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ABSTRACT

Grand Canonical Monte—Carlo (GCMC) simulations are used in this work, to assess
optimum faujasite structures, the well-known family of zeolites, in CO: capture processes.
Pressure Swing Adsorption (PSA) and Vacuum Swing Adsorption (VSA) procedures have
been considered to evaluate purity, working capacity and breakthrough time. To this
purpose, ten faujasite structures with different Al content were selected, and the best
conditions for CO: capture maximization have been calculated for each structure. Further
results show that zeolites having intermediate Al content are the most effective for VSA
processes, whereas low Al content faujasites perform better at PSA conditions.
Remarkably, present work best results clearly improve Faujasite 13X VSA—PSA
performances, so far considered the industrial reference in absence of water. Moreover,
combined VPSA processes, in terms of working capacity and adiabatic work required for
compression/expansion, have also been studied, showing that VPSA systems are more
efficient than pure PSA/VSA, for structures with intermediate Al content. Finally, an
improved methodology has been derived, where GCMC mixture isotherms and energetic
cost calculations are combined, and a more accurate way of estimating working capacities
and breakthrough times is proposed. This new approach allows more realistic evaluations
of adsorbents’ performances, than those found in the literature based on pure adsorption

data.
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1. Introduction

Carbon dioxide (CO») is the primary greenhouse gas generated by human activities,
mainly from the combustion of fossil fuels (e.g., oil, coal and natural gas) for energy and
transportation [1]. Economic growth and industrial development are responsible of the
increasing amount of atmospheric CO., and thus the resulting global warming and climate

change that have attracted increasing attention in the last years [2,3].

Despite the development of alternative renewable energy sources, fossil fuels still
dominate in almost all near future energy projections. Therefore, many efforts have been
addressed to the development of cost-efficient technologies for separation and capture of
carbon dioxide [4,5], focusing on improved Carbon Capture and Sequestration /Utilization
(CCS/U) processes. The aim is to capture CO, emissions, and either reuse or store it, so it
will not enter into the atmosphere. Moreover, these technologies should satisfy low cost

energy requirements [6,7].

Post-combustion power plants constitute the largest stationary source of CO»
emissions. Concerning coal-fired plants, the largest flue gas components in dry weight by
volume are N> (75—80%), CO2 (15—16%) and O> (4—5%), with total pressures near 100 kPa
and temperatures between 40 and 60°C (i.e., 313-333 K) [8]. Aqueous amine solutions are
currently the most viable absorbents for carbon capture, under the aforementioned
conditions, being monoethanolamine (MEA) in water the benchmark solvent against which
competing technologies are generally compared. The low solvent cost and proven
effectiveness make MEA an attractive absorbent for many applications. However, it suffers
from high parasitic energy consumption, over 30%, as well as adverse environmental

impact, in the form of solvent losses and corrosion issues [9,10,11].

Alternative technologies, aimed at mitigating some of the disadvantages of these
amine solutions, are an active area of research. Solid adsorbents are promising candidates,
since they may reduce the energy required for regeneration, according to their properties.
This step is typically accomplished by Swing Adsorption processes, where desorption is
performed by a) decreasing the pressure (Pressure Swing Adsorption, PSA, or Vacuum
Swing Adsorption, VSA), b) increasing the temperature (Temperature Swing Adsorption,
TSA) or ¢) by application of electrical current (Electric Swing Adsorption, ESA). All these
processes are considered viable economic and ecological possibilities, and indeed

numerous examples of commercial gas separation/purification processes, such as air



fractionation, hydrogen production, carbon dioxide capture and volatile organic compounds
(VOC) removal are already available, to name a few [12,13,14,15,16,17]. Focusing on
pressure swing processes, the feeding gas system in VSA operates at a pressure one order
of magnitude lower than in PSA air compressor, resulting in significant energy savings,

because higher pressures are directly proportional to higher energy consumption. [18,19]

Finding the most efficient adsorbents has attracted both experimental and theoretical
research focus, and even new adsorbent materials are being synthesized in the large scale,
claiming suitability for post-combustion CO» capture [10,20]. Zeolites, activated carbons,
silicas and metal—organic frameworks (MOFs) have received significant attention as
alternatives to amine solutions, demonstrating high CO» capacities and high selectivities for
COs over N, together with reduced regeneration energy penalties [9,21,22,23]. It is known
that traces of water vapour in the post-combustion flow drastically reduce the CO»
adsorption in zeolites, whereas activated carbons present good performance even in
presence of water [21,24]. This fact makes an additional step for moisture removal prior to

CO» adsorption mandatory in the case of zeolites.

Adequate, long—lasting capture materials should fulfil two main conditions. First, a
a potentially practical adsorbent should possess good adsorption capacity, high selectivity,
as well as improved working capacity and regenerability, among other properties [11,25,26].
Second, it should be highly air-stable and be able to maintain its stability over multiple
cycles [27]. Among these materials, zeolites look especially adequate because of their
narrow and uniform pore size, high surface area, adjustable hydrophobic and hydrophilic
nature, ion exchange capacity and strong acidity. They are frequently used in PSA and VSA
processes for removing CO: from air, as an impurity, because of their high CO; selectivity
[28,29]. Moreover, they offer a much better thermal and mechanical stability than other
adsorbent materials recently described in the literature, such as MOFs, even though the

latter possess higher pore volumes and surface areas [30,31].

