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ABSTRACT: The adsorption mechanisms of CO2 on macro-
porous cation exchange resin (MCER), D001 ion-exchange resin,
and macroporous ion-exchange resin organic amine composite
materials (MCER-DEA and D001-PEI) were studied by density
functional theory (DFT). The adsorption energies and Mulliken
atomic charges in the adsorption process were analyzed, indicating
that CO2 on MCER and D001 were physisorbed. The adsorption
heat of the adsorption process of MCER-DEA and D001-PEI was
calculated by the Monte Carlo method, and it was found that the
adsorption process of CO2 by MCER-DEA and D001-PEI was
both physical adsorption and chemical adsorption. Besides, the
chemical adsorption mechanism of CO2 by MCER-DEA and
D001-PEI was investigated by analyzing the free energy barrier and the Gibbs free energy change of the involved chemical reactions
and the results showed that the free energy barrier required for MCER-DEA to generate zwitterion was 26.23 kcal/mol, which is 1.74
times that of D001-PEI (15.04 kcal/mol); meanwhile, the free energy barriers of the deprotonation process of zwitterions in MCER-
DEA and D001-PEI were 16.23 and 9.89 kcal/mol, respectively, indicating that D001-PEI chemically adsorbs CO2 and requires
more energy than MCER-DEA chemical adsorption of CO2. D001-PEI is more conducive to the chemical adsorption of CO2. In
addition, H2O molecules were incorporated on the polymer models to study the influence of humidity on the CO2 adsorption
mechanism. The analysis revealed that the adsorption of CO2 slowed under humid conditions.

1. INTRODUCTION
In the last decades, combating the climate change caused by
anthropogenic greenhouse gas (GHG) emissions has un-
doubtedly become one of the greatest challenges.1 Our
overreliance and uncontrolled exhaustive usage of fossil fuels
as our primary energy source has led to an alarming rise in
atmospheric carbon dioxide levels. The current CO2
atmospheric concentration is near 420 ppm. Power generation
is the highest contributor to the world’s CO2 emissions, with
about 47% of the emissions generated in the electricity and
heat sector and around 25% by the transport sector by 2021.
The industrial sector (e.g., chemicals, petrochemicals, iron, and
steel, aluminum, cement, or paper) generated about 18% of the
total CO2 emission.2,3 The excessive emission of these GHGs
is disastrous for the earth’s climate, ecosystems, and species.
The adverse consequences of climate warming are no longer
just a potential threat but are very obvious and require
immediate attention. Carbon dioxide is the main contributor
to the greenhouse effect, and global CO2 emissions are on the
rise. Therefore, it is urgent to reduce CO2 emissions from coal-
fired power plants and tackle the rapid rise of the atmospheric
CO2 concentration.

A potential solution to curbing CO2 emissions is carbon
dioxide capture and storage (CCS). The separation of CO2 can
mainly be achieved by adsorption, physical and chemical
absorption, cryogenic distillation, membrane separation, and
other ways.4 In the case of power plants, capturing combusted
carbon dioxide through the absorption process is of greatest
concern. However, current CO2-capturing materials using the
scrubbing method with aqueous amine solutions still face some
serious defects, such as high energy consumption, severe
equipment corrosion, and regeneration difficulties.5,6 As a
result, the use of porous materials for carbon dioxide capture
and storage strategies has received increasing attention. A
range of different porous solid adsorbents including zeolites,7,8

silica,9,10 porous carbon,11,12 metal−organic frameworks
(MOFs),13,14 porous organic polymers (POPs),15 and alkyldi-
amine-appended metal−organic frameworks (diamine-
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M2(dobpdc))16−19 has been proposed for CO2 capture and
storage. However, these porous materials are expensive. The
advantages of a high surface area, good regeneration perform-
ance, and low cost make the adsorption of CO2 by ion-
exchange resins very promising.

