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A B S T R A C T   

In the pursuit of efficient carbon capture technologies, the selection and design of solvents play a pivotal role, 
directly impacting various crucial factors such as CO2 absorption capacity, equipment size, and regeneration 
energy requirements. The primary focus is on optimizing solvent systems through a comprehensive analysis of 
intermolecular interaction intensity, diffusion coefficient, and intra-molecular interaction intensity. This study 
employs a molecular dynamics simulation model to identify the most suitable solvent system by assessing the 
effect of operating variables like temperature, concentration, interaction intensity, and diffusivity of various 
single and blended amine systems. The assessment utilizes the radial distribution function and mean square 
displacement analysis. The results indicate that intermolecular interactions with CO2 are most significant in 30 
wt% 2EAE, 40 wt% 2DMAE and 10% DMCA with 20% MCA ratio concentrations. TMPAD, in particular, stands 
out for its high repulsive interaction and low energy requirement for breaking the carbamate/bicarbonate ion. 
Diffusion behavior in various observed solvent systems is as follows: EAE > MEA > DMAE > MAE-DEAB > MAE- 
DMA2P > EAE-TMPAD > AMP-PZ > EAE-DEAB > MAE-TMPAD > EAE-DMA2P > MAE-DMAE > EAE-DMAE >
TMPAD > MEA-AMP > DMA2P > DMCA-MCA > DEAB > MEA-PZ. Moreover, elevated temperatures facilitate 
enhanced diffusivity, leading to accelerated mass transfer rates. This implies the possibility of reducing the size of 
absorber units and lowering energy consumption. Further studies on heat of absorption and kinetic character-
istics of solvent blends are necessary to ensure their practical applicability in carbon capture and industrial 
operations.   

1. Introduction 

The swift advancement of modern industrialization is closely linked 
to the burning of fossil fuels like coal, petroleum, and natural gas, ful-
filling the increasing worldwide need for energy (Zhang et al., 2021). 
Nevertheless, this reliance carries a notable environmental toll, given 
that these procedures collectively account for roughly 83% of 
human-induced greenhouse gas discharges (EV, 2011). The advance-
ment and utilization of Carbon Capture and Storage (CCS) technology 
represent a significant stride toward a low-carbon future and a more 
sustainable global ecosystem (Papadopoulos et al., 2017). Within the 
realm of diverse CCS techniques, chemical absorption stands out as a 
well-developed approach for CO2 capture. However, even though it is a 
mature technology, the CO2 absorption process still grapples with 
numerous hurdles. Chief among these issues is the substantial cost 
associated with the process, primarily driven by the energy-intensive 

regeneration and the expenses tied to the selection and design of sol-
vents. Beyond economic hurdles, environmental considerations come 
into play, as some solvents have adverse environmental impacts, raising 
concerns about toxicity and long-term sustainability (Melnikov et al., 
2019). Therefore, researchers are actively addressing these multifaceted 
challenges through innovative solutions to enhance chemical absorp-
tion’s overall efficiency, sustainability, and feasibility for CO2 capture. 

The selection of an efficient solvent system for CO2 capture is critical 
to developing long-term and successful carbon capture methods. The 
implications of this decision extend throughout the capture process, 
affecting performance, energy consumption, and economic feasibility. A 
well-selected solvent system should strike a delicate balance between 
high selectivity for CO2, which ensures maximum capture efficiency, 
and efficient desorption characteristics during the regeneration phase. 
The speed with which the solvent absorbs and releases CO2 is crucial for 
obtaining realistic and scalable capture rates. As the global community 
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steps up efforts to combat climate change, the significance of discov-
ering and implementing efficient solvent systems grows increasingly 
deeper. Hence, the present research is primarily dedicated to identifying 
an efficient solvent system through the analysis of both intermolecular 
and intramolecular interaction intensities, as well as the diffusion co-
efficient. Higher intermolecular interaction intensities facilitate CO2 
absorption, while intramolecular interaction intensity significantly in-
fluences CO2 desorption during the regeneration phase. The diffusion 
coefficient is also a critical factor in ensuring a rapid CO2 uptake rate. 
There is a noticeable gap in the existing research regarding diffusion 
coefficients and the nature of these interaction intensities, whether be-
tween molecules or within them, especially in various amine blends. 
This highlights the novelty and importance of our study as it aims to fill 
this gap in the literature. Furthermore, this study is an extension of our 
previous work and also provides a comprehensive comparison of various 
selected amine systems (Sharif et al., 2020, 2022, 2023a, 2023b). 

Blended amine solvents have emerged as promising substitutions to 
MEA, leveraging the rapid absorption kinetics of primary or secondary 
amines and the advantageous low regeneration penalty of tertiary 
amines (Wang et al., 2021). In a comprehensive study by Muchan et al., 
2017), hindered, primary, secondary, and tertiary amine (AMP, MEA, 
2EAE, 2DMAE) solvent systems were systematically screened for CO2 
capture applications, considering the position of hydroxyl groups. The 
results highlighted that primary, secondary, and tertiary amines 
featuring one hydroxyl group attached to the amine structure (AMP, 
2EAE, and 2DMAE) demonstrated superior CO2 capture performance, 
positioning them as preferred choices for blended aqueous amine solu-
tions (Muchan et al., 2017). 

Zhang et al., 2007 conducted an examination of the CO2 absorption 
characteristics of the DMCA-DPA (di-propylamine) system. Their focus 
was on highlighting DMCA as the primary absorbent due to its note-
worthy capacity for CO2 absorption and its ability to achieve low re-
sidual CO2 loading after the regeneration process. Notably, DMCA 
displayed superior thermal stability compared to MEA (Zhang, 2007; 
Zhang et al., 2013). Furthermore, Zhang, 2014 highlighted MCA 
(N-methylcyclohexanone) as an exceptional promoter, showcasing its 
ability to significantly enhance CO2 absorption rates and capacities 
compared to MEA (Zhang, 2014). MCA exhibited enhanced absorption, 
greater capacity for recycling, and reduced enthalpy of reaction in the 
context of CO2 removal, compared to 30 lipophilic amines (Tan, 2010). 
Consequently, a blend of DMCA and MCA holds the potential to syner-
gize the advantages of both components, leading to accelerated ab-
sorption rates, increased absorption capacity, and reduced desorption 
energy costs. Evaluating the performance of CO2 absorption includes 
factors such as overall mass transfer coefficient, equilibrium solubility, 
rate of absorption and heat of absorption (Kadiwala et al., 2012). A 
study conducted by Kadiwala in 2012 reveals that 1DMA2P exhibits low 
heat of absorption and higher solubility compared to MDEA and MEA. 
Furthermore, 1DMA2P absorbs faster and has a higher capacity than 
MDEA, although at a slower mass transfer rate than MEA (Kadiwala 
et al., 2012). Given its superior performance, 1DMA2P emerges as a 
promising alternative solvent for CO2 capture (Kadiwala et al., 2012). 

Similarly, recent investigations have proposed several alternative 
solvents for CO2 capture systems. Examples of these amines include N, 
N, N′, N′-tetramethylpropane-1,3-diamine (TMPAD), 1-dimethylamino- 
2-propanol (1DMA2P), N-dimethylcyclohexanamine (DMCA), 4-diethy-
lamino-2-butanol (DEAB), N, N-methylcyclohexanamine (MCA) and 2- 
methylamino ethanol (2MAE). The solvent selection criteria included 
low energy requirements for regeneration, higher CO2 loading, low 
viscosity, and faster absorption rates. DEAB, identified as a tertiary 
amine, displays greater absorption capacity and low viscosity at 25 ◦C 
compared to MEA, making it an advantageous candidate for CO2 capture 
(George et al., 2020). Reduced viscosity of DEAB results in lower 
operational expenses for the pump and circulation system, positioning 
DEAB as a cost-effective choice for liquid circulation in CO2 capture 
systems (Naami et al., 2012). Tertiary amines, known for their CO2 

absorption capability and lower regeneration heat, prove highly effec-
tive for CO2 removal, i.e., 1DMA2P has a higher CO2 loading than MEA 
and MDEA, with a lower heat of absorption than MDEA (El Hadri et al., 
2017). TMDAP, another tertiary amine, has higher CO2 loading than 
2DMAE due to the inclusion of an additional amino group that provides 
an extra site for CO2 absorption. Because of its quick carbamate syn-
thesis, piperazine is a preferred activator for alkanolamines in CO2 
capture systems and is used in blending with 2EAE and 2DMAE (Ahmad 
et al., 2018). Furthermore, the rate constant of PZ is ten times greater 
than that of standard MEA (Sodiq et al., 2018). These findings emphasize 
the potential of unconventional amines for use in CO2 capture. This is 
the reason that the present study selected these solvents (as given in 
Table 1) to further explore the competences of the chosen amines in the 
realm of CO2 capture. 

The present study explores the potential of synergizing secondary 
and tertiary amines to mitigate the limitations associated with individ-
ual amines. Tertiary amines demonstrate absorption capacity and 
reduced heat of absorption when contrasted with traditional amines, 
even though with moderate reactivity (Ahmad et al., 2018). The mo-
lecular structure significantly influences the chemistry and kinetics of 
the amine-CO2 reaction. Investigating the reaction mechanism reveals 
key steps and the role of specific chemical groups or interactions, 
guiding the understanding of desorption behavior. This knowledge aids 
in the development and optimization of CO2 capture processes, aiming 
to enhance efficiency and reduce associated costs. Therefore, subsequent 
discussion delves into the reaction mechanisms of various amine types. 

