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Abstract: Dependency on fossil fuels for global energy demand has led to an increase in the con-
centration of CO2 in the atmosphere, thereby contributing to environmental challenges such as
climate change, rise in atmospheric temperature, etc. Since the major contributions of CO2 emissions
are from industries, capturing CO2 from post-combustion flue gas has become the focus of many
research communities. As such, membrane-based carbon capture and storage (CCS) is an important
pathway for controlling CO2 emissions. However, performance validation for membrane separation
is required to find the best composite material with a high diffusion rate. Hence, the objectives of
this research included determining the performance of the nanocomposite membranes comprising
polyether-block-amide (PEBAX) as a matrix and carbon nanotube (CNT) and armchair graphene
as reinforcements as well as obtaining the flue gas diffusion rate using molecular dynamic (MD)
analysis. Two different composition ratios of the flue gas with an equal ratio (1:1) and an actual
post-combustion ratio were developed. The molecular dynamic simulation results obtained from
LAMMPS and OVITO determined that graphene-based nanocomposites were better suited for the
diffusion of the CO2/N2 and CO2/N2/O2 flue gas compositions, and CNT-reinforced nanocomposite
membranes performed better for the CO2/O2 flue gas blend.

Keywords: carbon capture; post-combustion flue gas; diffusion coefficient; nanocomposite membrane;
molecular dynamic (MD) simulation; mean-squared displacement (MSD)

1. Introduction

Currently, fossil fuels play a crucial role in fulfilling energy demand until an alternative
reliable energy source can be found. The continued burning of fossil fuel has led to an in-
crease in the greenhouse effect due to the emission of CO2 into the atmosphere, in particular
from the industrial combustion flue gases. There are several ways to mitigate CO2 emis-
sions, such as pre-combustion carbon capture (gasification with oxygen), post-combustion
carbon capture (using chemical absorption, physical adsorption, or membrane-based sep-
aration), and oxyfuel combustion [1]. The membrane-based separation has shown great
promise for post-combustion CO2 capture due to its sustainability, low cost, and highly effi-
cient capturing system [2–4]. Polymer-based matrix-reinforced nanocomposite membranes,
specifically polyether-block-amide (PEBAX), have been found to perform well in both
CO2 selectivity and enhanced gas diffusion [5,6], which has led to better performance in
CO2 capture. Carbon-based nanoparticle-reinforced PEBAX nanocomposites have shown
great results in CO2 capture [7–9]. However, with the smaller size, analyzing the impact
of nanoparticles with the polymer membrane on CO2 capture using experimental meth-
ods is challenging, and hence computational methods are preferred. Molecular dynamic
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(MD) simulation can replicate the same output with detailed interactions on the atomic
scale [10]. Therefore, the main objective of this research was to characterize the armchair
carbon nanotube (CNT)- and armchair graphene-reinforced PEBAX nanocomposite us-
ing molecular dynamics and investigate their flue gas diffusion performance through the
nanocomposite membrane for CO2 capture at the actual post-combustion (APC) and equal
gas mixture ratios.

2. Materials and Methods

In this study, two different nanocomposite membranes were developed using polyether-
block-amide (PEBAX) as the matrix, along with armchair carbon nanotube (CNT) and
armchair graphene as the reinforcements. The unit cell of the nanocomposite membrane
was composed of a PEBAX matrix with either one CNT or a single graphene sheet placed
perpendicular to the flue gas diffusion direction. The gas blend of CO2/N2, CO2/O2, and
CO2/N2/O2, with an equal (1:1) ratio and based on the actual post-combustion (APC) ratio,
was selected for the analysis. The gas composition is given in Table 1.

Table 1. Gas mixture in equal ratio and actual post-combustion ratio.

Matrix Reinforcement

Gas Mixture

Equal (1:1) (Ratio) APC (Ratio) *

CO2/N2 CO2/O2 CO2/N2/O2 CO2/N2 CO2/O2 CO2/N2/O2

PEBAX
CNT 1:1 1:1 1:1:1 17:3 7:3 3:16:1

Graphene Armchair 1:1 1:1 1:1:1 17:3 7:3 3:16:1

* The actual post-combustion (APC) ratio was derived from a flue gas mixture [3,11,12].

A Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) was used
as the principal MD simulation engine [13] to model and analyze the nanocomposite
membrane and also to determine the diffusion coefficient of the gas mixture. The gas
molecular information of CO2, N2, and O2, as well as the PEBAX molecular structure
were obtained from the Automated Topology Builder (ATB) repository [14,15]. Using
Moltemplate, the ATB input script was transformed into a general cross-platform molecule
input script consisting of the molecular information capable of operating in the LAMMPS
engine [16]. The nano-reinforcements were generated using Visual Molecular Dynamics
(VMD) and, with the help of “Topology Builder”, the carbon nanostructure was built. The
TopoTools plugin was used to access the topological-related data stored in the VMD [17].
LAMMPS commands were used to make the gas blend as shown in Table 1, and the
simulation and the results were visualized using OVITO.

A unit cell with a fixed boundary of 40 nm × 6 nm × 4 nm and a 4 nm thick nanocom-
posite membrane was simulated. The membrane was then cured at 350 K before the gas
mixture with a Langevin thermostat at 600 K was introduced to observe the mean squared
derivative (MSD) of the flue gas mixture. The Brownian motion of the gas particle through
the nanocomposite membrane was used to determine the diffusion coefficient of the gas
mixture. The schematic of the MD Simulation process is shown in Figure 1.

The gas mixture followed the Brownian dynamics to diffuse within the boundary re-
gion. The molecular dynamics followed the stochastic system of probability of randomness
to diffuse through the nanocomposite membrane. The Langevin thermostat generated a
total force (F) for the flue gas, as shown in Equation (1).

F = Fc + Ff + Fr (1)

Ff = − m
damp

v (2)

Fr ∝

√
kBTm

dt damp
(3)
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where

Fc is a conservative force of the inter-particle interaction of the molecules;
Ff is the frictional drag or viscous damping of the particles;
Fr is the force generated due to the system temperature and random collision of the particle
transferring the energy in the process;
m represents the mass of each particle;
v is the velocity of the particles in motion;
kB is the Boltzmann’s constant;
T represents the system temperature;
and damp is the damping constant.
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The MSD of the flue gas was calculated for the x, y, and z axes using Equation (4). The
diffusion coefficient of the flue gas mixture was obtained using Equation (5), which is the
slope of the MSD curve with the system dimension of N = 3 [10,18].

MSD = dx2 + dy2 + dz2 (4)

D = lim
t→∞

slope(MSD)

2Nt
(5)

3. Results
3.1. Surface Mesh Analysis of Nanocomposite

Figure 2 shows the surface mesh model of the nanocomposite membrane produced
by the visualization software, OVITO version 3.8.0. The models were used to measure the
surface area of the nanocomposite membrane. The results confirm that the addition of
CNT with PEBAX increased the surface area of the final composites to 15,042 Å2, whereas
the addition of graphene armchair nanoparticles reduced the surface area to 13,229 Å2,
respectively. The reduction in surface area is due to the addition of armchair graphene
nanoparticles, which generated higher free volume (voids) within the nanocomposite
membrane than the CNT nanocomposites.
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Figure 2. Surface mesh model of (a) graphene armchair- and (b) CNT-reinforced nanocomposite.

3.2. Mean Squared Displacement and Diffusion Coefficient

The mean squared displacement (MSD) of the flue gas was extracted from the molecu-
lar trajectory using Equation (4). Due to the Langevin thermostat used in the microcanonical
ensemble, the flue gas generated kinetic energy which was proportional to the introduced
temperature (600 K), which further enabled the gas molecules to start diffusing through the
membrane. Finally, the MSD was calculated using the diffusion rate. Figure 3 shows the
displacement behavior of the gas molecules modeled using MD simulation.
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Figure 3. Molecular dynamic simulation of flue gas diffusing through nanocomposite membrane.

Figures 4 and 5 show the MSD performance of the CO2/N2, CO2/O2, and CO2/N2/O2
through the CNT- and armchair graphene-reinforced nanocomposite membranes for both
the equal (1:1) and APC ratio gas blends. At the initial stage, the flue gas expanded within
the input boundary, where no diffusion through the membrane boundary occurred. This
region is called the ballistic region [10] and was excluded from the diffusion calculations.
Gradually, the flue gas started to diffuse through the membrane boundary and finally ended
up in the output boundary. The diffusion occurred mainly through the void space generated
during the curing and alignment of the nanocomposite membrane, which dictated the
displacement behavior of the gas molecules.