Zeolites are molecular sieves with a 3D framework structure built from TO4
tetrahedrals (T denotes tetrahedral-coordinated Si, Al, P, etc), possessing orderly
distributed micropores with diameters smaller than 2 nm. Although all zeolite families are
constructed from TO4 tetrahedra, the different ways in which they can be connected lead to
a rich variety of zeolite structures [32,33,34]. Dehydrated faujasite (FAU)-type structures
are a family of zeolites built from silicon, aluminium and oxygen atoms, with a

composition that depends on the Si/Al ratio, (Na,Cai2,Mgi1/2)nAlxS1192.10384, 0< n <96 [35].



They consist of b-cages and hexagonal prisms, connected in such a manner that large
internal supercages are created. The properties of the faujasites depend on the nature,
number and distribution of the framework cations. As the Si/Al ratio increases, the cation
content decreases, the thermal stability is higher, the surface becomes more hydrophobic
and the zeolite loses its catalytic properties. That is of supreme importance in the evaluation
of energetic costs for the CO; capture and, obviously, in the adsorbent material
regenerability [36]. Thus, FAU-type zeolites present outstanding properties for their use in
adsorptive separations. Furthermore, their open three-dimensional pore system results in

much faster intra-crystalline diffusion rates as compared to other zeolites [37].

In this work, the influence of the Si/Al-ratio in FAU zeolites, with sodium
exchanged cations, on the gas adsorption behaviour for post-combustion CO capture and
separation in PSA and VSA processes, has been evaluated in detail. Ten faujasite structures
with different Al content have been considered, which makes it the most extensive study to
date. To our knowledge, this represents the most extensive theoretical study GCMC
simulations have been used as a main numerical tool. A more complete understanding of
the separation mechanism has been gained from complementary methods, including
transient breakthrough simulations, as well as an extensive analysis regarding the effect of
operating conditions in capture costs. Positive results indicate that the present methodology

may serve as a useful tool for adsorbent materials screening and design.

The paper is organized as follows: structure details and computational methodology are
described in Section 2. Results for all the different structures are presented in Section 3,
being divided in four topics: a) simulations for pure components, b) results for ternary
mixtures, c) evaluation of their performance in PSA and VSA units (focusing on working
capacities, energetic requirements and transient breakthrough simulations) and d) combined

VPSA processes. Finally, the main conclusions are summarized in Section 4.

2. Methods and computational details
2.1 Faujasite structures

In this work, molecular simulations have been performed as a screening tool for
choosing the most efficient adsorbent material among ten FAU-type structures with
different Si/Al ratio (i.e., containing sodium atoms as non-framework cations). These

structures have been labelled as n-FAU, where n represents the number of aluminium or



sodium atoms per unit cell, n = 0, 6, 12, 24, 32, 48, 64, 77, 88 and 96. These values
correspond to Si/Al ratios of +oo, 31, 15, 7, 5, 3, 2, 1.5, 1.2 and 1, respectively. FAU-type
zeolites can be labelled either X or Y, depending on their framework aluminium density: X
zeolites contain between 77 and 96 aluminium atoms per unit cell, whereas Y zeolites
contain less than 77 aluminium atoms. Moreover, when the number of aluminium atoms
per unit cell is greater than 88 the Si/Al ratios are lower than 1.15 and the faujasite is
usually called a Low Silica X zeolite (LSX) [38]. The n-FAU structures with n#88 were
obtained from 88-FAU (commonly named zeolite 13X), by randomly replacing aluminium
by silicon atoms and satisfying the generally accepted Lowenstein’s avoidance rule [39],
which states that Al-O-Al bonds cannot be found in the zeolitic framework. For the 88-
FAU structure we use the atomic crystallographic position reported by Olson et al., [35]
with a cubic unit cell of a = b =c=25.10 A.

Several random structures can be obtained satisfying the desired Si/Al ratio, and
therefore different frameworks were constructed for each structure, finding that the
distribution of Al atoms does not change considerably the main properties of the adsorbate.
All FAU frameworks were treated as rigid structures with atoms fixed at their
crystallographic positions. In addition, it is known that the mobility of the non-framework
cations has a strong effect on the adsorption behaviour [40,41]; thus in our case the
negative charge was counterbalanced by sodium atoms which were allowed to move freely
along the FAU structure, adjusting their position depending on their interactions with the
framework atoms, other sodium cations and the gas molecules. This represents a step
further with respect to other works published in literature, in which the position of the

cations is optimized, then frozen before running the GCMC simulation. [10,41,42,43,44,45]