Numerous studies have explored the reactions of primary, secondary, 
tertiary, and hindered amines (Ahmad et al., 2018; Sodiq et al., 2018). It 
is evident that each amine type exhibits distinct reaction rates with CO2. 

Table 1 
Diverse categories of amines investigated in the current study.  

Name of Solvent Structure CAS No. 

2-(ethylamino) ethanol (2EAE) 110-73- 
6 

2 (methylamino) ethanol (2MAE) 109-83- 
1 

2-(dimethylamino) ethanol (2DMAE) 108-01- 
0 

4-Diethylamino-2-butanol (DEAB) 5867- 
64-1 

1-Diethylamino-2-propanol (1DMA2P) 108-16- 
7 

N,N,N′,N′-Tetramethyl-1,3-propane diamine 
(TMPAD) 

110-95- 
2 

Piperazine (PZ) 110-85- 
0 

2-amino-1-methyl-2propanol (AMP) 2854- 
16-2 

N-methylcyclohexylamine (MCA) 100-60- 
7 

N, N-dimethylcyclohexylamine (DMCA) 98-94-2  
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Typically, secondary and primary amines react more swiftly with CO2, 
resulting in carbamate formation through proton transfer and zwitterion 
generation (Gao et al., 2019). Both primary and secondary amines 
demonstrate rapid CO2 absorption, yielding zwitterions as depicted in 
Equation (1), followed by proton transfer to form carbamate, as illus-
trated in Equation (2). 

R1R2NH+CO2 ↔ R1R2NH+COO− (1)  

R1R2NH+COO− +R1R2NH ↔ R1R2NCOO− + R1R2NH+ (2)  

R1R2NCOO− +H2O ↔ R1R2NH + HCO3
− (3) 

The unique characteristics of tertiary amines, such as 2DMAE, are 
underscored, particularly in terms of their CO2 loading capacity and 
reactivity Equation (4) and Equation (5). While tertiary amines offer 
higher potential CO2 loading, their diminished reactivity highlights a 
trade-off that distinguishes them from primary and secondary amines. 
This discussion contributes to a nuanced understanding of the distinc-
tive behavior of tertiary amines in CO2 capture processes, shedding light 
on the complexities associated with their interaction with CO2 and the 
resulting chemical transformations. Tertiary amines, including 2DMAE, 
follow a distinctive pathway for CO2 absorption, resulting in the for-
mation of bicarbonate. This is in contrast to primary and secondary 
amines, which typically undergo zwitterion formation during CO2 ab-
sorption. The existing literature supports the notion that tertiary amines 
exhibit heightened loading capabilities at the expense of diminished 
reactivity (Donaldson et al., 1980). Equation (5) outlines the reaction 
mechanism responsible for bicarbonate generation in tertiary amines. 

CO2 +H2O ↔ H+ + HCO3
− (4)  

R1R2R3N+CO2 + H2O ↔ R1R2R3NH+ + HCO3
− (5) 

Piperazine, identified as a cyclic secondary diamine, has the ability 
to undergo a reaction with carbon dioxide, leading to the formation of a 
carbamate ion, a zwitterion, and a protonated carbamate. The detailed 
reaction mechanism for this process is depicted in Equations (6)–(8), as 
outlined in the relevant literature. 

CO2 + 2PZ ↔ PZCOO− + PZH+ (6)  

CO2 +PZCOO− +B ↔ PZ(COO− )2 + BH+ (7)  

CO2 +PZH+ + B ↔ H+PZCOO− + BH+ (8)  

In the study by Sartori and Savage (1983), the sterically hindered amines 
due to the increased hindrance surrounding the amino group, results in 
unfavorable and slower carbamate formation Sartori and Savage (1983). 
However, for moderately hindered amines, the zwitterion to bicarbonate 
and protonated amine pathway may still contribute to the overall re-
action rate (Sharif et al., 2020). The reactions below Equation 
(9)-Equation (10) illustrate that the primary occurrence in the reaction 
is through bicarbonate generation. 

Am+CO2 + H2O ↔ AmCOO− + H3O+ (9)  

AmCOO− +H2O ↔ AmH+ + HCO3
− (10) 

Most primary and secondary amines are known for their ability to 
absorb CO2 via the zwitterion production pathway. However, MCA, a 
secondary amine, displayed an absorption capacity similar to that of the 
tertiary amine DMCA, reaching about 1 mol CO2/mol amine (Wang 
et al., 2021). The overall reactions encompass zwitterion generation 
(Equation (11)) and proton transfer (Equation (12)), contributing to the 
enhanced CO2 absorption capacity of DMCA-MCA system (Equation 
(13)). Specifically, the proton transfer process involving the MCA 
zwitterion and DMCA base heightens the CO2 absorption capability of 
DMCA (Equation (16) (Wang et al., 2021). Moreover, both 13CNMR and 
theoretical investigations have corroborated that the MCA carbamate is 

unstable and readily transforms into bicarbonate, with bicarbonate 
emerging as the predominant product (Wang et al., 2021). 

The combination of secondary and tertiary amines in the current 
work addresses a crucial aspect of solvent optimization for CO2 capture. 
Tertiary amines, known for their absorption capacity and inferior ab-
sorption heat, bring valuable traits to the blend, even though their 
reactivity is moderate. Meanwhile, secondary amines contribute high 
reactivity, creating a synergistic effect in the blended solvent. 

CO2 + 2RNH ↔ RNH+
2 + RNCOO− (11)  

CO2 +RNH ↔ RNH+COO− (12)  

RNH+COO− +RNH ↔ RNCOO− + RNH+
2 (13)  

CO2 +H2O + RNH ↔ HCO−
3 + RNH+

2 (14)  

RNCOO− +H2O ↔ RNH + HCO−
3 (15)  

MCAH+COO− +DMCA ↔ MCACOO− + DMCAH+ (16) 

The study focuses on understanding the dynamics of this combina-
tion, particularly in terms of solvent concentration effect, carbamate 
stability and CO2 diffusion rate by Molecular Dynamic Simulation. This 
study will provide a comparative analysis of various types of amines. 
Molecular dynamic simulations serve as an influential technique to 
explore the intricacies of these interactions (Meunier, 2005). This 
modeling technique offers a unique advantage in examining 
atomic-scale responses of structures. Molecular dynamics (MD) simu-
lations faithfully replicate molecular structures from real-world 
macroscopic systems, making it a valuable tool for calculations that 
are challenging to reproduce in a laboratory setting (Meunier, 2005; 
Zhang et al., 2023). This methodology has demonstrated its reliability 
by aligning with existing experimental data, making it a versatile tool for 
assessing solvent behavior in various systems. MD simulations accel-
erate calculations and provide a visual representation of absorption re-
actions, offering an eco-friendly and cost-effective approach (Gao et al., 
2023). The insights gained from this research have significant implica-
tions for improving the effectiveness of CO2 capture developments and 
contribute towards the ongoing efforts in developing advanced solvent 
systems for sustainable carbon capture technologies. 

2. Frame work of the study 

In engineering studies, the application of computational techniques 
is essential for unraveling the underlying chemical processes involved in 
CO2 absorption and for the development of novel absorbent compounds 
(Liang et al., 2016; Zhao et al., 2023; Wang et al., 2024). Molecular 
dynamic simulation, a method that resolves the fundamental equations 
governing particle motion, is employed in the current study to simulate 
CO2 capture processes (Biovia and Material Studio, 2020). The simula-
tions are conducted using a computer program within Material Studio, 
with structural data sourced from the Royal Society of Chemistry’s 
database (ChemSpider, 2020). The simulation methodology encom-
passes several key stages like structure replication, energy minimization, 
amorphous box construction, model relaxation and intermolecular 
interaction and diffusivity analysis as presented in Fig. 1. 

The selected structures are initially replicated and the energies of the 
replicated structures are minimized. An amorphous box is constructed to 
house the simulation. In the third step, the construction of the simula-
tion box, or amorphous cell, is performed within the Material Studio’s 
amorphous cell module. The size of the box is adjusted based on the 
number of inserted molecules. After construction, the molecules within 
the box may not be in their proper configurations, necessitating energy 
minimization to refine the structures. In industrial applications, equip-
ment often takes cylindrical shapes for practical reasons, whereas sim-
ulations frequently employ cubic boxes for simplicity. The choice of box 
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shape can introduce boundary effects that impact the system’s behavior. 
Molecules near the edges and corners of a cubic box may experience 
different forces compared to those in the bulk region, potentially leading 
to artifacts in simulation results. To address this, periodic boundary 
conditions are used in the radial direction, effectively creating an 
infinite cylindrical system. This minimizes boundary effects and ensures 
that the simulation results better represent the behavior within a cy-
lindrical space (Leach, 2001). Validation of simulation results against 
experimental data or theoretical models specifically designed for cy-
lindrical geometries is crucial for assessing their suitability and validity. 
This approach enhances the reliability and relevance of simulation 
outcomes and minimizes the influence of box shape on the simulated 
behavior. Periodic boundary conditions are pivotal in providing a 
framework for the study of infinite systems, reducing boundary effects, 
and facilitating comparisons with real-world systems. Consequently, 
they enhance the reliability and relevance of simulation outcomes. 

