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Anthropogenic carbon dioxide (CO,) emissions play the largest role in rising global temperatures. Post-combustion carbon
capture can dramatically reduce emissions, but high costs hinder its mass implementation. Zeolites are aluminosilicate crystals
that serve as filters in post-combustion capture and possess silicon-to-aluminum atom ratios (Si/Al) that affect their carbon
capture performance. This work aimed to discover a zeolite that surpasses industry standards: Na-FAU and Na-LTA zeolites,
both with a Si/Al of 1.0. Of over 250 known zeolite frameworks, fewer than half have been evaluated for post-combustion
capture, leaving most configurations unexplored. This study addresses this gap in post-combustion carbon capture research by
systematically evaluating nine sodium-inserted zeolite frameworks across varying Si/Al ratios, including configurations that
have not been researched. As a result, previously unexplored Na-RWY with a Si/Al of 1.0 possessed a CO; capacity of 6.97 and
working capacity of 5.54 mmol/g, outperforming Na-FAU by 143% and 191%, and Na-LTA by 154% and 387% in adsorption
capacity and working capacity, respectively. Additionally, a strong correlation was observed between adsorption and working
capacity and the zeolite framework’s accessible volume (R = 0.94 and 0.98, respectively). Although only nine frameworks
were tested and physical experimentation is required to confirm results, the discovery of Na-RWY could shift current indus-
try benchmarks, highlighting the potential of future research to lower costs and encourage widespread adoption of carbon capture.
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Introduction $50— $ 60 per tonne of coal sourced emissions and $ 80-90
per tonne of natural gas sourced emissions, with aims to lower
costs to $ 30 — $ 504,

Post-combustion carbon capture focuses on filtering factory
flue gas of carbon dioxide before it enters the atmosphere®.
The process either uses absorption or adsorption to trap the
CO3, and desorption to release it. Absorption involves a fluid
filter that captures the CO,, whereas adsorption utilizes a solid
filter called an adsorbent. Adsorption holds more promise in
terms of cost effectiveness due to its solid filter®. This is be-
cause less energy is needed for the desorption process for a
solid relative to a fluid. Once the adsorbent traps the CO,, the
outputting gas exits into the atmosphere. This results in the
adsorbent being saturated with CO,, and it must be purged to
be used again. This is when the process of desorption begins.
Desorption typically begins by heating or depressurizing the
adsorbent, releasing trapped CO, molecules®. An airstream is
then generated to take the CO; and transport it into a storage
facility, where it is safely kept from entering the atmosphere~.
Figure [T shows the process of adsorption and desorption.

The success of the adsorption and desorption process can

Climate change is one of the largest threats humanity is fac-
ing. The emission of carbon dioxide (CO,) is the primary con-
tributor to rising global temperatures, responsible for approx-
imately 1.2°C of warming since the late 19th century. The
rapid change in global temperatures has led to severe storms,
increased droughts, rising sea levels, and more. The Paris
Climate Agreement consisted of 194 nations agreeing to limit
global warming to 2°C above pre-industrial levels. Current
policies are not close to meeting these goals and are on track
for 2.6-3.1°C of warming".

To maintain global temperatures below 2°C from pre-
industrial levels, renewable energy infrastructure needs to de-
velop, and carbon emissions must reduce at a rapid rate. How-
ever, this is unlikely due to both political and economic bound-
aries. If greenhouse gas emissions could instead be mitigated,
global warming would slow down, giving humanity more time
to develop green infrastructure. With carbon capture, units
trap emissions before they enter the atmosphere, reducing CO,
emissions dramatically. For this to be effective, the technol-

ogy must be employed on a global scale. This poses a need
for this technology to be as cost-effective and efficient as pos-
sible. Currently, post-combustion carbon capture costs around

be evaluated through several metrics, including:

* Adsorption Capacity - the amount of CO; captured dur-
ing adsorption
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Fig. 1 Visualization of the post-combustion carbon capture process.

* CO; Selectivity - the ratio of the amount of CO; adsorbed
versus other gases in the flue gas.

The higher these values are, the more effectively CO, is being
adsorbed.

The composition of flue gas varies from factory to factory.
Table|1|displays its variability 7.

The general trend of the compositions reveals that nitrogen
(N2) has a much higher presence than CO,, showing why high
selectivity of CO, over Ny is essential for efficient carbon cap-
ture. Due to cement factories being one of the highest CO,-
emitting factories?, their flue gas composition was used when
simulating post-combustion carbon capture for this research.