2.2 Force Field and GCMC simulations

GCMC simulations exchange atoms or molecules with an imaginary ideal gas
reservoir at a constant temperature T, volume V and chemical potential u [46]. Then, the
amount of molecules adsorbed is calculated using a statistically averaged approach after the
equilibrium stage for every single pressure point, allowing the construction of adsorption
isotherms. All simulations were performed by means of LAMMPS code [47]. At every
simulation step, the code attempts a number of GCMC exchanges (i.e., insertions and

deletions) of gas molecules between the simulation box and the imaginary reservoir, and a



number of Monte Carlo movements (i.e., translations and rotations) of gas molecules within
the simulation box. Regarding MC exchanges, deletions and insertions were attempted with
equal probability to ensure microscopic detailed balance whereas MC movements were also
attempted with 50% probability. Finally, once the molecules are moved in a simulation step,
an extra MC translation movement is attempted for the sodium cations. At least 4x10% MC

equilibration steps and 8 x10® MC production steps were used at each pressure condition.

Both pure-component and mixture isotherms were computed at 313 K, in a pressure
range between 1-5000 kPa (except for pure CO» adsorption, where the pressure range was
increased to 0.01-5000 kPa due to its high affinity with the adsorbent material even at very
low pressures). According to the typical post-combustion gas composition, we considered
the following ternary mixture in our simulations: COz (15%), N2 (80%) and O (5%). As
described below in section 3.2, there is a significant lack of adsorption data reported in the
literature for mixtures with more than two components. We assume that water and
impurities have been previously removed from the tail gas in an earlier stage. This previous
phase can be achieved using activated carbons for sulphur compounds and trace
contaminant removal, silica gels for light hydrocarbon elimination, and activated aluminas,

bauxite, and also silica gels for dehumidification [48].

The Peng-Robinson Equation of State (EOS) [49] was used to relate the pressure
with the chemical potential required in the GCMC simulations. Pure substance parameters
of the EOS were taken from the NIST database [50]. For the ternary mixtures, the van der
Waals one-fluid mixing rule was used [51], and the binary parameters were taken from

Vrabec et al. [52]

A potential model for CO2, N> and O; molecules was used with rigid geometrical
structures, where only the nonbonded interactions were taken into account. Moreover, we
have excluded the pairwise interactions between the framework atoms, since the structure
was treated as frozen, in order to save unnecessary computation time. Hence, at each
simulation step, the total energy of the system was calculated as the sum of the adsorbate-
faujasite and the adsorbate-adsorbate interaction energies, written as a sum of nonbonded
interatomic terms modelled as a combination of Lennard Jones (LJ 12-6) and Coulomb

potentials,
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where U;; is the potential energy between a pair of atoms i and j at a distance 735; q;, q; are
the partial charge of atom i and j, respectively, €;; and g;; are the LJ potential well depth
and diameter, respectively, and g, is the vacuum permittivity. All the LJ and Coulomb
parameters were taken from the force field developed by Calero’s group [53,54]. These
parameters have been proved to accurately reproduce the experimental adsorption
properties for pure CO>, N> and O> molecules (among others) in many different zeolite
framework types, at cryogenic and high temperatures. Moreover, it is applicable to all
possible Si/Al ratios in a transferable manner, with sodium atoms as extra-framework

cations.

Coulombic interactions were computed using the Ewald summation method [46]
with a relative precision of 107, LJ cutoff ratio was fixed at 12 A, and van der Waals
interactions between molecules were obtained from Lorentz-Berthelot mixing rules. Section
I in the Supplementary information (SI) summarizes the Coulombic charges and LJ
parameters used in this work, as well as the agreement between simulations and

experimental data for selected structures (when available).

2.3 Parameters/Indicators for separating processes

The isosteric heat of adsorption of component A, g ,, is one of the most important
thermodynamic quantities for understanding the thermal effects related to adsorption and
the cost of desorption/regeneration. It provides information about the energy released
during the adsorption process, and it depends on the temperature and surface coverage.

From energy/particle fluctuations in the GC ensemble, the isosteric heat can be calculated

as [55]:

(U X N) = (UXN)

_qst,A = (NZ) _ (N)Z - (Ug) — RT (2)

where U is the total potential energy of the system per molecule, N is the number of
molecules adsorbed, Uy is the energy of an isolated guest molecule and the brackets (...)

denote an average in the GCMC ensemble.



A helpful indicator for the mixture separation ability is the adsorption selectivity of

a porous adsorbent. This selectivity (s4,5) for component A relative to B species, is

calculated as:

o= )

where x, and xg are the molar fractions of species A and B in the adsorbed phase,
respectively, while y, and yg correspond to the molar fractions of A and B in the bulk
phase (i.e., feeding conditions), respectively. In the present work selectivity values are
obtained directly from the mixture GCMC simulations, instead from the pure isotherm data,
as it is usually done in both theoretical [56,57,58] and experimental [15,16,29,43,59,60, 61]

works published in literature.