The simulation model undergoes relaxation by simultaneously 
reducing pressure and energy. Equilibrium and Production Phases are 
conducted under NVE (constant number of particles, volume, and en-
ergy) and NVT (constant number of particles, volume, and temperature) 
conditions. Mean square and radial distribution functions are utilized for 
calculating intermolecular interactions and diffusivity across the chosen 
solvents (Sharif et al., 2020). Ensuring precise and reliable results in 
Material Studio simulations involves careful consideration of boundary 
conditions, forcefield selection, and step duration (Sharif et al., 2022). 
This study adopts a 1 fs step length and employs the COMPASS force 
field, recognized for its comprehensive evaluation of various compounds 
under diverse temperature and pressure conditions in the literature 
(Charati et al., 1998). The simulation begins with a 200-ps equilibration 
phase under NVE conditions to stabilize the system configuration and 
conserve energy. The subsequent transition to dynamic mode occurs 
under NVT conditions, employing the COMPASS force field and Ewald 
summation method to assess force field and interactions. Trajectory 
analysis, utilizing the forcite module in Material Studio, is performed on 
the final trajectories, and the input data for constructing the amorphous 
cell are summarized in supplementary materials (Tables S1, S2, and S3). 

The radial distribution function (RDF) serves as a structural signifier 
applicable to compounds. This function acts as a metric gauging the 
likelihood of discovering neighboring molecules at a given distance ‘r’ 
from a reference molecule. By offering insights into the spatial organi-
zation of particles within a system, RDF stands as a pivotal tool in the 
exploration of molecular interactions and thermodynamic characteris-
tics (Anslyn et al., 2006). Equation (17) succinctly formulates the radial 
distribution function as a thermodynamic entity, wherein the internal 
energy ‘E’ comprises the cumulative potential and kinetic energies 
denoted by ‘U’ (Hill, 1986). 

E=
3
2

NkT + U (17) 

The potential energy, denoted as U, is derived through the integra-
tion of Equation (17). This equation can be reformulated as Equation 

(18). 

E
NkT

=
3
2
+

ρ
2kT

∫

u(r)g(r, ρ,T)4Πr2dr (18) 

Furthermore, Equation (19) serves as a means to characterize the 
radial distribution function. 

g(r)=
1 < N(r, r + dr) >

ρ4Πr2dr
(19)  

In the given context, ‘ρ’ denotes atom density, ‘N’ corresponds to the 
overall number of atoms and ‘r’ represents the spherical radius. The 
significance of the radial distribution function lies in three key aspects. 
Firstly, it proves valuable for pairwise additive potentials; having data of 
the RDF alone is enough to compute thermodynamic properties, with a 
particular focus on energy and pressure. Secondly, the radial distribu-
tion function serves as a well-established integral equation theory, 
enabling the approximation of the radial distribution function for a 
specific model under consideration. Thirdly, experimental determina-
tion of the radial distribution function can be conducted using neutron 
scattering techniques. This provides valuable insights into the spatial 
arrangement of particles in a system, aiding in the study of molecular 
interactions and thermodynamic properties (Zeebe, 2011; Chen et al., 
2020). 

Another important aspect analysed in the present study is mean 
square displacement analysis (MSD). The molecular diffusion coefficient 
D is computed in MD simulations through mean square displacement 
analysis, a process characterized by the Einstein relation. Equation (20) 
is employed for this purpose in MD simulations (Masy et al., 2013). 

D(i,self) =
1

(6Ni)
lim
δx→0

1
(m.δt)

∑Ni

l=1

[(
r(l,i)((t + m.δt)) − r(l,i)(t)(t)

]2 (20) 

The equation incorporates essential features, including the number 
of molecules of components i denoted by ‘Ni,’ the simulation time step 
denoted by ’δt,’ the total number of time steps represented by ‘m,’ and 
the position of the lth molecule of component i at time t given by r (l, i) 
(t). Utilizing these features, Equation (21) and Equation (22) enables the 
determination of the molecular diffusion coefficient D through MSD 
analysis, employing the Einstein relation (Masy et al., 2013). 

6Dt= r〈|(t) − (0)|2〉 = MSD(t) (21)  

D=
1
6

d
dt

MSD(t) = Constan t (22) 

Equations (21) and (22) are employed for the computation of the 
diffusion coefficient, relying on the mean square displacement di-
mensions, where r(t) = [x(t), y(t), z(t)] represents the directions of 
particles at t (time) (Zeebe, 2011). The slope of the MSD graph provides 
understandings about the rate at which particles diffuse, and the diffu-
sion coefficient serves as a measure of how easily the molecules move 
through the system. Further details for Equation (17)-Equation (22) are 

Fig. 1. Steps of model development in material studio.  
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provided in supplementary materials in section 1. 

3. Results & discussion 

The present study involves the comprehensive screening of various 
solvents, analyzing solvent concentration, temperature effect on diffu-
sion rate and both intermolecular (attractive) and intra-molecular 
(repulsive) in different solvent blends and pure solvents. The selected 
amines include 2EAE, 2DMAE, 2MAE, 2EAE-PZ, 2DMAE-PZ, PZ, AMP, 
DEAB, 1DMA2P, TMPAD, DMCA, and MCA. The findings of the study 
are presented one by one. Below are Fig. 2 and Fig. 3 illustrating the 
attributes of solvents and reserach paradim of the study. 

3.1. Investigation of interaction intensity in numerous types of amines 

Table 2 represents a summary of the radial distribution function 
analysis, focusing on attractive and repulsive interactions between 
TMPAD, DEAB, MCA, DMCA, 2DMAE, PZ, AMP, 2MAE, 2EAE, and MEA 
with carbamate ions/bicarbonate ions and water. The study identifies 
specific interactions, such as Ccarbamate-Owater and Ncarbamate-HH2O. Re-
sults indicate that Ccarbamate-Owater exhibits higher peak attractive in-
teractions in certain solvents compared to Ncarbamate-HH2O. For instance, 
MEA has the highest interaction at 3.75 Å, with a potential of 13.21% to 
locate atoms for interaction. Secondary amine 2MAE exhibits elevated 
interaction for Ncarbamate-HH2O compared to MEA. Piperazine, a sec-
ondary cyclic diamine, displays complex interactions with lower in-
tensities in Ccarbamate-Owater and Ncarbamate-HH2O compared to other 
amines. Tertiary amine 1DMA2P demonstrates higher intensity for both 
interactions, highlighting unique attributes in studied solvent systems, 
while other tertiary amines like DMCA, DEAB, 2DMAE and TMPAD 
show varying interaction intensity. The detailed analysis reveals unique 
interaction patterns within tertiary amines, demonstrating specific be-
haviors of each amine. The interaction termed CCarbamate-OH2O is 
recognized as ion-dipole bonding. The heightened attractive in-
teractions observed for CCarbamate-OH2O in amines can be attributed to 
the collaboration of carbamate ions with H2O, generating bicarbonate 
and recycled amine. On the other hand, the interaction involving NCar-

bamate and HH2O (NCarbamate-HH2O) solely entails hydrogen bonding. 
In this particular context, ion-dipole bonding (CCarbamate-OH2O) ex-

hibits greater potency compared to hydrogen bonding (NCarbamate- 

HH2O), evident from the observed peaks occurring at shorter distances in 
CCarbamate-OH2O. This observation aligns with established findings indi-
cating that ion-dipole bonding tends to be more robust than hydrogen 
bonding (Hunt et al., 2015). Ion-dipole interactions occur between a 
fully charged ion and a partially charged dipole in a molecule. These 
interactions are prevalent in solutions where ions are present along with 
polar molecules. In the context of solvent systems, ion-dipole bonding is 
particularly relevant when considering the interactions between 
charged species, such as ions, and polar molecules like water. In the 
radial distribution function (RDF) analysis, the study highlights the 
presence of ion-dipole interactions between carbamate ions and water 
molecules. The charge centers of water molecules do not align uni-
formly, creating a dipole moment. This dipole induces the formation of 
ion-dipole interactions with the carbamate ions, showcasing the signif-
icance of charge distribution in facilitating these bonds (Hunt et al., 
2015; Masiren et al., 2017). In the context of the study, the RDF analysis 
of attractive interactions reveals that monoethanolamine (MEA) exhibits 
the strongest attractive interaction. MEA is known to participate in 
hydrogen bonding due to the presence of hydrogen atoms bonded to 
oxygen in its structure. Additionally, both the tertiary amine 1DMA2P 
and the secondary amine 2EAE demonstrate elevated attractive in-
teractions, suggesting the involvement of hydrogen bonding in these 
cases. 

The high energy required for the stripping process, which tries to 
extract CO2 from the carbamate ion during the amine absorption phase, 
is a big problem. Furthermore, the absorption potential must be spread 
out throughout numerous absorption cycles. The amine and CO2 acid 
gas mixture separates during the stripping process in the regeneration 
column (Miccio et al., 2015; Harun et al., 2017a). The goal of this 
research is to look into the stabilization of carbamate ions throughout 
the process of extracting CO2 from amine solutions. This research is 
critical in determining which amine requires the least amount of energy 
to break the bond. Table 2 summarizes the result of the repulsive 
interaction in the carbamate ion at 313 K. Breaking carbamate ions 
demands a significant amount of energy, resulting in the prominent 
observation of the repulsive interaction between Ncarbamate and Ccarba-

mate. This repulsive interaction has a distinct peak that differs from the 
attractive interaction (Fig. 4). Unlike the attractive interaction, the 
repulsive interaction in this study had a single peak at a distance of 1.5 
A

◦

, indicating a quick and isolated occurrence. Table 2 contains a variety 

Fig. 2. Molecular Dynamic Study of Various selected Solvents in the Present Study.  
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of amine categories, including primary, secondary, tertiary, hindered, 
and cyclic amines. Physical properties of amine solutions for carbon 
dioxide absorption include increased water solubility and decreased 
volatility. Alkanolamines, which combine alcohol and amino groups in a 
single molecule, are commonly used. The hydroxyl group has a signifi-
cant affinity for water, increasing amine solubility and decreasing sur-
face tension, reducing amine volatility (Yao et al., 2023). 