The neglected ballistic region is identified with a green line whereas the MSD that was
considered for the calculations to determine the diffusion coefficient was identified as blue.
The slope of the MSD was generated over the acceptable MSD region, as identified with
a red dotted line, and used to calculate the diffusion coefficient of the respective flue gas
mixture ratios using Equation (5).
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Figure 5. Mean-squared displacement trend-line of flue gas mixture at actual post-combustion (APC)
ratio for nanocomposite membrane (a) CNT in CO2/N2, (b) CNT in CO2/O2, (c) CNT in CO2/N2/O2,
(d) Graphene in CO2/N2, (e) Graphene in CO2/O2, and (f) Graphene in CO2/N2/O2.

Figure 6 shows the diffusion coefficient for the flue gas mixture at an equal (1:1)
ratio and APC ratio for the CNT- and armchair graphene-reinforced nanocomposites.
The diffusion results from Table 2 show that the graphene armchair for CO2/N2/O2 gas
blend with the equal (1:1) ratio had the highest diffusion coefficient of 1.50 × 10−6 cm2s−1,
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resulting in a greater diffusion rate compared to other models. Overall, the graphene
nanocomposite membrane performed better than the CNT-reinforced nanocomposite for
CO2/N2, and CO2/N2/O2 with equal ratios. Only for the CO2/O2 gas blend did the CNT
nanocomposites outperform for both the equal and APC ratios, with diffusion coefficients
of 1.17 × 10−6 and 9.80 × 10−7 cm2 s−1, respectively. The difference in the diffusion
coefficient was due to the Knudsen diffusion mechanism controlling the N2-enriched
flue gas mixture with a higher kinetic diameter (3.64 Å), whereas the molecular sieving
mechanism controlled the O2 enriched flue gas mixture thus reducing the impact of free
space within the nanocomposite membrane [19].
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Table 2. Diffusion coefficient results in equal and actual post-combustion (APC) ratios.

Equal (1:1) (Ratio) APC (Ratio)

CO2/N2 CO2/O2 CO2/N2/O2 CO2/N2 CO2/O2 CO2/N2/O2

CNT 8.87 × 10−7 1.17 × 10−6 1.43 × 10−6 1.05 × 10−6 9.8 × 10−7 1.07 × 10−6

Graphene Armchair 9.1 × 10−7 1.12 × 10−6 1.50 × 10−6 1.07 × 10−6 8.49 × 10−7 1.24 × 10−6

4. Conclusions

From the molecular dynamic analysis of the CNT- and graphene-reinforced nanocom-
posite membranes, the following conclusions can be derived for post-combustion flue
gas diffusion:

• Molecular dynamic (MD) simulation is an effective method to determine the diffusion
coefficient of flue gas and could be utilized to understand the diffusion mechanisms at
the atomic scale under explicit conditions.

• The armchair graphene-reinforced PEBAX nanocomposite showed the highest diffu-
sion coefficient for the N2-enriched flue gas mixture. This is mainly due to the lowest
surface area of 13,229 Å2, resulting in a higher region of free volume space, which
drove the flue gas with a higher kinematic diameter to diffuse through the membrane
following the Knudsen diffusion mechanism.

• The diffusion coefficient for the CNT-reinforced nanocomposite was lower for the O2-
enriched flue gas mixture, which is due to the molecular sieve diffusion mechanism.

As per the Robeson limit, it can be concluded that selectivity acts inversely to the
diffusion coefficient, making the CNT-reinforced nanocomposite the most suitable com-
posite membrane for CO2 selectivity [20]. The limitation of this research work is that the
computationally intensive MD simulation was only able to validate the result for a short
time-step and small simulation boundary. The future scope of the work could be extended
to identify CO2 capture in nanocomposite membranes by focusing on CO2 selectivity
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and flue gas permeability of the gas mixture and using MD analysis to understand the
membrane performance further.
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