Apart from the adsorption selectivity, another very important property that is often
used as evaluation criteria in Swing Adsorption processes is the working capacity (WC,) of

the targeted component in the mixture. This quantity is defined as:
WCA - NA'ads - NA'des (4)

where A is the targeted component (i.e., CO2) and NA'a ds and Ny des AT€ the uptake per

mass of adsorbent under adsorption or feeding and desorption or regeneration conditions,

respectively.

The working capacity is generally more relevant than the total uptake at the
adsorption pressure, since it really determines the amount of A that can be recovered at

each adsorption cycle. Thus, NA,a ds corresponds to the CO; uptake obtained from the

ternary mixture isotherms at the adsorption pressure (i.e., 1000-3000 kPa and 100 kPa for
PSA and VSA, respectively), whereas N, dos corresponds to the CO; uptake in the mixture

obtained at the desorption step, which is more concentrated in CO, than the original flue
gas mixture. When the material is highly selective for one component of the mixture, a
good approximation is assuming pure gas recovered at the outlet of the adsorber, as have
been implemented by several authors [15,62,63]. In that case, the amount of A removed
from the adsorbent material is obtained from pure isotherms. However, in the present study,
since carbon dioxide recovered is not completely pure, we have calculated the amount of

remaining CO; in the adsorbent material (i.e., at the desorption step) by multiplying the



pure CO: uptake at desorption pressure by a fractional factor obtained from the
composition in the adsorbed phase (using mixture isotherms data) and the molecules

retained in the void volume within the adsorbent material.

There are other indicators for comparing adsorbent materials such as the Adsorption
Figure of Merit [64], the solvent selection parameter [65], or the adsorbent productivity
[66]. However, the first two indicators seem to be an empirical rule of thumb that works
well for certain objectives, whereas the last indicator cannot be obtained from GCMC

simulations that only allows getting equilibrium properties.

2.3.1 Packed bed adsorber breakthrough simulation methodology

It has been demonstrated that neither highest s,/ nor maximum WC, on their own

can be chosen as final criteria for adsorbent selection. However, it is the combination of
them, which leads to the best adsorbent material, and also to determine the optimum
energetic cost of CO> capture in PSA and VSA processes [11,31,67,68]. Breakthrough
calculations mimic the dynamic conditions of a large-scale separation, and therefore they
can be helpful to screening a variety of adsorbents for a specified separation and to evaluate
the separation performance [69,70]. In this regard, it is recommended to analyse the

transient breakthrough curves of gas mixtures at the outlet of the adsorber [71].

Assuming a plug flow model for the gas mixture through the fixed bed, maintained
under isothermal conditions and negligible pressure drop, the composition at any position
and instant of time can be obtained by performing material balances for the adsorbates, that
is, by solving the partial differential Eq. (5) for each one of the k species in the gas mixture
(k=A4, B, C,..).

0P, ON, d(w-Py) _ 0 (5)

GW + (1 - G)RTpS ot + oz

In Eq. (5), the terms represent the accumulation of the adsorbate in the fluid phase, the rate
of adsorption with time, and the convective flow of the adsorbate within the bed,
respectively. Note that with these assumptions, intracrystalline diffusion term is negligible,
and therefore, thermodynamic equilibrium prevails everywhere within the bed. Further
details of the adsorber model, along with the numerical procedure used, are provided in

earlier works [72,73,74]. Moreover, in Eq. (5), t is the time, z is the distance along the
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adsorber, ps is the framework density, € is the bed voidage that is the ratio of the void
volume to the total volume of the bed, v is the interstitial gas velocity equal to the
superficial gas velocity, u, divided by €, and P, the partial pressure of k-th component.
Finally, the molar loadings of the species, Ny(z,t), at any position and time were
determined according to the Ideal Adsorbed Solution Theory (IAST) exhibited by Myers
and Prausnitz [75]. The accuracy of IAST for estimating the mixture equilibrium in zeolites

has been well established in literature [56].

In order to apply IAST, the excess component loadings of the pure isotherms were

fitted with a Langmuir—Freundlich adsorption isotherm model,

Vi
_ Nk,satbk Pk

= 6
KT 1 4 b P ©)

with Ny s (kmol-m™~) and by, (kPa~"k) standing for the adsorption constants of component

k, and Py, the partial pressure of k-th component.

For a chosen purity of 0.5% CO; in the gaseous mixture exiting the adsorber, a
breakthrough time (toreak) Was determined; this time controls the frequency of required

regeneration and influences the working capacity of PSA or VSA units.

2.4 Techno-economic aspects

Isothermal PSA and VSA processes were simulated including only two fixed beds
at constant temperature in parallel, according to the simplest scheme configuration. While
one bed is adsorbing, the other bed is desorbing at a lower pressure. This is called
Skarstrom’s [76] four-step cycle, and it was selected as the baseline analysis in the present
study. The shortcut method described by Chung et al. [77] was adopted for the calculations,
since it is able to easily describe the characteristics of the PSA and VSA processes,
including the effect of different operating conditions. The model classifies the four steps of
the Skarstrom’s cycle into two main groups: pressurization (step I) and adsorption (step II)
are merged into ‘“adsorption” group, while depressurization/blowdown (step III) and

evacuation (step I'V) are grouped into “desorption”.