Based on hydrogen substitution at the amino nitrogen, amines are 
classed as primary, secondary, or tertiary. They can capture CO2 via a 
variety of ways. The reactions in Equations (1)–(3) produce carbamate 
from primary and secondary amines. Unhindered amines, such as 
monoethanolamine or diethanolamine, produce a powerful carbamate 
with a fast reaction rate, while subsequent hydrolysis occurs to a lower 
amount. The carbamate becomes the major product in this case, creating 
the reaction pathway for secondary and tertiary amines. Because of the 
methyl group attached to the -carbon atom, hindered amines, such as 
AMP, prevent CO2 from interacting stably with the amino group. This 

precludes the formation of a stable carbamate, which is the primary 
consequence of hydrolysis of bicarbonate ion. A free amine molecule is 
easily liberated and reacts with a new CO2 molecule. Thus, 1 mol of AMP 
interacts with 1 mol of CO2 stoichiometrically. MCA, on the other hand, 
has an absorption capacity of roughly 1 mol CO2/mol amine, which is 
comparable to the CO2 capacity of the tertiary amine DMCA (Wang 
et al., 2021; Zhou et al., 2017). 

The graphical representation of RDF results for various selected 
amines is presented in Fig. 4, which shows that MEA requires highest 
energy for repulsive attraction as compared to other studied solvents. 
This is according to the literature, MEA is an excellent choice for ab-
sorption phase but has restrictions in the regeneration phase (Damartzis 
et al., 2016; Caplow, 1968). According to Damartzis et al., 2016), MEA 
has a strong reactivity with CO2 (Damartzis et al., 2016). Following 
MEA, PZ and AMP emerge as promising amine-based absorption can-
didates. PZ and AMP repulsive interactions exceed MEA by 30.7% and 
40%, respectively, showing that PZ and AMP require less energy to 
break carbamate ion bonds. PZ, in particular, creates bicarbonate ions, 
and the decomposition of bicarbonate and carbonate requires less en-
ergy to break C–O bonds than breaking C–N bonds in carbamate (Kim 
et al., 2011; Zhao et al., 2024). A strong repulsive interaction suggests 
that the binding can be disrupted with a minute quantity of heat energy. 
When AMP and PZ are incorporated into the CO2 capture mechanism, 
the amount of heat energy required for amine solvent stripping lowers 
(Zhang et al., 2016). As a result, PZ and AMP can be used as effective 
promoters or activators in the amine-based absorption strategy. 

2EAE and 2DMAE are two other amines investigated in this study. 
The secondary amine 2EAE repulsive interactions produce favorable 
results. The intensity of intramolecular interactions in 2EAE exceeds 
that of MEA by 40%, implying that 2EAE requires less energy for solvent 
regeneration than MEA. Due to its increased absorption capacity and 
quicker reaction kinetics, 2EAE appears as a possible replacement to 
MEA in the literature (Ahmad et al., 2018). Tertiary amines, such as 
2DMAE, often have lesser regeneration energies than primary and sec-
ondary amines. The results for 2DMAE show enhanced interaction in-
tensity, indicating that carbamate amine requires less energy for bond 
breakdown. The increased heat of absorption in primary and secondary 

Fig. 3. Conceptual framework for analytical approach in the present work.  

Table 2 
Attractive and respulsive interactions in various types of amines at 313 K.  

Solvent 
System 

Ncarbamate- 
Ccarbamate 

Ncarbamate-Hwater (r, 
g(r)) 

Ccarbamate-Owater (r, 
g(r)) 

Hbicarbonate- 
Cbicarbonate 

Repulsive 
Interactions 

Attractive Interactions 

TMPAD 1.25, 72 4.75, 1.22 3.75, 0.96 
DEAB 1.25, 67 4.25, 1.12 3.75, 0.87 
DMCA 1.25, 66 5.25, 0.92 3.75, 1.06 
MCA 1.25, 56 4.75, 0.75 3.75, 1.09 
2DMAE 1.25, 44 4.75, 1.27 3.75, 1.13 
1DMA2P 1.25, 49 4.75, 1.52 4.75, 1.49 
2EAE 1.25, 45 4.75,1.08 3.75, 1.28 
AMP 1.25, 47 5.75, 1.09 3.75, 1.24 
PZ 1.25, 39 5.75, 0.92 3.75, 0.60 
2MAE 1.25, 27 3.25, 1.71 3.75, 1.22 
MEA 1.25, 21 4.25, 1.09 3.75, 1.41  
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amines due to carbamate synthesis adds to higher regeneration energy. 
Tertiary amines, on the other hand, require less energy to regenerate. 
Furthermore, tertiary amines have a slow reaction rate, leading sug-
gestions for mixing with secondary amines. Moreover, while comparing 
to MEA, MCA has a 51% increase in intramolecular interaction intensity. 
MCA, according to the research, acts as an effective promoter, greatly 
increasing CO2 absorption rates and capacities (Zhou et al., 2017). 
Notably, MCA has a low toxicity, making it reasonably safe for both 
human health and the environment. In the context of a possible amine 
for CO2 capture, DMCA has the highest intramolecular interaction in-
tensity, implying that carbamate bond breakdown requires little heat. 
Existing research shows that, as compared to other tertiary amines, 
DMCA has a high cycle capacity and a fast regeneration rate (Ye et al., 
2015). DMCA has a stronger repellent impact than MEA, with a repul-
sive interaction strength that is roughly 59% higher. 

Following in the pattern of DMCA, the tertiary amine DEAB dem-
onstrates a strong repulsive effect (1.25, 67). According to the literature, 
DEAB has a higher absorption capacity and a higher cycling capacity, 
which can effectively reduce the circulating rate in a packed column 
(Naami et al., 2012). The strong repelling effect found in this work with 
DEAB shows that breaking the H–C bond in bicarbonate molecule is 
simple, requiring less energy for solvent regeneration than MEA (Sema 
et al., 2011). TMPAD, being a diamine, exhibits the most pronounced 
intensity for repulsive interaction. The sequence of regeneration energy 
needed to break the carbamate or bicarbonate in various selected 
amines, ranked from lower higher to is TMPAD < DEAB < DMCA <
MCA<1DMA2P < AMP< 2EAE< 2DMAE < PZ < 2MAE < MEA. In 
conclusion, tertiary amines exhibit higher repulsive interactions owing 
to steric hindrance produced by the presence of bulky groups. Further-
more, the current study’s findings on the repulsive interaction of MEA 
exhibits enhanced stability of the carbamate ion, posing a greater 
challenge to bond rupture compared to other amines investigated in this 
research. As a result, in the given context, TMPAD requires the least 
amount of energy for solvent regeneration, while MEA requires the 
most. 

3.2. Effect of solvent concentration on CO2 absorption for various types of 
amines at 313 K 

In this study, different concentrations were explored to optimize 
solvent efficiency for CO2 capture, deviating from the commonly used 
30% MEA. Various single and blended amines, including 2EAE, 2DMAE, 
2EAE-PZ, 2DMAE-PZ, and DMCA-MCA, were assessed for interaction 
intensity at temperatures between 40 ◦C and 60 ◦C. Table 3 summarize 
the findings of the DMCA/MCA blend at different concentrations. From 
Table 3 it can be seen that the interaction with water (NDMCA-HH2O & 
NMCA-HH2O) are highest in the 30% DMCA-10% MCA mixture, which 
highlights the improved solubility of DMCA-MCA blend in H2O. On the 
other side Namine-CCO2 has a stronger intermolecular interaction in 10% 
DMCA-20%MCA. The stronger intensity with CO2 indicates high reac-
tivity of this blend to CO2. 

Overall, the data indicates that optimizing the blend by reducing 
DMCA while increasing MCA concentration enhances intermolecular 
interactions. The 10% DMCA-20% MCA blend exhibits the highest 
intermolecular interaction strength compared to other concentrations. 
Significant interactions between NDMCA and CCO2 in this blend suggest 
increased CO2 reactivity. These findings align with prior research for 
example Wang et al., 2019, explored DMCA-MCA blends with various 
concentrations and found that the DMCA-MCA blend with the highest 
MCA concentration (1 M–3M), exhibited superior absorption rates 
compared to 5MMEA in a comprehensive range (Wang et al., 2021). 
Notably, MCA (N-methylcyclohexylamine), has been identified as an 
activator in previous studies (Zhang et al., 2011, 2013, 2018; Ye et al., 
2015). The observed trend in our study supports the notion that opti-
mizing MCA concentration plays a crucial role in enhancing 

Fig. 4. Graphical representation of RDF (carbamate/bicarbonate) in various types of amines.  

Table 3 
Interactions of DMCA-MCA blend at 313 K.  