For acidic CO2 gas, impregnating the resin surface with
organic amine has been exploited due to its high affinity for
adsorbing CO2 and trapping them into ammonium salts.20 For
example, Liu et al.21,22 reported that diethanolamine (DEA)
impregnated macroporous cation exchange resin (MCER) and
polyethylenimine (PEI) impregnated ion-exchange resin
(D001) show enhanced adsorption of CO2 gas compared to
the pure surface. They measured the properties using
adsorption isotherms with empirical models such as pseudo-
first-order, pseudo-second-order, Avrami, or Weber−Morris.
Nevertheless, the understanding of the fundamental mecha-
nism remains more or less unclear. Zhu et al.23 applied
molecular dynamics (MD) to analyze and establish the
bituminous coal molecular model and investigated the
adsorption behavior of coal in CO2/N2 mixed gas. However,
their work was limited to studying the adsorption behavior of
bituminous coal in different proportions of mixed gases based
on Monte Carlo methods. Lima et al.24 studied the adsorption
of 15%CO2/85%N2 mixtures on monoethanolamine (MEA)-
impregnated NaX zeolite based on the Monte Carlo method.

However, none of the above discuss the adsorption
mechanism of CO2 on different sorbents and the basic
mechanism of the interaction between CO2 and amine-
impregnated resins remains unresolved at the molecular level.
In this work, based on previous research in our laboratory,21,22

the adsorption mechanisms of CO2 on four types of
macroporous ion-exchange resins (MCER, MCER-DEA,
D001, and D001-PEI) were studied by DFT. The Materials
Studio DMol3 module was used to obtain the optimized
adsorption configurations. The adsorption energies and
Mulliken atomic charges in the adsorption process were
analyzed. The adsorption heat of MCER-DEA and D001-PEI
adsorption processes was calculated using the Monte Carlo
method, and the diffusion coefficients of 15% CO2/85% N2
mixed components in MCER-DEA and D001-PEI simulation
boxes were further calculated through MD. Furthermore, the
free energy barriers and the Gibbs free energy of the chemical
adsorption process were calculated by the transition state
search and optimization. H2O molecules were incorporated
into the polymer models to study the influence of the humidity
on the CO2 adsorption mechanism.

2. SIMULATION DETAILS
2.1. Mechanical Quantum. 2.1.1. Models. In order to

represent the interaction process between CO2 molecules and
macroporous cation exchange resin, the simplified models were
established to represent the two macroporous cation exchange
resins (MCER and D001) and the two amine solutions
(polyethylenimine and DEA) in Figure 1, respectively. For
convenience, the C atoms, H atoms, N atoms, O atoms, S
atoms, and Na atoms are represented in gray, white, blue, red,
yellow, and purple, respectively. A polybutadiene-polystyrene
monomer model containing the sodium sulfonate group was
constructed to represent MCER, and the optimized resin
model is shown in Figure 1a. The D001 model was obtained
by replacing polybutadiene-polystyrene with polystyrene
molecules, and its optimal atomic structure is displayed in
Figure 1b. The ethylenimine monomer was constructed to

simulate PEI, and its optimal structure is displayed in Figure
1c. The optimal structure of DEA is displayed in Figure 1d.
The optimal structure of the CO2 molecule is shown in Figure
1e, where the C�O bond length is 1.61 Å, which is similar to
the experimental data.

2.1.2. Methods. Material quantum properties were calcu-
lated using the DMol3 module, and graphical displays were
created with Materials Studio (MS) 2017. The structure was
optimized by using the geometric optimization task provided
by the DMol3 module. Then, the Mulliken analysis was used
to calculate atomic charges using the analysis section of the
DMol3 module.25 In addition, in theoretical analysis, the
Perdew−Burke−Ernzerhof (PBE) function under the general-
ized gradient approximation (GGA) was used to describe the
exchange-correlation energy.26 The double numerical plus
polarization (DNP) basis set with the 3.5 Å basis file was
selected in consideration of valence electrons, which is
comparable to the split-valence double-ζ 6-31G** in size,
but it is more accurate than the Gaussian basis sets of the same
size.27 The van der Waals (vdW) interactions, using the DFT-
D method of Grimme, was considered in all of the
calculations.28 A Fermi smearing of 0.005 Ha and a global
orbital cutoff of 5.2 Å were employed. The adsorption energy,
Eads, is used to evaluate the adsorption effect between the
adsorbate and adsorbent and defined as follows:

= +E E E Eads (adsorbent adsorbate) (adsorbent) (adsorbate) (1)

where E(adsorbent+adsorbate), E(adsorbent), and E(adsorbate) are the total
energy of the system, adsorbent, and the adsorbate (kcal/mol),
respectively. The more negative the adsorption energy, the
stronger the bond between the adsorbent and the adsorbate.