Adsorption and desorption cycles can be categorized pri-
marily between pressure-swing adsorption (PSA), vacuum-
swing adsorption (VSA), and temperature-swing adsorption
(TSA)!Y. PSA and VSA utilizes an increase in pressure for
adsorption and a decrease for desorption, where VSA uses a
vacuum pump for desorption. Alternatively, TSA holds the
pressure nearly constant and instead increases the temperature
to begin the desorption process. TSA was chosen in this study
because in post-combustion carbon capture, elevated temper-
atures are already available, and pressure variations are less
practical. Thus, a thermal swing process provides a more re-
alistic and energy-feasible scenario than PSA or VSA for the
targeted industrial conditions1?.,

Adsorbents can be grouped into three main categories: Ac-
tivated carbons, zeolites, and metal-organic frameworks Ll
These three adsorbents were evaluated for post-combustion
carbon capture, which operates with high temperature flue gas
and near atmospheric pressure. Activated Carbons are a cheap
and durable option for capturing CO,'. However, their rela-
tively weak interaction with CO; leads to low adsorption ca-
pacities and selectivities at the pressures post-combustion car-

Factory Type | Flue Gas Composition

Cement CO2(17.8%), N2(56.5%), O2(7.5%)
H,0(18.2%)

Steel CO2(20%), N2(49%), CO(25%)

Power Plant | CO2(8%), N2(67%), 02(2%), HoO(18%)

Table 1 Typical flue gas compositions for cement, steel, and power
plants.

bon capture operates’!. Metal-Organic Frameworks are lab-
grown microporous materials that can achieve high adsorption
capacities; however, they also require high pressures to be ef-
fective. Additionally, they are expensive to produce and not
durable at high temperatures'!. Zeolites possess high stability
and are cheap to produce; they also possess moderate capac-
ities at low pressures, which can be optimized by adjusting
its properties via post synthetic modification techniques such
as ion exchange'!. Due to Zeolites’ suitable characteristics
for post-combustion carbon capture, they are the adsorbent of
focus for this research.

The Na-FAU and Na-LTA zeolites are considered the in-
dustry standards for post-combustion adsorption. However,
of over 250 known zeolite frameworks, approximately 106
have been evaluated for their post-combustion capture per-
formance in journals 12 leaving at least 144 untested frame-
works. When considering the different configurations that can
be developed from each framework, the number of untested
configurations is enormous. To close this research gap, this
work utilized online databases and Grand Canonical Monte
Carlo simulations to simulate unique, untested zeolites in ce-
ment factory conditions. The discovery of more efficient ze-
olites in post-combustion capture for high CO;-emitting fac-
tories could lower costs and expand the use of carbon capture
technology.

Zeolites

Zeolites are microporous crystals composed of silicon-
oxygen tetrahedra or aluminum-oxygen tetrahedra, and extra-
framework cations'l. There exist over 250 types of zeolites,
defined by their crystal geometry. Figure [2| showcases the
different silicon-oxygen atom geometries of the zeolites in-
volved in this work, acquired from the Database of Zeolite
Structures™ and visualized with the VESTA-314 software.
Zeolites can further be differentiated by various properties,
including their Si/Al and the cations they possess. Adjusting a
zeolite’s framework, Si/Al, or cations greatly affects its perfor-
mance in capturing carbon dioxide!. This creates a large vari-
ety of zeolites that can be tested for carbon capture technology.
Zeolites capture CO, through coulombic interactions, micro-

pores, Van der Waals forces, and acid-base interactions )
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Zeolite Si-O Frameworks

Fig. 2 Visualization of the FAU, LTA, RHO, MFI, JSR, RWY,
MOR, KFI, and FER zeolite Si-O framework geometries.

Acid Base and Coulombic Interactions:

As shown in Figure[3] the silicon tetrahedron is shown to have
no cations attached to it, this is due to the silicon atom’s +4
charge, which balances out with the four —1 charged oxygen
atoms. However, due to the Aluminum atom’s +3 charge, a
cation is then attached to maintain charge neutrality. This
cation then attracts the electronegative oxygen of the CO;. In
addition to this, the cations are acidic sites, while the oxy-
gens of the CO, are basic sitesM, Through both coulombic
forces and acid-base interactions, the cations of zeolites estab-
lish strong interaction sites for CO, molecules.

Micropore Trapping:

Figure [4] represents the crystal geometry of the FAU zeolite
and highlights the importance of the zeolite’s pores in the car-
bon capture process. Their micro-scale allows for physical
caging of CO;, molecules, while blocking other substances in
flue gas that are too large to fit in the pores, such as N».
These two methods highlight how zeolites are capable of
selectively capturing CO; in flue gas. To determine which
molecules will more likely be captured by coulombic and
acid-base interactions, their quadrupole moments are com-

N\
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Fig. 3 Visualization of a zeolite’s interactions with a carbon
dioxide molecule.
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Fig. 4 Visualization of the FAU zeolite’s micropores trapping
carbon dioxide molecules.

pared. A molecule’s quadrupole moment describes how
evenly distributed its charge is across its spherical shape. A
higher quadrupole moment means a more uneven distribution
of charge, leading to higher polarity and greater acidity. To
determine which molecules are more likely to be trapped in
a zeolite’s micropores, their kinetic diameters are compared.
The smaller the kinetic diameter is, the more likely it is to get

trapped in a pore of the zeolite. Table 2] compares the gases
involved 51617,

CO,’s greater magnitude of quadrupole moment and
smaller kinetic diameter than other gases found in flue gas ex-
plains how zeolites selectively capture CO,. However, water
vapor poses a major issue as it has a smaller kinetic diame-
ter and is known to be an extremely polar molecule ™. Due to
these reasons, post-combustion capture processes usually treat
the flue gas to remove water vapor before entering a carbon
capture unit1®,

© The National High School Journal of Science 2025

NHSJS Reports |3



Table 2 Quadrupole moments and kinetic diameter of CO;, N;, and

0,.
Mol. | Quadrupole Moment (C*m?) | Kinetic Diameter (A)
CO, | -1427 %1077 33
N, -4.65%10°% 3.64
0, -1.033 * 10~ 3.46

Grand Canonical Monte Carlo Simulations

Zeolites can be obtained from online databases such as the
Database of Zeolite Structures and modified through molecu-
lar visualization software’s such as VESTA-3. This enabled
carbon capture simulation with zeolites.