DMCA-MCA NMCA-CCO2 NMCA-HH2O NDMCA-HH2O NDMCA-CCO2 

10%–20% 5.25, 1.29 4.75, 0.80 4.75, 0.88 4.75, 1.85 
20%–10% 5.25, 1.21 4.75,0.77 4.75, 0.85 4.75, 1.46 
30%–10% 5.25, 1.46 4.75,0.88 4.75, 0.90 4.75, 1.35 

CCO2=Carbon of CO2, HH2O=Hydrogen in H2O NMCA=Nitrogen of MCA, 
NDMCA=Nitrogen of DMCA. 
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intermolecular interactions within DMCA-MCA blends. It’s evident that 
strategic adjustments in the DMCA-MCA ratio can significantly impact 
the absorption performance, emphasizing the importance of tailored 
blend compositions for optimal results in carbon capture technologies. 

The other screened solvent is 2EAE. Table 4 summarize the findings 
for 2EAE, focusing on specific interactions such as N2EAE-Hwater, HO2EAE- 
Owater, O2EAE-CCO2 and N2EAE-CCO2. The distance beyond 15 Å as negli-
gible. In the 2EAE system, the intermolecular interactions N2EAE-Hwater 
and HO2EAE-Owater exhibit strengths of 1.08 at 4.75 Å and 1.23 at 2.25 Å, 
respectively, for a 30% solvent concentration. At 40% concentration, the 
strength at 4.75 Å increases to 1.14, and further concentration in-
crements (50% and 60%) result in strengths of 1.19 and 1.24, respec-
tively. Similar concentration-dependent patterns are observed in 
HO2EAE-Owater and N2EAE-HWater interactions, rises from 30% to 60%, 
suggesting higher solubility due to stronger interactions with the hy-
droxyl group. It indicates increased interaction strength with higher 
concentrations. However, this trend is opposite in O2EAE-CCO2 interac-
tion. The intensity decreases with increasing concentration, reaching its 
lowest at 60%, implying a weaker effect at higher concentrations. 
Similarly, for N2EAE-CCO2 interactions, the strength decreases from 1.41 
at 30% concentration to 1.28 at 40% concentration, again it increases to 
1.32 and 1.37 at 50% and 60% concentrations, respectively. These 
trends indicate that for 2EAE, the maximum strength is in 30% of 2EAE 
as the most important interactions N2EAE-CCO2 & O2EAE-CCO2 show 
highest tendency at 30%2EAE. 

Table 5 compares the interactions at different solvent concentrations 
for 2DMAE, demonstrating increased intermolecular interaction 
strength for N2DMAE-HWater and HO2DMAE-OWater interactions with rising 
solvent percentages. At 4.75 A◦, N2DMAE-HWater exhibits strengths of 1.25 
A◦, 1.37 A◦, 1.42 A◦, and 1.47 A◦ for 30%, 40%, 50%, and 60% con-
centrations, respectively. Similarly, HO2DMAE-OWater interactions show 
strengths of 1.31 A◦, 1.41 A◦, 1.60 A◦, and 1.77 A◦ at 3.25 A◦ for the 
corresponding concentrations, indicating heightened responsiveness of 
hydroxyl and amino groups to CO2 in water. O2DMAE-CCO2 interactions 
increase in strength from 1.11 at 30% to 1.17 at 60%, with a 5.12% 
increment, while reducing to 1.08 at 50% concentration. N2DMAE-CCO2 
interactions exhibit strengths of 1.75 and 1.80 at 5.25 Å for 30% and 
40%, and 1.75 and 1.81 for 50% and 60%, indicating consistent in-
tensities. Contrarily, N2DMAE-Hwater and HO2DMAE-Hwater interactions 
show a stronger tendency at 50% and 60% 2DMAE concentrations, with 
comparable results at 40%. The lack of noticeable improvement in in-
teractions between O2DMAE-CCO2 and N2DMAE-CCO2 suggests a slower 
reaction of the tertiary amine to acidic gas. However, the other two 
interactions indicate that 2DMAE, as a tertiary amine, exhibits higher 
water solubility. Literature supports this finding, as tertiary amines are 
generally less reactive compared to primary and secondary amines 
(Ciftja et al., 2013). Table 5 highlights that, at a 40% solvent concen-
tration, all observed interactions exhibit the maximum g(r). As a result, 
the findings indicated that 40%of 2DMAE and 30% of 2EAE and yield a 
better performance for faster CO2 absorption process. These results can 
be justified with other studies (George et al., 2020; Vega et al., 2018), 
which explored the secondary and tertiary amines for CO2 capture 
application and results of this study indicates 30% for secondary amines 
and up to 60% of tertiary amines can be suitable for CO2 absorption 
process. Similarly, the experimental study explored the effect of amine 

concentration and amine circulation rate on the removal of CO2. The 
result of this study indicates that increasing the solvent concentration, 
the net acid gas loading decreases (George et al., 2020; Vega et al., 
2018). This is because viscosity influences absorption. Because the rate 
of CO2 absorption is governed by mass transfer resistance in the liquid, 
the more viscous the solution, the greater the amine’s resistance to 
absorb acid gases. This indicates that, after a certain limit, we cannot 
increase the amine concentration because it causes the increase in vis-
cosity which causes foaming and reduces the loading. 

Table 6 presents an analysis of varying percentages of 2EAE and 
2DMAE with PZ. The results indicate increased intermolecular interac-
tion strength with PZ concentration, particularly in hydrogen bonding 
with water. The interactions with CO2 remain relatively unaffected by 
PZ, with the highest interaction strength observed at 30% PZ-10% 2EAE 
and 313 K. Parallel to this, analysis of different 2DMAE percentages 
shows that PZ-2DMAE hydrogen bonding interactions are more water 
soluble than PZ-2EAE blend at 313 K (Table 6). It is noteworthy that 
interactions with CO2 do not exhibit a regular pattern when PZ con-
centration increases. This is likely due to the complicated structure of 
the tertiary amine 2DMAE. PZ does increase interaction strength; the 
increment is modest. Table 6 shows that 15%PZ-15%2DMAE has the 
highest interaction intensity among the concentrations under investi-
gation, regardless of intensity variations. 

Table 7 compares the 2EAE-PZ blend (30%2EAE-10%PZ) and the 
30%PZ-10%2EAE blend with DEA (Sharif et al., 2020). In comparison to 
the current investigation, the N2EAE-HH2O and HO2EAE-OH2O interactions 
exhibit larger values in 2EAE-PZ and DEA. Even though they are sec-
ondary amines, the greater interaction in 2EAE-PZ points to better water 
solubility, which is consistent with research showing that 2EAE is more 
CO2 soluble than 2DMAE (Muchan et al., 2017). While the O2EAE-CCO2 
interaction is most prominent in 30%PZ-10%2EAE, suggesting increased 
reactivity of 2EAE with CO2 emphasizing the amine’s effectiveness in 
reacting with acidic gas. The N2EAE-CCO2 interaction behaves equally for 
both secondary amines DEA and 2EAE. The findings overall support the 
use of piperazine blends to improve absorption capacity and reaction 
rates, particularly 30%2EAE-10%PZ, to boost reaction rates and ab-
sorption capacity. In comparison, pure 2EAE demonstrates higher 
interaction intensity than DEA, establishing the order of intermolecular 
strength as 30%2EAE-10%PZ > 30%PZ-10%2EAE, and 2EAE > DEA. 
The graphical representation of RDF comparison with literature is pro-
vided in Supplementary material in Figure S1to Figure S5. 

Moreover, the study also compares the findings of PZ-2DMAE with 
MDEA-PZ and 2DMAE-PZ (Sharif et al., 2020; Harun et al., 2017b), 
detailed in Table 7. The analysis of intermolecular interaction intensity 
indicates that 2DMAE-PZ exhibits the highest interaction intensity 
compared to pure 2DMAE and PZ-2DMAE, suggesting that a small 
amount of piperazine is more favorable. MDEA-PZ shows the highest 
interactions among all blends, emphasizing PZ’s role as an effective 
promoter due to its rapid carbamate formation with CO2 (Idem et al., 
2009; Bishnoi et al., 2000). The lower intermolecular interaction of 
2DMAE is attributed to its structure with two methyl groups and one 
ethanol group at the nitrogen atom, reducing amine reactivity with CO2 
(Idris et al., 2014). On the other side, MDEA lacking a hydrogen atom in 
the amino group, prevents it from directly reacting with CO2. PZ acts as a 

Table 4 
RDF results for 2EAE at various concentrations at 313 K.  

2EAE N2EAE-CCO2 O2EAE-CCO2 HO2EAE-Owater N2EAE-HWater 

60% 5.25, 1.37 5.25, 1.15 3.25, 1.79 4.75, 1.24 
50% 5.25, 1.32 5.25, 1.16 3.25, 1.62 4.75, 1.19 
40% 4.75, 1.28 5.25, 1.16 3.25, 1.40 4.75, 1.14 
30% 5.25, 1.41 5.25, 1.19 2.25, 1.32 4.75, 1.08 

HO2EAE=Hydorgen at oxygen in 2EAE, O2EAE=Oxygen of 2EAE, CCO2=Carbon of 
CO2, Hwater = Hydrogen of water, N2EAE=Nitrogen in 2-(ethylamino) ethanol. 

Table 5 
RDF results of 2DMAE at Various Concentration at 313 K.  