Desorption pressures between 5-10 kPa were assumed for the VSA processes, since

it has been shown that these conditions can be achievable in experiments [78]. Conversely,
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for the high-pressure feeding operation (i.e., PSA), we assumed that the desorbed stream is

expanded from 1000-3000 kPa to atmospheric pressure.

In order to determine the energy requirements to capture and separate an amount of
COg, it is required to calculate the work done during one cycle, involving pressurizing
during adsorption step (for PSA) and vacuum during desorption step (for VSA). Therefore,
the adiabatic energy requirement was calculated in a similar way of that presented by

Chaffee ef al.[79] and Riboldi et al.[80] using the following equations,

t=t [ k-1
k \RT 745 Proea\ *
Wreeallh) = (=)~ | (evocfeed e V(- e)) (7<) " -1fac
n 2o Yeoz atm
k \RT [ P
k
Woacuum (K]) = (m)? j (Evocfeed + Nror,ads PSV(l - 6)) (%) - 1‘ dt (8)
2o vacuum

where n = 0.85 (feeding/vacuum blower efficiency), k is the polytropic parameter that
depends on the purity of the gas (k =1.28 and 1.4 for pure CO> and air, respectively), 7 is
the time necessary per cycle, P, is the atmospheric pressure (i.e., 101.375 kPa), P4
corresponds to the instantaneous discharge pressure (kPa) from the feeding compressor and
Pyacuum 18 the instantaneous pressure (kPa) to the vacuum pump. The term €v,Cy,., stands
for the non-adsorbed molecules placed at the void spaces of the bed, where € =0.4 is the
void fraction, C;,,, is the concentration at the feeding conditions in kmol-m™ units, and v,
the velocity of the gas mixture through the bed in m-s™! units.

Depending on whether PSA or VSA processes are considered, the amount of
pressurized or expanded substance differs. In VSA, the complete bed is subjected to a
vacuum; hence the total amount adsorbed (N225) plus the molecules in the void space must
be evacuated. Conversely, for PSA, the amount compressed will be higher and mainly
depends on the working capacity of CO; at the feeding stream conditions, since purge has

not been taken into account in this study.

3. Results and discussion

In this section, the main results for the ten different faujasite structures are presented
and compared with other adsorbents for potential applications in post-combustion CO;
capture, such as the Ca-A zeolite, and the Mg-MOF-74 and Cu-BTC metal organic

frameworks. Pure component data and selectivities for these structures have been obtained

12



from the works of Bae ef al. (Ca-A) [15], Mason et al. (Mg-MOF-74) [16] and Bahamon e

al. (Cu-BTC) [81]. Working capacities and CO; purities have been estimated from [AST

calculations by fitting the pure component adsorption isotherms.

3.1 Pure components

The pure component adsorption isotherms for CO; on the different adsorbents

evaluated are presented in Fig. 1. The corresponding fitting parameters used later for the

costs evaluation are given in Section II in the SI. In all cases, the amount of CO, adsorbed

or uptake is significantly higher at lower pressures than that of N> and O; (see Section III in

the SI), indicating good selectivity towards carbon dioxide, even at lower quantities of

sodium atoms within the framework.
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Fig. 1. CO: pure adsorption isotherms for ten different faujasite structures at 313 K. These

structures have been labelled as n-FAU, where n is the number of aluminium or sodium

atoms per unit cell. Lines are guide to the eyes, obtained from 29 equidistant single points

for each structure.
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It is generally accepted that the separation ability for CO; increases when increasing
the electrostatic field inside the zeolite cavities, which is mainly caused by the framework
charge. This charge can be varied either by the nature of the charge compensating cations
or by the Al content of the zeolite framework [28]. From Fig. 1 it is clear that the CO>
adsorption capacities at low—pressure regimes increase as the Al content does, indicating
that the interaction between adsorbed molecules and the zeolite framework is stronger at
high Na* contents. Thus, the 96-FAU structure is the first reaching saturation, whereas 0-
FAU saturates the last. However, at high—pressure regimes the maximum adsorption
capacity is found for structures having intermediate Al content, because the volume
occupied by the cations inside the framework is not negligible, and the available pore
volume for CO; adsorption diminishes as the Al content increases. Therefore, above 5000
kPa the maximum adsorption capacity is reached by the 48-FAU structure, whereas the
most common industrially used structure 13X or 88-FAU shows a reduction of about 15%

of the capacity with respect to the 48-FAU.

As above-mentioned, the isosteric heat of adsorption is an important point to be
considered since the regenerability of the adsorbent material will depend on the CO»-
adsorbent interaction. A small g,, value implies better regeneration but lower adsorption

capacity for a given pressure, and vice versa [29].
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Fig. 2. Isosteric heat of adsorption for pure CO; at zero loading, as a function of the number

of Na* cations per unit cell (red circles). The values for Ca-A, Mg-MOF-74 and Cu-BTC
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and Ca-A are also included as lines, for comparison, taken from the works of Bae et al. [15],

Mason et al. [16] and Bahamon et al. [81], respectively.