To accurately understand the mechanism of adsorption of
the CO2 gas molecules on macroporous ion-exchange resin
organic amine composite materials, density functional theory-
based electronic structure calculations and meta-dynamics
method-based first-principles molecular dynamics (FPMD)
simulations were employed to analyze the energetics and free
energy profile of the involved chemical reactions. Vibrational
frequency calculations were carried out for the optimized
structures; all of the optimized structures were confirmed with
no imaginary frequency except one imaginary frequency for the
transition state. When defining atomic pairs, the appropriate
reactants and products involved in each mechanism are
considered; accordingly, a 3D trajectory file representing a
preview of the reaction path is generated for each mechanism

Figure 1. Optimized structures of the most stable state for (a) MCER,
(b) D001, (c) PEI, (d) DEA, and (e) CO2. The yellow, purple, red,
blue, gray, and white spheres represent S, Na, O, N, C, and H,
respectively.
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with the Reaction Preview tool of the Materials Studio
software. These 3D trajectory files are then used as inputs,
using linear synchronous transit, and quadratic synchronous
transit (LST/QST) calculations, which are minimized by the
conjugate gradient29 in the transition state search tool in
DMol3. Then, the particular mode is selected to perform
transition state optimization to verify whether the obtained
geometry is indeed a transition state. Activation free energy
(Ea) and Gibbs free energy change (ΔG) were calculated using
eqs 2 and 3:29,30

=E E Ea (transition state) (reactant) (2)

=G E E(product) (reactant) (3)

where Ereactant, Etransition state, and Eproduct represent the energies
of the reactant, transition state, and product (kcal/mol),
respectively.
2.2. Molecular Dynamics. 2.2.1. Construction of

Simulation Boxes. An MD approach was used to simulate
the diffusion of 15% CO2/85% N2 mixture components on
MCER-30%DEA and D001−30%PEI. First, the homopolymer
part of the construction module was used to create MCER and
D001 polymer chains with tactical (isotropic), chain number
(1), and chain length (10), with the chain length modified to 8
for the PEI polymer chain. It is crucial to use appropriate
repeating units in the simulations of all polymers, as the
accuracy and precision of the simulation depend on it.
Through geometric optimization of the Forcite module,
structural optimization was conducted for the DEA compound
as well as the MCER, D001, and PEI polymer models, with a
maximum iteration of 500 to achieve the actual equilibrium
state. The geometric optimization energy of the structure is
shown in Figure S1. As shown in the figure, the initial energy of
MCER (1374.1 kcal/mol), D001 (1581.8 kcal/mol), DEA (52
kcal/mol), and PEI (500.5 kcal/mol) structures has been
decreased to −216.4, −191.7, 11, and 194.1 kcal/mol,
respectively. From the graph, it can be seen that the energy
level optimization of the system was successful, reaching the
lowest value of the system. According to energy values, PEI
and MCER have the lowest and highest stabilities.

Simulation boxes with specific composition ratios were
developed using the Amorphous Cell module, where the
weight fraction of organic amines in the solid amine adsorbent
was 30%, as shown in Figure 2. The amorphous models were
then geometrically optimized to exclude undesirable inter-
actions and achieve the lowest energy state. The Compass II23

force field in the Materials Studio software strengthened
support for polymer systems compared with other force fields
and can be applied to adsorption simulations of various
polymers constructed in this article. Accordingly, in MD
simulations, the Compass II force field was always used for
Force Field in Energy. The equilibrium of the simulation boxes
is typically measured by their density, temperature, and energy.
Therefore, the stable or fluctuating behaviors of the MCER-
30% DEA and D001−30% PEI simulation boxes in terms of
density, temperature, and energy indicate convergence to an
equilibrium state. To determine the equilibrium density of the
simulation boxes, NPT-MD simulations were conducted at 1 ×
10−4 GPa, 298 K, and a total simulation time of 500 ps. The
thermodynamic stability of the simulation boxes was then
examined through energy analysis from NVT-MD analysis
conducted under conditions of 298 K, 1 × 10−4 GPa, and 500
ps. Figure S2 presents a schematic illustration of the