Grand Canonical Monte Carlo Simulations were used,
which is built specifically for adsorption calculations™. These
simulations predict the amount an adsorbent will adsorb a
certain molecule under specific temperature and pressure
conditions. DL_MONTE-22021 3 package derived from
DL_POLY, was used to run these simulations. The software
runs on the Linux operating system and utilizes 3 input files:
CONFIG, FIELD, and CONTROL. The CONFIG file holds
the data for the zeolite structure, specifying where each atom
of the crystal is located. The CONTROL file holds the spe-
cific temperature and pressure that the simulation will run at,
as well as all the simulation parameters. The FIELD file es-
tablishes the force field.

There exist many different force fields; their purpose is
to define the interactions between different atoms involved
in the simulation®®. The force fields used in this research
utilizes Lennard-Jones (LJ) potentials, which defines the po-
tential energy between 2 nonbonded atoms as a function of
their distance from each other?2, and sets partial charges for
each atom type. Two different force fields were used, one
to simulate CO, adsorption® and the other for N, adsorp-
tion?*, To compute long-range coulombic interactions, Ewald
summations with a real-space cutoff of 12.0 Angstroms were
used. Reciprocal-space contributions were summed with de-
fault DL_MONTE-2 parameters (klmax = k2max = k3max =
7). No additional tail corrections or shifted potentials were
applied. Table[3]displays these two force fields.

The OSi and OAl atoms denote whether an oxygen atom
belongs to a silicon or an aluminum tetrahedron. This is im-
portant as they possess different LJ parameters, affecting sim-
ulation outcomes. To calculate the Lennard-Jones potentials
between two different atoms, Equations 1 and 2 are shown be-
low2.

EA—B = (SA * EB) (D
Oy + O
Oap=—"m @

The CONTROL file specified 50,000 equilibration cycles
followed by 100,000 production cycles, with one attempted
move occurring per cycle for each simulation. The move prob-
abilities for both CO, and N, molecules were set to 20% trans-
lation, 20% rotation, and 60% insertion/deletion with a min-
imum insertion distance of 0.5 Angstroms from framework
atoms. The zeolite framework atoms were treated as rigid,
while the CO; and N, molecules were flexible during simula-
tion.

It is also important to state that the simulations assume ide-
alized conditions. The zeolite was treated as a rigid frame-
work, the pressure and temperature were constant, and the
configuration box was a fixed volume. In addition to this,
complex intermolecular interactions were largely simplified to
force fields, making the force field the primary determinant for
simulation accuracy. These assumptions may limit the direct
relevance of the simulated results in real-world applications.

Research Question

What zeolite configurations can Grand Canonical Monte Carlo
Simulations identify as more efficient than industry-standard
zeolites in post-combustion CO, adsorption?

Methodology

Basic silicon oxygen frameworks of the zeolites were obtained
from the Database of Zeolite Structures. Aluminum atoms
substituted silicon atoms to set the Si/Al ratio. Sodium atoms
were added nearby aluminum atoms to maintain local charge
neutrality.

Each zeolite configuration underwent geometry optimiza-
tion utilizing the Avogadro2 software® and the UFF force
field2Z. Afterwards, the oxygen atoms were classified as ei-
ther OSi or OAl atoms.

Grand Canonical Monte Carlo simulations were performed
through the DL_MONTE software to calculate the adsorption
capacities of each configuration. The CONFIG file held the
current configuration, and the CONTROL file held the current
pressure and temperature at which the simulation occurred.
For CO, adsorption, the CO, force field was applied to the
FIELD file, and two isotherms of 313K and 393K were gener-
ated. Simulations for each isotherm were run across pressures
of 0.022, 0.11, 0.22, 0.44, 0.66, 0.88, and 1.1 atmospheres
(atm).

The simulations outputted the number of CO; molecules
adsorbed. The values from each pressure were converted into
mmol of CO, per gram of zeolite (mmol/g). The data was
then fitted to a Langmuir Isotherm®® to increase the simulation
accuracy.
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CO, Force Field N, Force Field

Element | Charge(e) | €(K) o(A) Element | Charge(e) | &(K) o(A)
Oco, -.3256 85.671 3.017 N -.3256 85.671 3.017
Cco, .6512 29.933 2.745 Ninid 6512 29.933 2.745
Os; -.39299 72.812 3.457 Os;i -.39299 72.812 3.457
Oal -.41384 72.812 3.457 ()N -.41384 72.812 3.457
Na .3834 470.790 | 3.343 Na .3834 470.790 | 3.343
Si 78598 Si 78598

Al 48598 Al 48598

C-O distance (&) 1.149 N-N distance (&) 1.09

Table 3 CO; and N, Force Field Parameters.