Fig. 2 shows the isosteric heat of adsorption for CO; as a function of the Al content.
Due to the strong interaction between CO; molecules and the non-framework cations, the
isosteric heat increases from 13 to 42 kJ-mol™! from the raw silica FAU to the 96-FAU
zeolite, respectively. This fact has been also reported by A. Corma’s group for LTA
zeolites [29]. Interestingly, 96-FAU and Mg-MOF-74 show the same isosteric heat of
adsorption (42 kJ-mol'), and the same is observed comparing 12-FAU with Cu-BTC (25
kJ-mol'). Finally, zeolite Ca-A exhibits the highest value (58 kJ-mol"). The heats of
adsorption remain more or less stable over the pressure range investigated for most of the
structures, suggesting relatively homogeneous adsorption sites. This fact will not be

discussed in more detail here as it has been previously discussed [82].

3.2 Mixture behaviour

Despite the large number of adsorbent materials that have been reported in the
context of CO> capture, the main part of the studies has relied exclusively on pure CO; and
Nz isotherms. This fact makes the selection of the best materials for capturing CO2 from an
actual flue gas mixture challenging, since phenomena as co-adsorption and/or site
competition are not taken into account. In addition, mixed gas adsorption measurements are
often time-consuming, requiring carefully designed custom equipment and complex data
analysis [83]. As a result, there is a significant lack of mixed gas adsorption data reported in
the literature for mixtures with more than two components, even though many industrial

gas separations involve multicomponent mixtures.

Fig. 3 shows the adsorption isotherms at 313 K for carbon dioxide and nitrogen in
four selected structures from both pure and mixture simulations, as well as the TAST
mixture prediction. In this case, the x axis represents the total and partial pressure of k-th
component at pure and mixture conditions, respectively. Oxygen data are omitted for the
sake of clarity of the figures, but its loading is lower than that of nitrogen (see Section IV in

the SI for complete isotherms).
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Fig. 3. Simulated adsorption isotherms for CO, (blue) and N> (green) for four selected
faujasite structures at pure (dashed lines) and mixture (solid lines) conditions, at 313 K.

IAST mixture prediction (cross marks) has also been included. The x axis represents the

total and partial pressure of A-th component at pure and mixture conditions.

As the amount of Na* ions in the structure increases, the behaviour of the CO; in
mixtures mimic more consistently the adsorption isotherm at pure conditions, but the N»
uptake in the mixture is much lower. IAST correctly predicts the N> behaviour in the
mixture. However, for structures with intermediate and high Al content, the CO, uptake

predicted by IAST is overestimated at high pressures and underestimated at low pressures

(Fig. 3).
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Fig. 4 shows the selectivity for CO> relative to N for the ten structures evaluated
over the entire range of pressures. As expected, 96-FAU has the highest CO» selectivity,
ranging from 1150 to 170, at 5 and 5000 kPa, respectively, while 0-FAU has the lowest
value, ranging from 4 to 6 in the same pressure range. The high selectivity values for NaX-
type zeolites are even greater than those of Ca-A (250 at feeding conditions of 15 kPa CO»,
75 kPa N; and 313 K) and Mg-MOF-74 (175 at feeding conditions of 15 kPa CO,, 75 kPa
N2 and 313 K). Finally, Cu-BTC selectivity is similar to that of 12-FAU (18 at feeding
conditions of 14 kPa CO,, 86 kPa N, and 318 K). It is worth mentioning that, for zeolites
having 64 or more Na“ cations per unit cell, the selectivity decreases as the pressure is
increased. However, it remains constant for zeolites having between 12 to 48 Na* atoms,
and even increases slightly with the pressure whether the number of Na* cations per unit
cell is below 12. The reason of this decreasing in selectivity with pressure for zeolites
having high Na® content is associated with the fact that these are the first structures in
reaching CO; saturation and it obviously occurs since no more empty space is available for

CO2 molecules, although adsorption of smaller molecules like N> and O is still possible.
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Fig. 4. Calculated selectivities for CO; relative to N as a function of pressure, for ten

different faujasite structures at 313 K.
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3.3 Evaluation of PSA/VSA processes.

Swing adsorption cycles and conditions can be manipulated to meet a variety of
demanding requirements, for instance to provide high purity CO, or to minimize power
demands [18,84,85]. Moreover, same working capacities can be obtained by changing the
adsorption/desorption pressures (i.e., feeding/regeneration steps); the one with the lowest
compression costs would then be the best material. The aim of this section is to test
different conditions and to be able of selecting, for each faujasite structure, those conditions

that minimize both the power and capital costs for CO» capture.

Carbon dioxide working capacity for the different FAU structures are given in Fig.
5. Four operating conditions Pfeed.-Pregen. have been considered (two for each process),
which correspond to 1000-100 and 3000-100 kPa for PSA, and 100-10 and 100-5 kPa for
VSA. Note that for VSA process, desorption pressures above 10 kPa imply net values of

working capacities of almost zero for most of the structures.
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Fig. 5. Calculated CO, working capacities for the ten FAU structures considered

corresponding to PSA and VSA processes at different Preed.-Pregen., and at 313 K.