equilibrium behavior of the simulation boxes based on
temperature, density, and energy fluctuations of the MCER-
30% DEA and D001−30% PEI materials. As shown in Figure
S2a, the temperatures of both materials reached equilibrium
after 500 ps. The density values of MCER-30% DEA fluctuated
between 1.05 and 1.10 (g/cm3), with the density of the
simulation box reaching equilibrium after 500 ps, as seen in
Figure S2b. The density values of D001−30% PEI fluctuated
between 1.05 and 1.15 (g/cm3), with the density of the
simulation box reaching equilibrium after 500 ps. Figure S2c,d
represents the energy fluctuations of total energy, potential
energy, kinetic energy, and nonbond energy calculated for
MCER-30% DEA and D001−30% PEI simulation boxes, as
well as the average energy of all simulation boxes. It is evident
from the energy fluctuations of the simulation boxes that all
energies reached equilibrium within 500 ps. The parameters of
the simulated amorphous cells for MCER-30% DEA and
D001−30% PEI at 298 K are listed in Table 1.

2.2.2. Methods. The adsorption behavior of 15% CO2/85%
N2 mixed components on MCER-30% DEA and D001−30%
PEI materials was studied using the Sorption module. The
simulation steps are as follows: The Monte Carlo method was
used for calculation, the task was set as fixed pressure; CO2
partial pressure was set to 15 kPa, and N2 partial pressure was
set to 85 kPa; the electrostatic field was set to Ewald & Group,
and vdW interaction was calculated as atom based. The
adsorption heat was calculated as follows:

=Q RT
P
T

d(ln )
d(ln )st

Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ (4)

After using the grand canonical ensemble:
=Q RT Gst (5)

Figure 2. Simulation models: (a) MCER, (b) DEA, (c) MCER-30%
DEA, (d) D001, (e) PEI, and (f) D001−30% PEI.

Table 1. Parameters of MCER-30% DEA and D001-30%
PEI Simulation Boxes at 0.1 mPa and 298 K

cell length
(Å)

cutoff distance
(Å)

volume
(Å3)

density
(g/cm3)

MCER-30%
DEA

23.8 12.5 12,406.8 1.08

D001−30%
PEI

21.0 12.5 9313.5 1.11
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=G E Nintra (6)

wherein Qst is the adsorption heat (kcal/mol), R is the
universal gas constant (2.03 × 10−3 kcal·mol−1·k−1), T is the
temperature (K), P is the absolute equilibrium pressure (Torr),
E is the total energy (kcal/mol), μ represents the chemical
potential (kcal/mol), and N represents the number of
particles.31

The most stable low-energy adsorption configuration was
extracted based on the fixed pressure calculation in the
Sorption module, and the diffusion coefficient was further
calculated. The low-energy adsorption configuration was
geometrically optimized in the Forcite module to achieve a
stable energy state of the models. Then, MD simulations were
performed using isobaric isotherms (NPT) to estimate the
equilibrium density of the mixture. The system was com-
pressed and decompressed until the density remained constant
with a pressure of 0.1 MPa, a temperature of 298 K, a time step
of 1 fs, and a total simulation time of 500 ps. In addition, the
Forcite module isothermal−isochoric (NVT) ensemble was
applied to achieve simulated box equilibria at 0.1 MPa and 298
K, with a total simulation time of 500 ps and a time step of 1 fs.
A final MD run was performed on a hybrid simulation box
using the Forcite module’s microcanonical (NVE) ensemble,
with a total simulation time of 500 ps. After the completion of
the dynamic simulations, the trajectory distribution of CO2
and N2 molecules moving inside the MCER-30% DEA and
D001−30% PEI boxes can be obtained. The mean square
displacement curves (MSD) can be obtained through analysis.
Meanwhile, the diffusion coefficient (D) can be calculated by
using the Einstein method (eq 7), and the calculation can be
simplified to eq 8.