2DMAE N2DMAE-CCO2 O2DMAE-CCO2 HO2DMAE-OH2O N2DMAE-HWater 

60% 5.25, 1.81 5.25, 1.17 3.25, 1.77 4.75, 1.47 
50% 5.25, 1.75 5.25, 1.08 3.25, 1.60 4.75, 1.42 
40% 5.25, 1.80 5.25, 1.19 3.25, 1.41 4.75, 1.37 
30% 5.25, 1.75 5.25, 1.11 3.25, 1.31 4.75, 1.25 

O2DMAE=Oxygen of 2DMAE, CCO2=Carbon of CO2, HO2DMAE=Hydorgen at ox-
ygen in 2DMAE, Hwater = Hydrogen of water, N2DMAE=Nitrogen in 2-dimethyla-
mino ethanol. 
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promoter, facilitating the rapid transfer of CO2 to MDEA (Lu et al., 
2005). Therefore, the order of intermolecular interaction strength is 
MDEA-PZ > 2DMAE-PZ > PZ-2DMAE > 2DMAE. These results can be 
verified by experimental studies in literature. For example, the study 
conducted by Mudhasakul et al., 2013) shows that increasing the con-
centration of piperazine, increases the CO2 absorption process but at 
certain limit, the increase in piperazine concentrations does not lead to 
favorable results. Finally, only 5% of PZ was considered the best con-
centration with 45%MDEA (Mudhasakul et al., 2013). Similar results 
were obtained by (Ibrahim et al., 2014) that lower concentration of 
piperazine show better performance. In fact, there are numerous 
experimental investigations in the literature that show the addition of PZ 
to amine solution as a rate promotor or activator (Du et al., 2016; 
Freeman et al., 2012). Unlike this research, we used the molecular dy-
namic simulation model. The findings of the current research and other 
studies in the literature are consistent. As a result, we can say that these 
investigations can aid in validating the simulation results of the current 
study. The summary of the findings is presented in Table 8. 

3.3. Diffusivity estimation in various types of pure and blended amines 
system at various temperatures 

The diffusion coefficient, or diffusivity, of amines plays a pivotal role 
in mass transfer processes, especially in applications such as gas ab-
sorption and chemical separation. This parameter is influenced by 
various factors, including the size and structure of amines. Larger and 
more complex molecules tend to exhibit lower diffusivities due to 
increased resistance to movement through a medium (Bavbek et al., 
1999). The presence of different functional groups, such as primary, 
secondary, or tertiary amines, also impacts diffusivity. Tertiary amines, 
for instance, may demonstrate distinct diffusion characteristics 
compared to their primary or secondary counterparts. Comparative 
studies of diffusion coefficients for different amines guide the selection 
of the most suitable amine for specific applications, aiding in the opti-
mization of separation processes and influencing overall system design. 
To assess the mass transfer characteristics during the CO2 absorption 
process, a molecular dynamics simulation model has been established 
using Material Studio. A range of secondary and tertiary amines, 
namely, AMP-MEA, AMP-PZ, MEA-PZ, 2MAE-TMPAD, 2MAE-1DMA2P, 
2EAE-2DMAE, 2EAE-DEAB, 2EAE-1DMA2P, 2EAE-TMPAD, 

Table 6 
Radial Distribution Function analysis of PZ-2EAE and PZ-2DMAE at 313 K.  

PZ-2EAE NPZ-CCO2 NPZ-HH2O N2EAE-CCO2 O2EAE-CCO2 HO2EAE-OH2O N2EAE-HH2O 

10%–20% 5.25,1.33 4.75,0.91 5.25,1.30 5.25,1.12 3.25,1.27 4.75,1.03 
15%–15% 5.25,1.40 5.25,0.87 5.25,1.32 4.75,1.07 3.25,1.32 4.75,1.03 
20%–10% 5.25,1.19 4.75,0.92 5.25,1.47 3.25,1.00 3.25,1.26 4.75,1.02 
30%–10% 5.25,1.12 4.75,0.94 5.25,1.40 3.25,1.42 3.25,1.47 4.75,1.13 

PZ-DMAE NPZ-CCO2 NPZ-HH2O NDMAE-CCO2 ODMAE-CCO2 HODMAE-OH2O N2DMAE-HH2O 

10%–20% 5.25,1.38 4.75,0.93 4.75,1.55 5.25,1.05 3.25,1.30 4.75,1.23 
15%–15% 5.25,1.34 5.25,0.96 4.75,1.78 5.25,1.01 3.25,1.32 4.75,1.25 
20%–10% 5.25,1.38 4.75,0.87 5.25,1.65 3.25,0.94 3.25,1.30 4.75,1.16 
30%–10% 5.25,1.25 4.75,0.95 4.75,1.76 3.25,1.10 3.25,1.41 4.75,1.25 

N2EAE=Nitrogen in 2ethylamino ethanol, HH2O=Hydrogen of water, CCO2= Carbon of CO2, O2EAE= Oxygen of 2EAE, HO2EAE=Hydrogen at oxygen in 2EAE. 

Table 7 
Comparisons of results with literature for 2EAE and 2DMAE.  

Solvent NPZ-CCO2 NPZ-HH2O N2EAE-CCO2 O2EAE-CCO2 HO2EAE-OH2O N2EAE-HH2O Reference 

2EAE – – 5.25, 1.41 5.25, 1.19 2.25, 1.32 4.75, 1.08 Sharif et al. (2023b) 
2EAE-PZ 4.75, 1.07 5.75,1.09 5.25, 1.43 4.75, 1.30 3.25, 1.69 4.75, 1.08 Sharif et al. (2020) 
PZ-2EAE 5.25, 1.40 5.25, 0.87 5.25, 1.32 4.75, 1.07 3.25, 1.32 4.75, 1.03 Sharif et al. (2020) 

DEA NPZ-CCO2 NPZ-HH2O NDEA-CCO2 ODEA-CCO2 HODEA-OH2O NDEA-HH2O   

– – 5.25, 1.42 3.75, 1.13 5.75, 1.59 5.75, 1.01  
DMAE – – 5.25, 1.75 5.25, 1.11 2.25, 1.31 4.75, 1.25 Sharif et al. (2020) 
PZ-DMAE 5.25, 1.34 5.25, 0.96 4.75, 1.78 5.25, 1.01 3.25, 1.32 4.75, 1.25  
DMAE-PZ 5.75, 1.41 5.25, 0.97 5.25, 1.79 5.25, 1.15 3.25, 1.41 4.75, 1.28 Sharif et al. (2020) 
MDEA-PZ NPZ-CCO2 NPZ-HH2O NMDEA-CCO2 OMDEA-CCO2 HOMDEA-OH2O NMDEA-HH2O Masiren et al. (2016a)  

5.25, 1.49 5.75, 1.15 5.25 1.87 3.75, 1.18 1.75, 2.70 4.75, 1.88  

PZ= PZ + CO2+H2O, 2EAE = 2EAE + CO2+H2O, 2EAE-PZ = 30%2EAE-10%PZ, PZ-2EAE = 30%PZ-10%2EAE, DEA PZ = DEA + PZ + CO2+H2O. 

Table 8 
Solvent concentration optimization in the present work.  

Name Concentrations of 
solvent 

Effect of Concentration on Intensity Temperature effect on Diffusivity 

2EAE 30% – The diffusivity of solvents increases by increasing the 
temperature 2EAE-PZ 30%–10% A lower concentration of PZ shows higher interaction intensity for blended 

2EAE and 2DMAE 2DMAE-PZ 30%–10% 
PZ-2EAE 30%–10% 
PZ-2DMAE 15%–15% 
2EAE 30% 30% of a Secondary amine 
2DMAE 40% 40% of Tertiary amine 
DMCA- 

MCA 
10%–20% 10%DMCA-20%MCA 

Author’s Tabulation. 
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DMCA-MCA, DEAB, 2DMAE, MEA, 2EAE, 2MAE, 1DMA2P, and TMPAD 
have been carefully selected for analysis. The findings have been inter-
preted through Mean Square Displacement analysis as presented in 
Fig. 5. 

Table 9 shows the diffusion coefficient results of various selected 
amines. Various types of amine blends are observed. Two secondary 
amines 2EAE and 2MAE are selected to blend with tertiary amines i.e., 
2EAE-TMPAD, 2EAE-1DMA2P, 2EAE-DEAB and 2MAE-TMPAD, 2MAE- 
1DMA2P,2MAE-2DMAE and 2MAE-DEAB. The diffusion coefficient 
outcomes for different blends indicate that the 2MAE-DEAB mixture 
exhibits a greater diffusion rate compared to the 2MAE-TMPAD, 2MAE- 
2DMAE, and 2MAE-1DMA2P blends. 2MAE, a secondary amine, exhibits 
compatibility for blending with 2DMAE. Secondary amines are deemed 
potential solvents for CO2 absorption, given their amine functionality 
facilitating reactions with CO2 to form carbamate compounds. The 
properties of 2DMAE underscore its high loading capacity, low absorp-
tion heat, and reasonable reaction rate (Idris et al., 2014). Notably, the 
diffusivity results for 2DMAE reveal that the diffusion rate in pure 
2DMAE exceeds that observed in blended systems (Idris et al., 2014). 
Tertiary amines typically exhibit slow reaction rates, and diffusivity is 
intricately linked to reaction kinetics, where elevated diffusivity implies 
a solvent with heightened kinetics. Literature supports the notion that 
tertiary amines generally manifest slower reaction rates compared to 
primary and secondary amines. The relatively low diffusivity rate of 
2DMAE may stem from its structural characteristics, including the 
substitution of a methyl group with a dimethyl group and alcohol sub-
stitution on the nitrogen atom, both of which contribute to reduced 
reactivity towards CO2 (Idris et al., 2014). 

