. Gas. Control
114, 103581.

Dubois, L., Thomas, D., 2012. Screening of aqueous amine-based solvents for
postcombustion CO; capture by chemical absorption. Chem. Eng. Technol. 35 (3),
513-524.

Dubois, L., Kahasha Mbasha, P., Thomas, D., 2010. CO, absorption into aqueous
solutions of a polyamine (PZEA), a sterically hindered amine (AMP), and their
blends. Chem. Eng. Technol.: Ind. Chem. Plant Equip. Process Eng. Biotechnol. 33
(3), 461-467.

EV, D., CO, emissions from fuel combustion. 2011.

Fang, M., et al., 2020. Emission and control of flue gas pollutants in CO, chemical
absorption system-a review. Int. J. Greenh. Gas. Control 93, 102904.

Farmahini, A.H., Kvamme, B., Kuznetsova, T., 2011. Molecular dynamics simulation
studies of absorption in piperazine activated MDEA solution. Phys. Chem. Chem.
Phys. 13 (28), 13070-13081.

Firaha, D.S., Kirchner, B., 2016. Tuning the carbon dioxide absorption in amino acid
ionic liquids. ChemSusChem 9 (13), 1591-1599.

Freeman, S.A., Rochelle, G.T., 2011. Density and viscosity of aqueous (piperazine+
carbon dioxide) solutions. J. Chem. Eng. Data 56 (3), 574-581.

Gao, S., et al., 2023. Ingenious artificial leaf based on covalent organic framework
membranes for boosting CO2 photoreduction. J. Am. Chem. Soc. 145 (17),
9520-9529.

Harun, N., Masiren, E., 2017a. Molecular dynamic simulation of amine-CO, absorption
process. Indian J. Sci. Technol. 10 (2).

Harun, N., Masiren, E.E., 2017a. Molecular dynamic simulation of CO5 absorption into
mixed aqueous solutions MDEA/PZ. Chem. Eng. Res. Bull. 19.

Harun, N., Masiren, E.E., 2017b. Molecular dynamic simulation of CO, absorption into
mixed aqueous solutions MDEA/PZ. Chem. Eng. Res. Bull. 19.

Hwang, G.S., et al., 2015. Reaction mechanisms of aqueous monoethanolamine with
carbon dioxide: a combined quantum chemical and molecular dynamics study. Phys.
Chem. Chem. Phys. 17 (2), 831-839.

Jiang, W., et al., 2018. A comparative kinetics study of CO2 absorption into aqueous
DEEA/MEA and DMEA/MEA blended solutions. AIChE J. 64 (4), 1350-1358.

Karunarathne, S.S., Eimer, D.A., @i, L.E., 2020. Density, viscosity, and excess properties
of MDEA+ H,0, DMEA+ H30, and DEEA+ H,0 mixtures. Appl. Sci. 10 (9), 3196.

Kohl, A.L. and R. Nielsen, Gas purification. 1997: Elsevier.

Kruszczak, E., Kierzkowska-Pawlak, H.J.E.C., 2017. and Engineering, CO, capture by
absorption in activated aqueous solutions of N. N-Diethylethanoloamine 24 (2), 239.

Li, C., et al., 2021. Solvent emissions control in large scale chemical absorption CO5
capture plant. Int. J. Greenh. Gas. Control 111, 103444.

Li, H., et al., 2015. COy solubility measurement and thermodynamic modeling for 1-
methylpiperazine/water/ CO,. Fluid Phase Equilibria 394, 118-128.

Liu, A.H., et al., 2019. Development of high-capacity and water-lean CO5 absorbents by a
concise molecular design strategy through viscosity control. ChemSusChem 12 (23),
5164-5171.

Liu, B., Cui, Z., Tian, W., 2021b. The kinetics investigation of CO, absorption into TEA
and DEEA amine solutions containing carbonic anhydrase. Processes 9 (12), 2140.

Liu, F., et al., 2021a. Evaluation on water balance and amine emission in CO; capture.
Int. J. Greenh. Gas. Control 112, 103487.



M. Sharif et al.

Maham, Y., Lebrette, L., Mather, A.E., 2002. Viscosities and excess properties of aqueous
solutions of mono-and diethylethanolamines at temperatures between 298.15 and
353.15 K. J. Chem. Eng. Data 47 (3), 550-553.

Malhotra, D., et al., 2017. Reinventing design principles for developing low-viscosity
carbon dioxide-binding organic liquids for flue gas clean up. ChemSusChem 10 (3),
636-642.

Masiren, E., et al., 2014. The effect of temperature on intermolecular interaction of
monoethanolamine absorption process for CO2 removal. Int. J. Chem. Environ. Eng.
5, 5.

Masiren, E., et al., 2016b. Effect of temperature on diffusivity of monoethanolamine
(MEA) on absorption process for CO; capture. Int. J. Eng. Technol. 3 (1), 43-51.

Masiren, E., et al., 2016a. Intermolecular interaction of monoethanolamine,
diethanolamine, methyl diethanolamine, 2-Amino-2-methyl-1-propanol and
piperazine amines in absorption process to capture CO; using molecular dynamic
simulation approach. Natl. Conf. Postgrad. Res. 2016.

Masiren, E.E., Harun, N., 2017. Comparison of different types of carbamate amine for
stripping process. Chem. Eng. Trans. 56, 721-726.