= [| | ]
=

D
N t

r t r1
6

d
d

lim ( ) (0)
t k

N

i i
1

2

(7)

=D k/6 (8)

In the formula, N is the number of diffusing atoms in the
system, [|ri(t) − ri(0)|2] denotes the MSD, t is the time (ps),
and k denotes the slope of the MSD curve.

3. RESULTS AND DISCUSSION
3.1. Loading of Organic Amines on Macroporous Ion-

Exchange Resins. The MCER-DEA model was built by
connecting one MCER monomer and one DEA monomer, and
the D001-PEI model was built by connecting one D001

monomer and one PEI monomer (as shown in Figure 3).
Then, the geometric models of the two polymers were
geometrically optimized to make the energy of the models
reach a stable state and the optimized molecular configuration
was reversed and distorted. To ensure that the optimization of
the adsorption system converged to the global minimum on
the corresponding energy surface, the Adsorption Locator
module was used to determine the low-energy adsorption sites
by conducting a Monte Carlo search on the configuration
space of the substrate−adsorbate system. Then, the DMol3
module was used for geometric optimization to obtain the
most stable adsorption configurations of MCER-DEA and
D001-PEI. The results are shown in Figure 3, and their
corresponding adsorption properties are summarized in Table
2.

A DFT study demonstrated that positive electric “Na” of
MCER interacts with the negative electric “N” of DEA while
the double-bonded oxygen atoms of the −SO3Na group are
very electronegative, and they strongly interact with the
electropositive “H” atoms of the −OH group in DEA, thus
resulting in the formation of a hydrogen-bonded structure, as
shown in Figure 3. The positive electric “Na” of D001 interacts
with the negative electric “N” of PEI, and the double-bonded
oxygen atoms of the −SO3Na group and the electropositive
“H” atoms of the −NH2 group in PEI interact strongly to form
a hydrogen-bonded structure. From Figure 3, it can also be
seen that the distance between the double-bond oxygen atoms
of MCER and the “H” atoms of the −OH group in DEA is
1.88 Å whereas the distance between the double-bond oxygen
atoms of D001 and the “H” atoms in −NH2 of PEI is 2.08 and
2.19 Å, indicating that the hydrogen bond strength formed
between MCER and DEA is greater than that of D001-PEI.

The adsorption energies and transferred Mulliken charges
between the organic amines and the macroporous ion-
exchange resins are listed in Table 2. The adsorption energy
of MCER-DEA is −60.19 kcal/mol, while the adsorption

Figure 3. Optimized structures of the most stable configurations for (a) DEA-loaded MCER and (b) PEI-loaded D001. All bond distances are in Å.

Table 2. Adsorption Energies (Eads) of the Adsorption
Configurations and the Mulliken Charges (Q) Transferred
between the Organic Amines and the Macroporous Ion-
Exchange Resins

Eads (kcal/mol) Q (e)

MCER-DEA −60.19 0.001
D001-PEI −50.11 0.004
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energy of D001-PEI is −50.11 kcal/mol. This further illustrates
that the hydrogen bonds formed between MCER-DEA are
more stable than those of D001-PEI. A positive value of the
change in Mulliken atomic charges indicates a loss of electrons,
and a negative value indicates the accumulation of electrons.28

From Table 2, it can be found that DEA adsorbed on MCER
has a positive charge of 0.001 e and PEI adsorbed on D001 has
a positive charge of 0.004 e. This demonstrates that the charge
distribution can be changed by the loading of organic amines
onto macroporous ion-exchange resins and organic amines
provide their electrons to the surface of ion-exchange resin
materials.
3.2. Adsorption of CO2 on Different Adsorbed

Materials. The CO2 molecule was placed on the models to
study the interactions between CO2 and the four adsorbed
materials, as illustrated in Figure 4. The adsorption energies
and the transferred Mulliken charges of CO2 molecules on
different adsorption materials are listed in Table 3. The
adsorption energy between CO2 and MCER is −8.13 kcal/
mol, which is higher than that of D001 (−7.49 kcal/mol),
mainly because the electronegative “O” of CO2 interacts more
strongly with the electropositive “Na” of MCER than with
D001. The results indicate that the adsorption of CO2 on
MCER and D001 is simple physical adsorption, and this is
consistent with the experimental data that the adsorption
capacity of CO2 on MCER (1.87 mmol/g) is greater than that
of CO2 on D001 (1.07 mmol/g).21,22 The adsorption energies