The diffusion coefficient analysis of 2EAE blends reveals that 2EAE- 
TMPAD exhibits the highest diffusion rate among blends, surpassing 
2EAE-DEAB and 2EAE-1DMA2P. Tertiary amines, including 1DMA2P 
and DEAB, show noteworthy diffusion rates when paired with 2EAE. 
Notably, 1DMA2P shares characteristics with other tertiary amines, such 
as DEAB and 2DMAE, with lower absorption heat than 2DMAE. The 
diffusion coefficients for the blended system 2EAE-1DMA2P align with 
those observed in other combinations. Moreover, 2EAE-TMPAD and 
2EAE-DEAB demonstrate similar diffusivity, showcasing DEAB’s prom-
ising attributes as a CO2 absorption candidate, including high cyclic 

capacity and low heat of absorption. The order of diffusion rates in 2EAE 
blends is 2EAE-TMPAD > 2EAE-DEAB > 2EAE-1DMA2P > 2EAE- 
2DMAE. Other three blends investigated in the study are MEA-PZ, AMP- 
PZ, and MEA-AMP. Mean Square Displacement (MSD) graphs at three 
distinct temperatures (298 K, 308 K, and 318 K) are shown in the sup-
plementary material (Figure S5 and S6). The diffusion coefficient is 
found to have a linear relationship, which shows that it consistently 
increases with temperature and time. Table 9’s results demonstrate that 
the diffusivity of the AMP-PZ blend is higher than that of the MEA-PZ 
and MEA-AMP blends. 

Both AMP and PZ are recognized as effective promoters in the 
literature. Additionally, Table 10 illustrates that with increasing tem-
perature, the diffusion coefficient values rise, with the highest diffusivity 
observed at 313 K, followed by 298 K and 308 K. This temperature- 
dependent increase in diffusivity is attributed to the elevated kinetic 
energy of molecules, leading to enhanced particle collisions. Table 10 

Fig. 5. CO2 Diffusivity (E− 09 m2 s− 1) Estimation in Various amines at 313 K.  

Table 9 
Comparison of CO2 diffusivity estimation from present work and literature at 
313 K.  

Solvent Diffusivity (DCO2)/m2s− 1 References 

MEA 2.11E-09 Sharif et al. (2022) 
2EAE 3.44E-09 Sharif et al. (2022) 
2MAE 0.50E-09 Sharif et al. (2023a) 
2DMAE 1.70E-09 Sharif et al. (2022) 
DEAB 0.63E-09 Sharif et al. (2023a) 
1DMA2P 0.53E-09 Sharif et al. (2023a) 
TMPAD 0.68E-09 Sharif et al. (2023a) 
2MAE-TMPAD 0.91E-09 Sharif et al. (2023a) 
2MAE-DEAB 1.29E-09 Sharif et al. (2023a) 
2MAE-1DMA2P 1.02E-09 Sharif et al. (2023a) 
MEA-PZ 0.53E-09 Sharif et al. (2023a) 
AMP-PZ 0.92E-09 Sharif et al. (2023a) 

0.92E-09 Khan et al. (2019) 
MEA-AMP 0.65E-09 Khan et al. (2019) 
2EAE-TMPAD 0.98E-09 Sharif et al. (2020) 
2EAE-DEAB 0.98E-09 Sharif et al. (2020) 
2EAE-1DMA2P 0.84E-09 Sharif et al. (2020) 
DMCA-MCA 0.61E-09 Sharif et al. (2023a) 

0.63E-09 (Wang et al., 2019, 2021)  
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also provides insights into the deviation between our predicted diffu-
sivity values and the corresponding experimental values at each tem-
perature for both CO2 in AMP-PZ and CO2 in MEA systems. It appears 
that in most cases, the deviations are relatively small, indicating a 
reasonably good agreement between our predictions and experimental 
observations. 

2-amino-2-methyl-1-propanol (AMP), acknowledged for its higher 
absorption capacity and energy-efficient regeneration compared to 
MEA, has gained prominence. Combining PZ and AMP is anticipated to 
synergize their positive characteristics while overcoming any drawbacks 
(Khan et al., 2019). The present study focuses on the diffusion coefficient 
of the AMP-PZ blend, aiming to provide insights into the kinetics of 
aqueous AMP-PZ, a fundamental aspect for efficient plant design. 
Comparisons with the benchmark MEA reveal that MEA exhibits higher 
diffusivity than AMP-PZ (Table 10). 

According to (Dey et al., 2009), higher diffusivity corresponds to 
faster reaction kinetics. The study aligns with existing literature, indi-
cating MEA’s superior reaction kinetics but highlighting the challenge of 
higher regeneration energy in the desorption process. The carbamate 
stability results also support these findings that AMP-PZ requires less 
energy for carbamate breakage during regeneration, suggesting a more 
energy-efficient regeneration process for the AMP-PZ blend. The anal-
ysis of diffusivity data for AMP-PZ was conducted in comparison with 
experimental results documented in the literature, as outlined in 
Table 10 and Fig. 6. 

Furthermore, Table 11 offers an extensive examination of various 
attributes of different amines utilized in CO2 absorption processes, 
covering factors such as CO2 loading capacity, heat of absorption, heat 
of desorption, and diffusion coefficient. Among the investigated amines, 

TMPAD demonstrates the highest CO2 loading capacity, indicating its 
potential for effective CO2 capture. These results are according to our 
findings that TMPAD can be a potential candidate for CO2 capture 
application. Furthermore, Table 11 outlines the heat of reaction for each 
amine solvent, shedding light on the energy demands of the CO2 ab-
sorption process. Hindered amines exhibit notable absorption rates and 
effective stripping performance, but are hindered by challenges such as 
heightened viscosity and increased heat retention. To overcome the 
challenge of high viscosity, strategies involve reducing water concen-
tration or introducing organic solvents. 

On the other side, tertiary amines show promise in loading capacity 
and reduced heat retention, yet they face limitations such as lower ab-
sorption rates and higher viscosity. Overcoming these hurdles necessi-
tate the implementation of temperature regulation or catalysts to 
moderate reaction kinetics and enhance overall process efficiency. 
Traditionally, the combination of tertiary amines with primary or sec-
ondary amines has been a common practice, leveraging the faster re-
action rates of the latter, while still capitalizing on the benefits of high 
loading capacity, low solvent degradation, and cost-effective regenera-
tion (Mudhasakul et al., 2013). However, the inherent slow reaction rate 
of tertiary amines can pose challenges, potentially leading to increased 
capital costs in gas sweetening units, as the absorption column neces-
sitates numerous theoretical steps. Consequently, tertiary amines 
exhibiting both high loading capacity and fast reaction rates are deemed 
highly desirable. 

Secondary amines offer elevated CO2 absorption capacity and 
decreased corrosiveness compared to primary amines, yet they too 
encounter challenges such as higher viscosity, corrosiveness, and 
restricted water solubility. Potential solutions include exploring solvent 

Table 10 
Comparison of diffusivity prediction in AMP-PZ between present study and literature.  

System Present study (DCO2)/m2. s− 1 Experimental studies (DCO2)/m2. s− 1 Deviation (%) Temperature/K References 

CO2 in AMP-PZ 0.59E-09 0.52E-09 13.46 298 Khan et al. (2019) 
0.77E-09 0.75E-09 2.67 308 Khan et al. (2019) 
0.92E-09 0.92E-09 0 313 Khan et al. (2019) 

CO2 in MEA 1.40E-09 1.40E-09 0 298 Sharif et al. (2022) 
2.11E-09 2.11E-09 0 313 Masiren et al. (2016b) 
2.41E-09 2.42E-09 0.41 318 Masiren et al. (2016b)  

Fig. 6. Comparison of CO2 diffusivity in AMP-PZ and MEA with literature (Sharif et al., 2022; Khan et al., 2019; Masiren et al., 2016b).  
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modifications like blending secondary amines with tertiary amines, 
utilizing corrosion-resistant materials, optimizing operational parame-
ters to minimize corrosion risks, and enhancing diffusivity to facilitate 
faster CO2 absorption and desorption rates (Muchan et al., 2017; Naami 
et al., 2012). This present study is an effort to overcome these hurdles by 
suggesting various solvent blends. Further details on the findings of the 
present work are provided as Table S4 in the supplementary materials. 

Our findings indicate that the blended amine system demonstrated 
the highest diffusion rate for 2MAE- DEAB followed by 2MAE-1DMA2P, 
2EAE-DEAB, and 2EAE-TMPAD. While in single amine solvent 2EAE 
followed MEA, and 2DMAE shows highest diffusivity rate as compared 
to other selected amines. This comprehensive examination provides 
valuable insights into the performance and constraints of different 
amine solvents, aiding in their selection for CO2 capture applications 
and guiding further research and optimization endeavors. 