Regarding the PSA process, the working capacity is almost tripled when the feeding
pressure at adsorption conditions is raised from 1000 to 3000 kPa, also tripled, for all the
faujasite structures, and the NaY-type structures present higher working capacities than the

NaX-type structures, reaching optimum values at 12-24 Na® cations per unit cell. As
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saturation conditions are approached at high pressures, the hierarchy of WC,, is dictated
largely by the pore volumes and free surface areas, which are greater for faujasites with low
Al content since they present a lesser amount of Na* cations. While NaX-type faujasites
showed highest uptakes, the number of CO; desorbed molecules at regenerating conditions
(i.e., 100 kPa) is small, making them rather less interesting for the PSA process. In contrast,
NaX-type faujasites present good working capacities for the VSA process, especially when
the pressure at the desorption conditions is lowered to 5 kPa. In fact, working capacities for
48-FAU and 64-FAU structures operating between 100-5 kPa are almost as high as the
value of the Ca-A zeolite, which is around 1.55 mol-kg'. Conversely, MOFs are the
adsorbent materials with the highest working capacities at PSA conditions, because they
saturate at much higher pressures. For instance, Cu-BTC and Mg-MOF-74 present values
of 4.72 and 6.06 mol-kg™! operating between 3000-100 kPa, respectively, but their values
become lower operating between 100-10 kPa (i.e., 0.27 and 0.52 mol-kg™!). Finally, it is
important to note that experimental materials are known to be not fully activated and then,
some discrepancies could appear in their performance compared to simulated perfect

crystals.

The CO; purity at outlet of the adsorber is an important variable to consider,
especially when it is possible to reuse it for other applications. Fig. 6 shows the CO, purity
(%) exiting the adsorber at the desorption step as a function of the PSA adsorption pressure
and VSA desorption pressure for all the faujasite structures, assuming a packed bed with a
total volume of 0.1 m? (i.e.,, L = 0.1 m, A = 1 m?) and a void fraction of € = 0.4 (¢ = (bulk
density)/(framework density)). The final CO; purity depends on the selectivity, the working
capacities for CO2/N»/O», and also on the void fraction €. It can be seen that the VSA
process allows obtaining a higher CO» purity than PSA ones, because the N> and O»
working capacities in PSA conditions are much higher than in VSA conditions, as well as
the amount of N> and O in the empty space of the bed. Moreover, in general NaX-type
structures drive to higher purities due to their high selectivity. Regarding the zeolite Ca-A,
we have estimated, assuming also € = 0.4, high purity values for VSA applications up to
98% at 100-5 kPa, similar to 88-FAU. However, for PSA application at 3000-100 kPa its
value is only around 49%, overtaken by most of the faujasite structures considered. Finally,
MOFs present lower CO» purity than most of the faujasite structures at VSA conditions
(89% and 67% for Mg-MOF-74 and Cu-BTC, respectively) but higher than all zeolite
structures at PSA process (87% and 63% for Mg-MOF-74 and Cu-BTC, respectively).
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Higher purity values can be achieved by reducing the void fraction or also by combining

several Skarstrom cycles.
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Fig. 6. CO; purity (%) in the gaseous mixture exiting the bed adsorber at the desorption
step, as function of adsorption (Pred; PSA, left) and desorption (Pregen; VSA, right)
pressure, assuming a packed bed with a total volume of 0.1 m* (L =0.1 m, A=1m?) and a

void fraction of € = 0.4. Simulations performed at 313 K.

For PSA units operating at say 1000 kPa, the screening on the basis of S¢oz/n2
indicates 96-FAU as the best choice. If we use WC(, for ranking, then 12-FAU emerges
as better choice. However, in terms of CO; purity, one should select the 88-FAU structure.
A similar disagreement is also observed for VSA processes. This dilemma indicates the

need to examine the PSA and VSA operations in more detail.

Fig. 7 shows the number of PSA (Pfeed. = 3000/1000 kPa) and VSA (Pregen. = 10/5
kPa) cycles needed to remove a ton of CO; for each structure, and also the adiabatic work
per cycle calculated by means of Egs. (7) and (8), assuming a packed bed with a total
volume of 0.1 m?® and a void fraction of € = 0.4. As the PSA feeding pressure is raised or
the VSA regeneration pressure is decreased, the number of required cycles is lower, but the
adiabatic work for pressurizing or swing to vacuum increases. A compromise must be
found between a low number of cycles and a moderate energetic cost. Note that, as shown
in Fig. 7 (bottom), decreasing the regeneration pressure in a VSA process from 10 to 5 kPa

increases the adiabatic work per cycle by 40% approximately. However, Figure 5 shows
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that the working capacities at 100-5 kPa are two or even three times greater than those at

100-10 kPa.