For N, adsorption, the force field was set to the N, force
field, and simulations were conducted at 313 K. Additionally,
different pressures of 0.069, 0.345, 0.69, 1.38, 2.07, 2.76, and
3.45 atm were used.

For each framework, adsorption simulations were repeated
for varying Si/Al ratios starting from 1.0 up to 5.0 in 0.5 incre-
ments. The process was applied to zeolites FAU, LTA, RHO,
MFI, MOR, RWY, KFI, and FER.

This process was automated utilizing Java programs. A
GitHub repository containing the CONFIG, FIELD, CON-
TROL files, the Java programs, the zeolite XYZ files, and sim-
ulation results has been created”.

Generating the Zeolite

The silicon-oxygen frameworks of each zeolite were acquired
from the Database of Zeolite Structures in the CIF file format.
VESTA-3 was used to convert this into XYZ format, giving
Cartesian coordinates of each atom. Once this was done, re-
peating atoms were removed from the unit cell. The unit cell
was repeated until at least 192 silicon atoms were achieved,
and silicon atoms were substituted with aluminum atoms until
the desired Si/Al ratio was reached. Afterwards, sodium zeo-
lites were generated within a close distance of these aluminum
atoms and an acceptable radius away from any nearby atoms
to prevent potential overlapping. Figure [5] demonstrates this
process for the FAU zeolite with a Si/Al of 1.0.

Optimizing Configuration Geometries

Each different zeolite configuration underwent geometry op-
timization using the Avogadro2 software, which utilized the
UFF force field. This helped relax the structure and create a
more realistic molecule, improving the accuracy of the simu-
lated data.

Identifying Oxygens from Silicon or Aluminum Tetrahe-
dron

Because the force field holds different LJ potentials depending
on whether an oxygen atom belongs to an aluminum or silicon
tetrahedron, it was necessary to identify these atoms in zeolite
configurations before simulation. Figure [6]illustrates how the
OSi and OALl atoms were identified.

Determining the Temperature, Pressure, and Si/Al Values

The average pressure and temperature conditions for post-
combustion Carbon Capture utilizing adsorption in cement
factories were researched. For adsorption, temperatures range
from 40°C to 60°C, and the pressure is typically atmo-
spheric®Y. For desorption, the temperature is raised to ap-
proximately 120°C=Y. These were the values used to guide
the pressure and temperature conditions of the simulations.
Each zeolite configuration has 313 and 393K isotherms with
flue gas pressures of 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 atmo-
spheres. The evaluation metrics were calculated at the atmo-
spheric flue gas pressure of 1.0 atm.

As previously noted, a cement factory’s flue gas composi-
tion is 17.7% CO2, 56.5% N3, 7.5% O», and 18.2% H,0. As-
suming this is treated for water vapor before entering the car-
bon capture process, the new composition is 22% CO;, 69%
N>, and 9% O,. While this isn’t an exact composition, it pro-
vided an accurate estimate of the zeolite’s performance. These
percentages were applied to the flue gas pressures and created
pressures of 0.022, 0.11, 0.22, 0.44, 0.66, 0.88, and 1.1 atm
for CO; adsorption and pressures of 0.069, 0.345, 0.69, 1.38,
2.07,2.76, and 3.45 atm for N; adsorption.

To determine which Si/Al ratios to simulate, a balance be-
tween computational cost, Si/Al range, and chemical mean-
ingfulness had to be struck. Various literature categorizes ze-
olites such as Na-X and Cs-PHI with Si/Al ratio ranges of
0.5 due to the insignificance of variations smaller than this
value on simulation results®L 1! This determined an incre-
mental Si/Al value of 0.5. Zeolites generally perform better
with lower Si/Al ratios, with 1.0 being the lowest possible,
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Fig. 5 Visualization of aluminum and sodium insertion into the Si-O FAU zeolite framework.
FAU, LTA, RHO, MFI, JSR, MOR,
O 0 o 0 RWY, and KFI Frameworks FER Framework
\ / \ / \ Ratio Atomic Formula Ratio | Atomic Formula
S - S L] Al 1.0 Sig6A196Na9603g4 1.0 Si108A1108N31030432
| | s St115A177Na77 0354 5| SiioAlssNagsOaz
/ \ / \ / 2.0 Sijo8AlgsNags O34 2.0 Sij44Al72Na7;043;
0 0 0 0 2.5 Si37Al55NassO384 2.5 Siy54AleNagr 0432
3.0 Sij44AlygNaggOss4 3.0 SijgrAls4NasqOq3
3.5 Si149Al43Nay30384 3.5 SijegAl4gNaygO432
-0 Al 4.0 Siy54Al3gNazgO3g4 4.0 Siy73Al43Nag30432
4.5 Siy57Al35Na3s0384 4.5 Sij77Al30Na390432
5.0 Si60Al32Naz2 0384 5.0 Sig0Al36Naz60432

Fig. 6 Visualization of how oxygen atoms are identified as
belonging to an aluminum or silicon tetrahedron.