4. Conclusion 

A molecular dynamic simulation model is developed in Material 
studio to compute the inter and intra-molecular interaction intensity 
between various single and blended solvent system (i.e., TMPAD, DEAB, 
DMCA, MCA, 1DMA2P, AMP, 2EAE, 2DMAE, PZ, 2MAE and MEA). The 
effect of operating variables like temperature and solvent concentration 

on interaction intensity is also analysed. The diffusion coefficient of CO2 
in EAE, MEA, DMAE, MAE-DEAB, MAE-DMA2P, EAE-TMPAD, AMP-PZ, 
EAE-DEAB, MAE-TMPAD, EAE-DMA2P, MAE-DMAE, EAE-DMAE, 
TMPAD, MEA-AMP, DMA2P, DMCA-MCA, DEAB, and MEA-PZ is also 
estimated. The results of the present study are as follows,  

(a) The desorption stage stands out as the most costly segment in the 
absorption process due to the elevated temperatures needed to 
rupture the amine-CO2 bond. A range of amines, including MEA, 
2MAE, PZ, 2DMAE, 2EAE, AMP, 1DMA2P, MCA, DMCA, DEAB, 
and TMPAD, underwent simulation to determine the intra- 
molecular interaction intensity during the CO2 desorption pro-
cess. The findings concerning interaction intensity indicate that 
N, N, N′, N′-Tetramethylpropane-1,3-diamine (TMPAD), N- 
dimethylcyclohexanamine (DMCA), and 4-diethylamino-2- 
butanol (DEAB) displayed a tendency for more accessible bond 
breakage compared to other amines. This suggests that TMPAD, 
exhibiting the highest repulsive interaction, necessitates the least 
energy to rupture the carbamate ion/bicarbonate and separate 
CO2 during the stripping process in comparison to MEA. The 
order of energy required to rupture the N–C/H–C bond in the 
chosen amines, from to lowest highest, is as follows: TMPAD <

Table 11 
Properties of Amines from Present work and Existing Literature.  

Solvents CO2 Loading (molCO2/mol 
amine) 

Heat of Absorption (ΔH =
kjmol− 1 of CO2) (El Hadri 
et al., 2017) 

Heat of Desorption (ΔQreg =

kjmol− 1 of CO2) (Singto et al., 
2016) 

Diffusion Coefficient DCO2 

(m2s− 1) at 313 K Present 
Work 

Reference 

MEA 0.55 55 175.72 2.11E-09 El Hadri et al. (2017) 
2EAE 0.71 51 86.65 1.47E-09 (Sharif et al., 2022;  

Muchan et al., 2017) 
2DMAE 0.77 45 60.84 1.40E-09 Sharif et al. (2022) 
2MAE 0.67 73.83 n/a 0.50E-09 (this work) (Sharif et al., 2022;  

Muchan et al., 2017) 
AMP 0.73 50 58.30 n/a Muchan et al. (2017) 
DEAB 0.59 41 54.37 (Singto et al., 2016) 0.68E-09 (Sharif et al., 2022; Sema, 

2012) 
TMPAD 1.32 59.87 n/a 0.68E-09 (this work) El Hadri et al. (2017) 
1DMA2P 0.83 30 n/a 0.53E-09 (this work) (Kadiwala et al., 2012; El 

Hadri et al., 2017; Liang 
et al., 2015) 

PZ 1.25 70 n/a 2.15E-09 (Sharif et al., 
2024) 

Liang et al. (2015) 

AMP 0.94 73 n/a n/a Muchan et al. (2017) 

Characteristics and Drawbacks of Various Types of Amines 
Solvent 

Group 
Example Heat of Reaction (MJ/kg 

CO2) (Raksajati et al., 2018) 
Characteristics Drawback of Solvent Reference 

Polyamines C4H10N2 (PZ) 66–78 Enhances reaction rate 
Antioxidative 
Prevents thermal degradation 

Restricted solubility in 
water 
Absorption of CO2 and 
water from air 

Van Wagener et al. (2011) 

Hindered 
amines 

HN–CH-(CH3)2–CH2–OH 
(AMP) 

50–75 Significant absorption rate 
Sufficient loading capacity 
Excellent stripping performance 

Elevated viscosity 
Costly 
Increased heat retention 

(Choi et al., 2009; Neveux 
et al., 2013) 

Tertiary 
amine 

C6H11N(CH3)2 (DMCA) 
CH3CH(OH)CH2N(CH3)2 

(1DMA2P) 
TMPAD (CH3)2N(CH2)3N 
(CH3)2 

DEAB C8H19NO 
(CH3)2NCH2CH2OH (2DMAE) 

50–65 Sufficient loading capacity 
Reduced heat capacity 
Moderated vapor pressure 
Decreased heat of reaction 

Reduced absorption rate 
Costly 
Higher viscosity 

(Rangwala et al., 1992;  
Xiao et al., 2000) 

Secondary 
amines 

CH3–NH–CH2–CH2–OH 
(2MAE) 
C6H11NH–CH3 (MCA) 
C2H5NHCH2CH2OH (2EAE) 

65–75 Elevated CO2 absorption 
capacity 
Reduced heat capacity 
Decreased vapor pressure 
Lower heat of reaction 
Less corrosive compared to 
MEA 

Higher viscosity 
Corrosiveness 
Limited water solubility 

(Gao et al., 2019; Adeosun 
et al., 2013) 

Primary 
amines 

H2N–CH2–CH2–OH (MEA) 70–85 High absorption efficiency 
Reduced Viscosity 
Cost-effective 

Elevated Heat Capacity 
Higher Vapor Pressure 
Costly Regeneration Process 

Vaidya et al. (2007)  
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DEAB < DMCA < MCA<1DMA2P < AMP< 2EAE< 2DMAE < PZ 
< 2MAE < MEA.  

(b) The effect of concentrations on interaction intensity results 
revealed that the most substantial intermolecular interactions 
with CO2 are observed in the case of 30 wt% 2EAE and 40 wt% 
2DMAE. While observing the effect of piperazine in the secondary 
and tertiary amines, it is seen that 30%PZ-10%2EAE and 15% of 
piperazine-15%2DMAE show higher intermolecular interaction 
strength as compared to other concentration blends. The rela-
tively high intermolecular interaction demonstrates that partic-
ular concentrations for 2EAE and 2DMAE are more reactive to 
CO2 and can increase the absorption process. In addition, the 
examination of the DMCA-MCA blended system reveals that the 
combination of 10% DMCA and 20% MCA demonstrates superior 
interaction strength in contrast to other concentration ratios. 
These optimal concentrations of particular solvents can improve 
the CO2 absorption process.  

(c) The intermolecular interaction intensity of several pure and 
mixed amines is analysed to assess solvent performance. The 
findings show that in comparison to pure 2EAE & 2DMAE and 
blended 2EAE/PZ, 2DMAE/PZ system, the blended system shows 
stronger intensity for all types of interactions.  

(d) The results pertaining to diffusivity shows that 2EAE exhibits the 
uppermost diffusivity while 2DMAE shows the lowest diffusivity 
than that of all selected amines. The order of diffusion rates 
within the amine system is as follows: EAE > MEA > DMAE >
MAE-DEAB > MAE-DMA2P > EAE-TMPAD > AMP-PZ > EAE- 
DEAB > MAE-TMPAD > EAE-DMA2P > MAE-DMAE > EAE- 
DMAE > TMPAD > MEA-AMP > DMA2P > DMCA-MCA > DEAB 
> MEA-PZ. Higher diffusivity means the solvent should have 
faster reaction kinetics. The diffusivity results of 2EAE demon-
strate that it can help to increase the reaction kinetics while 
combining with other amines.  

(e) Temperature exerts a substantial influence on the diffusivity of 
carbon dioxide (CO2) within amines. When the temperature is 
elevated, the diffusivity of CO2 within the amines experiences a 
pronounced increase i.e. it increases significantly at 333 K when 
compared to 313 K and 323 K. Particularly, the maximum 
diffusivity is seen for 2EAE at 333 K, showing temperature- 
dependent changes in diffusion behaviour. This increased diffu-
sivity is a result of enhanced kinetic energy of the molecules, 
allowing for more efficient movement and interaction between 
molecules, which results in a more rapid mass transfer rate. The 
accelerated mass transfer rate has the potential to enable the 
design of smaller absorber units, which ultimately can lead to a 
reduction in energy consumption. 

The study’s practical implications are far-reaching and significant, 
since it proposes some unique solvent system (in pure and blended form) 
for CO2 capture. The discovered solvent solution holds the prospect of 
dramatically improving carbon capture efficiency, potentially revolu-
tionizing the approach to reducing greenhouse gas emissions. With 
lower energy consumption needs, this technology may help to minimize 
operational costs connected with carbon capture systems, making them 
more economically viable for widespread use across sectors. Therefore, 
additional investigations into the heat of absorption, kinetic properties 
of these mixtures and potential for regeneration is crucial for its prac-
tical applicability in carbon capture and industrial processes. Further-
more, a thorough exploration of the solvent’s compatibility with various 
impurities commonly present in industrial gas streams (like SOx and 
NOx) is recommended to identify and address potential challenges. 
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Abbreviations and Nomenclature 

Symbol Abbreviations 
D(CO2)/m2s− 1 Diffusivity of CO2/square meter per second 
g(r) Distance of atoms to interact with other atoms 
m Mass of particle 
ns Nanoseconds 
ps Picosecond 
t Time 
r Spherical radius 
ρ Density of atoms 
ri Change in particle position 
U Potential energy 
Å Angstrom 
E Internal Energy 
N Number atoms 
V Volume 
T Temperature 
wt% Weight percentage 
k Boltzman’s Constant 
K Kelvin 
Ni Atomic population 
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