of the CO2 molecules in MCER-DEA and D001-PEI are
−17.59 and −18.64 kcal/mol, respectively. These values are
close to B38 fullerene (−15.96 kcal/mol)32 and Ni-decorated
InN (−15.22 kcal/mol)33 but greater than the results of C9N7
(−6.46 kcal/mol)34 and Se-doped graphene (−5.01 kcal/
mol).35 Considering that the Eads of CO2 on a high-
performance adsorbent are preferably between −9.78 kcal/
mol and −19.57 kcal/mol,32 the MCER-DEA and D001-PEI
are thus effective CO2 storage adsorbents.

According to the analysis of the amounts of Mulliken charge
transfer, it can be found that almost all the charge change
values are positive, which demonstrates that the CO2
molecules act like the donors, donating their electrons to the
surface of the adsorption materials.28 Due to this weak physical
adsorption, a negligible charge of about 0.001 e is transferred
from CO2 to MCER. The Mulliken charge transfer from
MCER-DEA and D001-PEI to CO2 molecules is about 0.104

Figure 4. Optimized structures of the most stable configurations for the CO2 on (a) MCER, (b) D001, (c) MCER-DEA, and (d) D001-PEI.

Table 3. Adsorption Energies (Eads) of the Adsorption
Configurations, and the Mulliken Charges (Q) Transferred
between the CO2 Molecules and the Adsorbing Materials

Eads (kcal/mol) Q (e) O−C−O bond angles (°)

MCER −8.13 0.001 176.5
D001 −7.49 −0.001 175.9
MCER-DEA −17.59 0.104 149.1
D001-PEI −18.64 0.235 148.2

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00587
ACS Omega 2024, 9, 17541−17550

17545

https://pubs.acs.org/doi/10.1021/acsomega.4c00587?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00587?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00587?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00587?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and 0.235 e. The results indicate that the charge distribution
can be changed by the adsorption of the CO2 molecule on
MCER-DEA and D001-PEI, and the adsorption process may
involve chemical adsorption. When CO2 is adsorbed on MCER
and D001, there is little structural transformation. However,
when CO2 molecules were adsorbed on MCER-DEA and
D001-PEI, the structural deformation of the CO2 molecules
occurs; the O−C−O bond angles are 149.1 and 148.2°,
respectively. These results show that CO2 was physisorbed on
MCER and D001, while it was chemisorbed on MCER-DEA
and D001-PEI.
3.3. Analyses of MD Simulation Results. Adsorption

heat (Qst) refers to the thermal effect generated by the
adsorption reaction of the adsorbent materials during the
adsorption process, which is one of the important parameters
characterizing the adsorption capacity of the adsorbent
materials. Qst < 20 kJ/mol (1 Ha = 2565.5 kJ/mol = 627.51
kcal/mol) indicates physical adsorption, while Qst > 60 kJ/mol
indicates chemical adsorption.36 The adsorption heats of CO2
in MCER-30% DEA and D001−30% PEI virtual simulation
boxes were determined using the MS software metropolis
algorithm and Sorption module. The isosteric adsorption heat
of MCER-30% DEA and D001−30% PEI under different CO2
partial pressure is plotted in Figure 5. By comparison of the

isosteric adsorption heats of different adsorption materials, it
can be concluded that the adsorption methods of MCER-30%

DEA and D001−30% PEI for CO2 are both physical and
chemical adsorption, with chemical adsorption being the main
method. Moreover, D001−30% PEI has stronger chemical
adsorption capacity than MCER-30% DEA. Liu et al.22 found
that when the adsorption amount is less than 2 mmol/g, both
physical and chemical adsorptions occur simultaneously, with
chemical adsorption being the main method. When the
adsorption amount exceeds 2.0 mmol/g, as the amino active
sites gradually become occupied, they mainly undergo physical
adsorption and reach adsorption equilibrium.