11

and so an initial ratio of 1.0 was decided. A final Si/Al ratio
of 5.0 was determined due to a combination of computational
expense and redundancy, as any larger ratios would likely pro-
duce undesirable, irrelevant results. This assumption was con-
firmed later by the results produced in this work.

Converting molecules adsorbed to mmol/g

The DL_MONTE simulations return the number of molecules
adsorbed; however, this unit is not as useful as mmol/g,
which considers the amount of zeolite involved in the simula-
tion. Equation [3|shows the conversion process utilizing molar
masses of 28.08, 26.98, 22.99, and 16.00 g/mol for silicon,
aluminum, sodium, and oxygen atoms, respectively. Table [
displays the atomic formulas for the zeolites involved in this
work.

Table 4 Atomic formulas for the FAU, LTA, RHO, MFI, JSR, MOR,
RWY, KFI, and FER zeolites at varying Si/Al.

(mol adsorbed) x 1000

ngj X 28.08 +na1 X 26.98 + nn, X 22.99 +ng x 16)
3)

(mmol/2) =

Creating CO; and N, Langmuir Isotherms

The Langmuir Isotherm model presents a function of the
amount of CO; adsorbed vs the pressure. It assumes there’s
a set number of active sites on the adsorbent’s surface, with
each site only allowed to adsorb one molecule?®. These as-
sumptions were confirmed to be valid for this research’s ze-
olite configurations through visualization on VESTA-3. The
nonlinear function of the Langmuir Isotherm model is shown
in Equation 4] below.

_ 4oKLP

= 4
1+K.P @)

qe
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Where g, is the amount adsorbed, q, is the maximum
amount the surface can adsorb, Ky, is the equilibrium constant
between the gas and adsorbed phases, and P is the pressure’®,
Each isotherm of each zeolite’s Si/Al ratios was fitted to this
model. This was done by adjusting the g, and K constants to
minimize the deviation between the model curve and the data
points for each isotherm and then recalculating the adsorp-
tion capacities for each pressure using those constants. This
greatly enhances the accuracy of the simulated data as it de-
velops a trendline for all data points in the isotherm, remov-
ing any abnormalities. R-squared values are available for each
isotherm and Langmuir-model fitting in the GitHub repository.

Calculating Working Capacity and Selectivity

The unit for working capacity and adsorption capacity is in
mmol/g. This allows for taking into consideration the physical
amount of zeolite when determining efficiency.

The adsorption capacity is the amount of CO, captured at
0.22 atm, which corresponds to 1.0 atm for flue gas, and at the
313 K isotherm.

The working capacity was calculated by taking the zeolite’s
adsorption capacity and subtracting it from the 393 K isotherm
at 1.0 atm flue gas. This was because the 393 K isotherm was
the proposed desorption isotherm.

The selectivity was calculated by dividing the adsorption
capacity by the N, adsorption. The N, adsorption was deter-
mined at 313K and a pressure of 0.69 atm, which also cor-
responds to 1.0 atm of flue gas. Note that selectivity did not
have any units, as it’s the ratio of the adsorption capacities of
C02 and NQ.

Accuracy Testing

Ten isotherms across four zeolite frameworks with different
Si/Al ratios were used to evaluate the accuracy of the data
collected. Data points collected from the simulations were
compared to published results of physical CO, adsorption ex-
periments>>32, Figure portrays the results.

Eighty-nine data points were used to evaluate the accuracy
of simulated data. The root-mean-square deviation (RMSE)
between published results and simulated results resulted in
2.58 molecules per unit cell, with a mean deviation of 1.83,
and a max deviation of 7.77 molecules per unit cell. These
values, when calculated in mmol/g, resulted in an RMSE of
0.17, a mean deviation of 0.20, and a max deviation of 1.40.
While a max deviation of 1.4 mmol/g is significant, it’s largely
due to the small unit cell of the Na-MOR zeolite with a Si/Al
of 5.8 (151 atoms), as the simulated and published results for
that specific data point only varied by 4 molecules. This con-
cern is mitigated in the simulation results due to larger atom
counts for each zeolite (> 600 atoms).

N, adsorption simulations were also compared against pub-
lished data??: the results are shown in Figure

28 different data points were collected, resulting in an
RMSE of 2.64, a mean deviation of 2.02, and a max devia-
tion of 5.01 N, molecules per unit cell. After converting each
data point into mmol/g using their respective zeolites, these
values were 0.32, 0.24, and 0.62 mmol/g, respectively. Once
again, the max deviation in mmol/g belonged to a zeolite with
a small unit cell count (108 atoms).

Both the CO, and N, adsorption simulations showed ex-
ceptionally accurate data compared to published experimental
isotherms.