Masy, E., Predicting the diffusivity of CO; in substituted amines. 2013 [Disseration].

Muchan, P., et al., 2017. Screening tests of aqueous alkanolamine solutions based on
primary, secondary, and tertiary structure for blended aqueous amine solution
selection in post combustion CO; capture. Chem. Eng. Sci. 170, 574-582.

Nakao, S..-i., et al., Advanced CO2 capture technologies: absorption, adsorption, and
membrane separation methods. 2019: Springer.

Narimani, M., Amjad-Iranagh, S., Modarress, H., 2017. Performance of tertiary amines as
the absorbents for CO2 capture: Quantum mechanics and molecular dynamics
studies. J. Nat. Gas. Sci. Eng. 47, 154-166.

Qiang, L., et al., 2013. Atomic-scale interactions of the interface between chitosan and
Fe304. Colloids Surf. A: Physicochem. Eng. Asp. 419, 125-132.

Rayer, A.V., et al., 2011. Physicochemical properties of {1-methyl piperazine (1)+ water
(2)} system at T=(298.15 to 343.15) K and atmospheric pressure. J. Chem.
Thermodyn. 43 (12), 1897-1905.

Rayer, A.V., et al., 2014. High-pressure solubility of carbon dioxide (CO3) in aqueous 1-
methyl piperazine solution. J. Chem. Eng. Data 59 (11), 3610-3623.

Sharif, M., et al., Evaluation of CO2 absorption and stripping process for primary and
secondary amines. Molecular Simulation, 2023b. 49(6): p. 565-575.

Sharif, M., et al., 2020. Evaluation of CO5 absorption performance by molecular dynamic
simulation for mixed secondary and tertiary amines. Int. J. Greenh. Gas. Control 97,
103059.

Sharif, M., et al., 2022. Estimation of diffusivity and intermolecular interaction strength
of secondary and tertiary amine for CO2 absorption process by molecular dynamic
simulation. Mol. Simul. 48 (6), 484-494.

535

Chemical Engineering Research and Design 204 (2024) 524-535

Sharif, M., et al., 2023a. Assessment of novel solvent system for CO, capture
applications. Fuel 337, 127218.

Sun, W.-C., Yong, C.-B., Li, M.-H., 2005. Kinetics of the absorption of carbon dioxide into
mixed aqueous solutions of 2-amino-2-methyl-l-propanol and piperazine. Chem.
Eng. Sci. 60 (2), 503-516.

Vaidya, P.D., Kenig, E.Y., 2012. Study on CO, absorption kinetics by aqueous solutions of
N, N-Diethylethanolamine and N-Ethylethanolamine. Chem. Ing. Tech. 84 (4),
475-483.

Wang, R, et al., 2021. CO; capture performance and mechanism of blended amine
solvents regulated by N-methylcyclohexyamine. Energy 215, 119209.

Wang, T., et al., 2020. Role of hydrogen bond capacity of solvents in reactions of amines
with CO»: a computational study. J. Environ. Sci. 91, 271-278.

Wang, Z., et al., 2024. Effect of electron acceptors on product selectivity and carbon flux
in carbon chain elongation with Megasphaera hexanoica. Sci. Total Environ. 912,
1695009.

Wu, Y., et al., Syntheses of four novel silicate-based nanomaterials from coal gangue for
the capture of CO2. Fuel, 2019. 258: p. 116192.

Xiao, M., et al., 2018. CO absorption with aqueous tertiary amine solutions: equilibrium
solubility and thermodynamic modeling. J. Chem. Thermodyn. 122, 170-182.

Xie, H., et al., 2023. Flotation performance and adsorption mechanism of cerussite with
phenylpropenyl hydroxamic acid collector. Minerals 13 (10), 1315.

Yi, N., et al., 2022. High amine emissions formation and aerosol particle size distribution
in post-combustion CO, capture process. Int. J. Greenh. Gas. Control 118, 103672.

Yu, X.-Y., et al., 2018. Mesoscopic structure facilitates rapid CO2 transport and reactivity
in CO; capture solvents. J. Phys. Chem. Lett. 9 (19), 5765-5771.

Yusof, S.M.M.,, et al. Effect of Monoethanolamine Concentration on CO2 Removal using
Continuous High Frequency Ultrasonic Reactor. in E3S Web of Conferences. 2021.
EDP Sciences.

Zhang, Q., et al., 2023. Designing covalent organic frameworks with Co-O4 atomic sites
for efficient COy photoreduction. Nat. Commun. 14 (1), 1147.

Zhang, S., et al., 2021. Global CO; consumption by silicate rock chemical weathering: its
past and future. Earth’S. Future 9 (5) e2020EF001938.

Zhang, X., et al., 2014. Experimental studies of regeneration heat duty for CO2
desorption from diethylenetriamine (DETA) solution in a stripper column packed
with Dixon ring random packing. Fuel 136, 261-267.

Zhao, R., et al., 2023. A practical simulation of carbon sink calculation for urban
buildings: a case study of Zhengzhou in China. Sustainable. Cities 99, 104980.

Zhao, X., et al., 2024. Stabilized Ti3C2Tx-doped 3D vesicle polypyrrole coating for
efficient protection toward copper in artificial seawater. Appl. Surf. Sci. 642,
158639.