The diffusion coefficients of the 15% CO2/85% N2 mixture
components in MCER-30% DEA and D001−30% PEI were
calculated. Based on the values of MSD plotted in Figure 6 as a
function of time, a linear fit was performed to obtain the slope
of the straight line, and the diffusion coefficients of the gases
through the MCER-30% DEA and D001−30% PEI simulation
boxes were calculated using eq 8. The results are listed in Table
4. In the MCER-30% DEA and D001−30% PEI simulation

boxes, the diffusion coefficients of CO2 are higher than those
of N2. The high diffusion coefficient of CO2 is due to its
smaller kinetic diameter (3.3 Å) compared with N2 (3.88 Å).37

Generally, by incorporation of organic amines into the polymer
matrix, solid chemical interactions can be generated between
the amine groups on the MCER-30% DEA and D001−30%
PEI surfaces and CO2 molecules, thereby increasing the
diffusion of CO2 gas.
3.4. Mechanism of Reaction of CO2 by MCER-DEA and

D001-PEI. To further investigate the reaction mechanisms of
CO2 capture by MCER-DEA and D001-PEI, the Transition
State (TS) Search and TS Optimization function of the DMol3
module were used to calculate the reaction pathways and free
energy changes. According to previous reports, the adsorption
of CO2 by solid amine adsorption materials is mainly adsorbed
by chemical reaction between amino groups and CO2,

Figure 5. Simulated isosteric adsorption heat of MCER-30% DEA
and D001−30% PEI with CO2 partial pressure at 333 K.

Figure 6. MSD curves of 15% CO2/85% N2 mixed in (a) MCER-30% DEA and (b) D001−30% PEI.

Table 4. Diffusion Coefficients of 15% CO2/85% N2 Mixed
in MCER-30% DEA and D001-30% PEI

adsorbent adsorbate y = b*x + a R2

diffusivity
coefficient

(10−5 cm2/s)

MCER-
30%
DEA

CO2 y = 1.11x + 11.87 0.9984 1.85
N2 y = 0.71x + 11.47 0.9850 1.18

D001−
30%
PEI

CO2 y = 1.65x + 11.20 0.9786 2.75
N2 y = 0.87x + 12.23 0.9970 1.45
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following the zwitterionic mechanism,38 in which amino
groups first combine with CO2 to form zwitterions and then
are deprotonated to form carbamates. Therefore, two reaction
pathways were set up and are expressed as eq 9-12. Pathways I-
1 and I-2 represented the reaction of MCER-DEA and CO2,
and pathways II-1 and II-2 represented the reaction of D001-
PEI and CO2.

+ +I 1: MCER DEA CO2 MCER DEA COO
(9)

+
+

+

+
I 2: MCER DEA COO DEA

MCER DEACOO DEAH (10)

+ +II 1: D001 PEI CO2 D001 PEI COO
(11)

+
+

II 2: D001 PEI COO
D001 PEIH COO (12)

The transition state of the CO2 adsorption process is shown
in Figure 7. Figure 7a,c shows the detailed geometries of
reactants, transition states, and products during the process of
zwitterion generation on MCER-DEA and D001-PEI,
respectively. Figure 7b,d shows the detailed geometries of
reactants, transition states, and products during the process of
zwitterion deprotonation on MCER-DEA and D001-PEI,
respectively. Then, the activation free energy and the free
energy changes under the two reaction pathways are shown in
Figure 8. In both pathways, the activation free energy involved
in zwitterions is higher than that of deprotonation of
zwitterions, which means that the formation of zwitterions is
the rate-determining step of the reaction. This is consistent
with the previously reported results.30,38 The free energy
barrier required for MCER-DEA to generate the zwitterion is

26.23 kcal/mol, which is 1.74 times that of D001-PEI (15.04
kcal/mol). The Gibbs free energy changes for the generation of
zwitterions by MCER-DEA and D001-PEI are 1.02 and 7.48
kcal/mol, respectively, indicating that D001-PEI has a higher
reactivity with CO2. The free energy barriers of the
deprotonation process of zwitterions in MCER-DEA and
D001-PEI are 16.23 and 9.89 kcal/mol, and the Gibbs free
energy changes of the deprotonation process of zwitterions in
MCER-DEA and D001-PEI are 2.0 and −15.77 kcal/mol,
respectively, indicating that pathway II-2 is more prone to
occur than pathway I-2 and D001-PEI has a stronger ability to
accept protons. The results show that MCER-DEA chemically
adsorbs CO2 requiring more energy than D001-PEI and that
D001-PEI is more conducive to the chemical adsorption of
CO2. This is consistent with the results of CO2 adsorption
experiment: The adsorption amount of D001-PEI to CO2 (4.0

Figure 7. Detailed geometries of reactants, transition states, and products during the process of zwitterion generation (a) MCER-DEA surface and
(c) D001-PEI surface and during the process of zwitterion deprotonation (b) MCER-DEA surface and (d) D001-PEI surface.