Results and Discussion

Table [5]displays the CO, capacities, N capacities, and work-
ing capacities of all zeolite configurations tested. Deviations
were evaluated by the RMSE values obtained during the ac-
curacy testing of simulated results and were 0.17 and 0.32
mmol/g for CO, and N, adsorption capacities, respectively.
The working capacity deviation was calculated using the error
propagation rules of subtraction shown in Equation 5 below".

S(a—b) = 1/ (8a)> + (8b)? )

Where da is the RMSE of CO; adsorption at 313K and &b
is the RMSE of CO; desorption at 393K. CO, RMSE val-
ues were not distinctly categorized by temperatures during ac-
curacy tests, and so both da and &b are 0.17 mmol/g. This
makes the RMSE for working capacity, which is the 313K
CO, isotherm subtracted by the 393K CO, isotherm, 0.24
mmol/g.

Among the frameworks tested, Na-RWY and Na-JSR ze-
olites with Si/Al ratios of 1.0 outperformed industry bench-
marks Na-FAU and Na-LTA zeolites with Si/Al of 1.0. Na-
RWY held the highest values for both adsorption and work-
ing capacity (6.97 and 5.54 mmol/g), while Na-JSR zeolite
also performed strongly (5.48 and 2.9 mmol/g, respectively).
It’s significant to note that Na-RW'Y’s adsorption capacity was
simulated to be 2.08 mmol/g higher than Na-FAU and 2.43
mmol/g higher than Na-LTA, both well above the 0.17 mmol/g
RMSE for adsorption capacity. Additionally, Na-RWY had a
working capacity 2.64 mmol/g higher than Na-FAU and 4.11
mmol/g higher than Na-LTA, also substantially higher than the
0.24 mmol/g RMSE for working capacities. Because these
differences exceeded the RMSE error margins by over an or-
der of magnitude, they represent statistically significant values
rather than computational noise. While a full economic anal-
ysis lies beyond the scope of this work, improvements in ad-
sorption and working capacities such as those observed here
would be expected to significantly reduce regeneration energy
and overall operating costs in cement plant carbon capture.
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Fig. 7 Graphs of accuracy testing for data collected from simulations for CO, adsorption.

Due to the large deviations of N, adsorption relative to the
amount of Nj adsorbed during simulations, calculated selec-
tivities were accompanied by errors of orders of magnitude
higher, making any such calculation useless. Instead, raw N;
adsorption values were reported while selectivities and their
uncertainties are available in the GitHub repository. While
this doesn’t factor in the amount of CO, captured like selec-
tivity does, it still gives useful data by revealing high and low-
N, adsorbing zeolite configurations, allowing for categoriza-
tion of selectivity among zeolites. The selectivity was cate-
gorized into three categories: high, mid, and low. Categories
were determined by taking the maximum amount of N, ad-

sorbed across all simulations (1.82 mmol/g) and dividing that
into thirds. This allows for an appropriate scaling of selectiv-
ity among the simulated results with categories large enough
to factor in the N» RMSE. To evaluate selectivity conserva-
tively, each raw N, adsorption was added with the RMSE for
N> (0.32 mmol/g) and put into its appropriate category. The
high selectivity category represents configurations with N, ad-
sorption values less than one-third of the maximum value af-
ter adding the RMSE for N,. Zeolites with N, adsorption
greater than two-thirds the maximum value after being added
the RMSE for N, were put into the low selectivity category.
The configurations in between were put into the mid category.
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Simulated Results of Na-Exchanged Zeolites at 1.0 atm Flue Gas (22% CO», 69% N»)

Adsorption Capacities (mmol/g)

Ratio FAU LTA RHO MFI KFI FER
1.0 4.89+0.17 | 454+0.17 | 2.52+0.17 | 2.03£0.17 2.86 +0.17 226 £0.17 | 1.91 £0.17
1.5 4.02+0.17 | 414+0.17 | 281 +£0.17 | 1.71 £0.17 2.68+£0.17 | 5.03£0.17 | 245+£0.17 | 1.71 £0.17
2.0 3.67+£0.17 | 409+0.17 | 2.83+0.17 | 1.66+0.17 2554+0.17 | 386 £0.17 | 235+£0.17 | 1.58 £0.17
2.5 311£0.17 | 3.87+£0.17 | 244+£0.17 | 1.754+0.17 | 434+£0.17 | 241 £0.17 | 419+£0.17 | 242+0.17 | 1.64+0.17
3.0 256 £0.17 | 3.63+0.17 | 242+£0.17 | 1.60+0.17 | 3.69£0.17 | 231 £0.17 | 3.27+0.17 | 237 £0.17 | 1.54 £0.17
35 2264+0.17 | 3.59£0.17 | 2.10£0.17 | 1.51£0.17 | 321+£0.17 | 1.924+0.17 | 273 £0.17 | 2.15£0.17 | 1.54£0.17
4.0 1.76 £0.17 | 338+0.17 | 2.15+£0.17 | 1.48+0.17 | 249+£0.17 | 1.80£0.17 | 2.67+0.17 | 1.95£0.17 | 1.35+0.17
45 1.81£0.17 | 323 £0.17 | 2.14+£0.17 | 1.44+0.17 | 213 £0.17 | 1.98£0.17 | 2.67£0.17 | 1.55+0.17 | 1.35+0.17
5.0 140+0.17 | 274+0.17 | 1.82£0.17 | 1.33+£0.17 | 1.99+0.17 | 2.154+0.17 | 3.11£0.17 | 1.18 £0.17 | 1.39+£0.17