Figure 8. Schematic of free energy surfaces for CO2 absorption in
MCER-DEA and D001-PEI.
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mmol/g) is much greater than that of MCER-DEA (2.87
mmol/g), D001-PEI reaches adsorption equilibrium in 24 min,
while MCER-DEA reaches adsorption equilibrium in 40 min,
and the adsorption rate of CO2 by MCER-DEA is slower.21,22

3.5. The Effect of Humidity on the Adsorption
Mechanism of CO2. A H2O molecule was incorporated on
polymer models to study the influence of humidity on the
adsorption mechanism of CO2, as shown in Figure 9. Under
the conditions of H2O and no H2O, the adsorption energies of
the CO2 molecules on the adsorbing materials are listed in
Table 5. MCER-DEA and D001-PEI are hydrophilic materials

because macroporous adsorption resins contain sulfonic acid
groups that form hydrogen bonds with the “H” of H2O
molecules while the positive electric “Na” of the −SO3Na
group interacts with the negative electric “O” of H2O. The
adsorption energy of a H2O molecule on different solid
adsorption materials was calculated, and D001-PEI was the
more hydrophilic material with a larger adsorption energy of
−16.44 kcal/mol. When H2O molecules are present on the
surface, the CO2 adsorption energy of all of the polymer
models decreased slightly. This is because H2O molecules
occupy the adsorption site of CO2 molecules on macroporous

adsorption resins. In addition, water can also induce the
leaching of amine compounds. This means that the adsorption
rate of CO2 molecules slows under humid conditions. As a
result, MCER-DEA and D001-PEI could be negative for the
effect of humidity on CO2 adsorption.

4. CONCLUSIONS
The adsorption mechanisms of CO2 on MCER, D001, MCER-
DEA, and D001-PEI were investigated by DFT. Physical
adsorption occurred in the adsorption of CO2 by the four types
of solid adsorption materials. The adsorption of CO2 on
MCER and D001 was weak physisorption, in accordance with
the vdW interactions between the microporous ion-exchange
resins and CO2. In addition, the adsorption heat generated by
the adsorption materials during the adsorption process was
calculated and the adsorption heat of MCER-DEA and D001-
PEI was >20 kJ/mol, indicating that both physical adsorption
and chemical adsorption occurred during the CO2 adsorption
process of MCER-DEA and D001-PEI. The activation free
energy of the chemical adsorption process was calculated by
the transition state search and optimization. It was found that
MCER-DEA chemically adsorbs CO2 requiring more energy
than D001-PEI and that D001-PEI was more conducive to the
chemical adsorption of CO2. Most interestingly, it was found
that the humidity slightly degrades the adsorption capability of
the solid adsorption materials for CO2. This was ascribed to
H2O molecules occupying the adsorption site of CO2
molecules on macroporous adsorption resins. Therefore, the
presence of H2O should be avoided as much as possible during
the CO2 adsorption process. This study could help us better
understand the CO2 adsorption mechanism of macroporous

Figure 9. Optimized structures of the most stable configurations for the H2O on (a) MCER-DEA and (b) D001-PEI and optimized structures of
the most stable configurations for the CO2 on aqueous materials (c) MCER-DEA and (d) D001-PEI.

Table 5. Adsorption Energies of Different Molecules on the
MCER-DEA and D001-PEI Models

surface type
CO2

(kcal/mol)
H2O

(kcal/mol)
CO2 with H2O

(kcal/mol)

MCER-DEA −4.61 −12.47 −3.85
D001-PEI −5.53 −16.44 −5.0
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ion-exchange resin organic amine composite materials at the
molecular level.
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