Legend:
0 Percentile
- 100 Percentile
N, Adsorption and Selectivity Classification (mmol/g, lower bound = 0)

Ratio FAU LTA RHO MFI JSR MOR RWY KFI FER
1.0 034+032 | 084032 [ 0.69+032 | 041 +0.32 | 0524+0.32 | 1.82+032 | 0.64£0.32 | 0.39+0.32 | 0.64+0.32
1.5 048 £0.32 | 0.46 +0.32 1.80 £0.32 | 0.43 +£0.32
2.0 0.31+£0.32 | 0.46 £+ 0.32 1.09 +£0.32 | 0.43 4 0.32
2.5 1.32£032 | 1.07+£0.32
3.0 1.13+£0.32 | 0.77 £ 0.32
35 0.56 £0.32 | 0.79 £0.32
4.0 1.08+032 | 1.5+032
45 123+£0.32 | 1.71 +£0.32
5.0 1.29£0.32 | 1.80+0.32

Legend:
Low Selectivity
Mid Selectivity
Working Capacities (mmol/g)

Ratio FAU LTA RHO MFI JSR MOR RWY KFI FER
1.0 294024 1.434+024 | 092+0.24 | 0.86 +0.24 29+ 0.24 1.04 +0.24 0.84 +£0.24 | 0.67 £0.24
1.5 294+£024 | 1.69+0.24 | 1.26£024 | 0.63+0.24 | 3.43£0.24 | 0.95+0.24 43+0.24 1.08 £0.24 | 0.66 4+ 0.24
2.0 2.87+024 | 206024 | 1.48+0.24 | 0.83+0.24 | 3.75+0.24 1.2+0.24 34+£024 1.47 £0.24 0.7 £0.24
2.5 2594024 | 242+024 | 1.58£0.24 | 1.04 £0.24 34+024 1.344+£024 | 3.55+024 | 1.75+£0.24 0.9+ 0.24
3.0 205£024 | 254+0.24 | 1.79+£024 | 1.05+0.24 | 3.08 £0.24 1.3£024 2.87+£024 | 1.77+0.24 | 0.82+£0.24
35 1854024 | 2624+024 | 1.54+024 | 1.13+£0.24 | 277+£0.24 | 1.07+024 | 231 +£0.24 | 1.67 £0.24 0.9+ 0.24
4.0 142+£024 | 252+£024 | 1.39+£024 | 1.214+£0.24 | 2.14+£024 | 1.17+0.24 | 226024 | 1.47+£024 | 0.84 =0.24
45 1524024 | 2.52+024 | 1.68 £ 0.24 1.2+ 024 1.86 £ 024 | 1.09+£0.24 | 2.65+024 | 1.17+0.24 | 0.87 +0.24
5.0 1.174+£024 | 217 £024 | 1.49£0.24 1.0+ 0.24 1.75+0.24 | 1.144+£024 | 2.61£024 | 093 £0.24 | 0.99 £0.24

Legend:
0 Percentile
- 100 Percentile

Table 5 Adsorption Capacity, N, adsorption, and working capacities of all zeolite configurations simulated.

While this method departs from conventional selectivity re-
porting, it ensures that error margins do not obscure selectivity
categorizations.

Overall, 51 configurations were placed into the high selec-
tivity category, 18 into the mid category, and 12 into the low
selectivity category. Of these, Na-FAU, Na-LTA, Na-JSR, and
Na-RWY, all with Si/Al ratios of 1.0, belonged to the mid cat-
egory. Additionally, only Na-MOR and Na-RWY held config-
urations that belonged to the low selectivity category, suggest-
ing weak CO,/N; selectivity for these frameworks.

The results indicate that framework topology primarily dic-

tates carbon capture performance. This is supported by a
strong correlation between a framework’s accessible volume
(reported in the Database of Zeolite Structures) and its sim-
ulated CO; adsorption and working capacities (R = 0.94 and
0.98, respectively). By contrast, there was not a strong corre-
lation with accessible volume and N, adsorption (R = 0.34),
suggesting that other compositional factors govern N, adsorp-
tion. Table[6]highlights the trend with adsorption and working
capacities by ranking the frameworks by accessible volume in
descending order.

Additionally, this trend was consistent with the observation
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Framework | Accessible Volume (%) | Max CO; Adsorption (mmol/g) | Max Working Capacity (mmol/g) | Max N, Adsorption (mmol/g)
RWY 45.53 6.97 5.54 1.80
JSR 28.09 5.48 3.75 0.52
FAU 27.42 4.89 2.94 0.34
LTA 2143 4.54 2.62 0.84
RHO 20.63 2.83 1.79 0.69
KFI 17.91 245 1.77 0.39
MOR 12.27 2.86 1.34 1.82
FER 10.01 1.91 0.99 0.64
MFI 9.81 2.03 1.20 0.41

Table 6 Zeolite frameworks’ accessible volumes versus their maximum CQ; adsorption, working capacity, and N, adsorption.

that increasing Si/Al ratios generally resulted in reduced ad-
sorption capacity, N, adsorption, and working capacity. To-
gether, these results suggest that the framework and its ac-
cessible volume play a large role in determining adsorption
and working capacities, while low Si/Al ratios result in higher
CO, adsorption and working capacity with the cost of higher
N, adsorption and thus lower selectivity.

Overall, the simulations revealed promising configurations
such as Na-RWY with a Si/Al of 1.0 and Na-JSR with a Si/Al
of 1.0 that could outperform the Na-FAU and Na-LTA industry
standards under post-combustion cement factory conditions.
However, neither the industry standards nor promising config-
urations belonged to the high selectivity category. This sug-
gests a trade-off between adsorption/working capacity and se-
lectivity that, if overcome, could further optimize zeolite car-
bon capture technology. Although detailed cost modeling was
not feasible within this work, the superior performance of Na-
RWY relative to industry-standard zeolites indicates consid-
erable potential for reducing operational expenses in carbon
capture. The limitations of the simulation setup and applica-
bility are described in the next section.

Limitations and Future Work

Several factors constrain the applicability of these results.
First, because these are theoretical, sodium-exchanged zeo-
lites with low Si/Al ratios, synthesis may be expensive or even
impossible. Thus, although Na-RWY and Na-JSR zeolites
with a 1.0 Si/Al performed the best computationally, their real-
world application may prove challenging.

Second, while different zeolites with varying Si/Al ratios
were tested, simulations were restricted to sodium cations.
While sodium is commonly used in carbon capture applica-
tions, substitution of different cations such as lithium, cal-
cium, and potassium can greatly change the zeolite’s adsorp-
tion capacity, selectivity, and working capacity in framework-

dependent and often unpredictable ways’ . Excluding cation
variation in the search space may overlook higher-performing
configurations.

Finally, while simulations were the only feasible way to
conduct data collection on this scale, they are inherently sub-
ject to artifacts caused by the force-field, structural-modeling,
and Grand Canonical Monte Carlo setup. Additionally, indus-
trial flue gas contains water vapor and trace contaminants that
were not included in this work, which can degrade a zeolite’s
performance'lY. Thus, while the accuracy of the simulation
setup was rigorously tested, ultimately, the validation of the
research results requires physical experimentation.

Future work will therefore proceed in two primary direc-
tions: Expanding the simulation search space and experimen-
tal validation.

Expanding the Search Space

There are multiple ways to expand the current search space.
All of them, however, require the discovery or creation of a
more diverse force field. This poses a significant challenge, as
to this work’s knowledge, a force field that can accurately sim-
ulate CO, adsorption across various frameworks with other
cations than sodium does not exist. A potential alternative is
the development of a force field instead. This also presents
major challenges, though, as the creation of a suitable force
field that could accomplish such versatility may not be accom-
plished, and if so, would require extensive time with super-
computing resources.

If the obstacle of a more diverse force field can be over-
come, the process of generating accurate zeolites with non-
sodium cation insertions could be challenging as well. This is
due to the abundance of experimental data on sodium-inserted
zeolites, which makes benchmarking feasible during accuracy
tests.
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Experimental Validation

In addition to expanding the simulation workspace, promis-
ing configurations must undergo experimental validation be-
fore determining their potential application. This would in-
volve purification of zeolites to remove any contaminants by
heating to high temperatures. Afterwards, ion-exchange likely
through a liquid-cation solution would be utilized to insert the
desired number of cations into the zeolite” . The zeolite would
likely be in powder form and packed into pipes. Once the ze-
olite is prepared, an experimental setup consisting of carbon
dioxide and nitrogen gas sources, a controlled temperature and
pressure chamber, and CO, and N, gas percentage sensors
would be needed. This would allow for CO, and N, intake
measurements of the zeolite with the exact temperatures and
pressures conditions as the simulations. Once the data is col-
lected, it can be compared against simulated data to confirm
the legitimacy of the results.

Conclusion

This work represents the first systematic tuning of Si/Al across
multiple zeolite frameworks under cement flue gas conditions.
The discovery of the Na-RWY zeolite as a computationally
optimal configuration opens new directions in the search for
high-performance carbon capture zeolites beyond current in-
dustry standards Na-FAU and Na-LTA. If experimentally val-
idated, the enhanced adsorption and working capacity of Na-
RWY could translate into substantial energy savings for re-
generation and lower capture costs in cement plants, where
adsorption efficiency directly governs economic feasibility.
Development of more efficient carbon capture methods could
prove to be essential in the race to reduce rising CO; emissions
and global temperatures. The lower cost of carbon capture
units would aid in generating a larger appeal to adapting this
technology to companies throughout the globe, greatly raising
humanity’s chances of fighting climate change and stabilizing
earth’s global temperatures.
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