Figure 7 also shows that for structures with low Al content the number of required
VSA cycles is much higher than the number of required PSA cycles. Thus, using these
structures under VSA conditions is unpractical. In contrast, structures with intermediate and
high Al content require a similar number of VSA-100/5 and PSA-3000/100 cycles per ton
of CO,. However, the adiabatic work for compression is much higher than the adiabatic

work for evacuating at these conditions, making them more interesting for a VSA process.
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Fig. 7. Number of VSA and PSA cycles needed to remove a ton of CO; for each structure
(up) and adiabatic work per cycle (down), assuming a packed bed with a total volume of
0.1 m3(L=0.1 m, A=1m?) and a void fraction of € = 0.4. 0-FAU and 6-FAU structures
have not been included for the clarity of the plot (the number of required PSA cycles is
7200 and 8300 for 6-FAU and 0-FAU, respectively).
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Note that in our model we only include operating costs for gas compression and
evacuation at the desired pressures. We do not include capital costs of equipment and
adsorbent materials. Therefore, we cannot establish a final ranking in terms of total capital
costs. Moreover, the costs for previous dehumidification of the flue gas and the costs
associated to post-separation (i.e., compression and transport) should also be included for a
full evaluation. According to the work by Leperi et al. [86] the operating costs represent
close to 45% of the total requirements, while annualized capital costs around 5%,

dehumidification around 10% and finally post-compression and transport around 40%.

3.3.1 Breakthrough curves

Potentiality for CO; separation from the ternary mixture considered under dynamic
conditions was also studied by simulated breakthrough experiments. The following
parameters were used: length of packed bed, L = 0.1 m, (A = 1 m?); voidage of packed bed,
€ = 0.4; superficial gas velocity at inlet, u = 0.04 m-s'. When comparing among different
materials, the fractional voidage was held constant, implying that the volumes of adsorbent
materials used in the fixed bed are the same for all zeolites. Therefore, the total mass of the
adsorbents used is governed by the framework density. The transient breakthrough
simulation results are presented in terms of a dimensionless time (toreax) defined by dividing

the actual time (t) by the contact time, T (t = Le - u™1).
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Fig. 8. Dimensionless breakthrough times for a chosen purity of 0.5% CO, in the gaseous
mixture exiting the adsorber, as a function of adsorption (PSA, left side) and desorption

(VSA, right side) pressures. Simulations performed at 313 K.

Fig. 8 presents the breakthrough times as a function of desorption or regeneration
pressures, for both PSA and VSA processes. In these simulations, the working capacity of
the materials has been taken into account considering saturation times from a non-clean bed,
initially containing the quantity of molecules present at the desorption conditions from the
previous cycle. An alternative way of performing the breakthrough simulations is
considering as initial state a clean bed with no molecules within the framework. Several
authors [15,16,61] commonly use the clean bed alternative, although it provides different
results, with larger breakthrough times and clearly, resulting in a different adsorbent
materials ranking. However, this alternative implies a system where, after each PSA or
VSA cycle, a purge of the column is required to push the remaining CO; out of the column
and hence, consuming a higher amount of energy. The comparison of breakthrough times

obtained in both situations can be found in the Section V in the SI.

In PSA, the value of Tureak increases when increasing the adsorption pressure up to a
maximum value around 1000-2000 kPa, and above that point it starts to decrease. The
reason for this increment is because the working capacity of the material is increased as the
pressure range is larger, and thus the time for reaching saturation becomes longer. However,

at higher adsorption or feeding pressures, the adsorbent reaches saturation faster, and then
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an increment in the pressure range does not improve the working capacity, resulting in a
lower Tureak value. On the other hand, in VSA the value of Tueak 1S increased when
decreasing the regeneration pressure, due to the higher working capacity. For instance, if a
VSA process is considered operating at 100-5 kPa, the following hierarchy for
breakthrough times is obtained: 64-FAU > 48-FAU > 88-FAU > 77-FAU > 96-FAU > 32-
FAU > 24-FAU > 12-FAU > 6-FAU > 0-FAU. This sequence demonstrates the better

separation performance for faujasites with intermediate Al content at these conditions.

3.4 Combined VPSA processes

A convenient procedure for CO, adsorption could be a process in which the
adsorption step takes place at moderate pressures above atmospheric conditions, where
expensive compression units are not required, and desorption is performed under vacuum
conditions in order to avoid heating systems [66]. This is called VPSA process, and it can
have even more chances of commercial application because of the low energy demand. Fig.
9 shows the working capacity and the adiabatic work required for selected faujasite

structures as a function of different Preed./Pregen.
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Fig. 9. Blue lines represent the CO, working capacity as function of the VPSA adsorption
(Pfeed.) and desorption (Pregen.) pressures at 313 K. Red lines represent the adiabatic work
required for compression/expansion (vacuum) to remove a ton of CO; assuming a packed

bed with a total volume of 0.1 m? and void fraction of € = 0.4.

We have selected 5 different pressure conditions ranging from 100/5 kPa (pure
VSA) to 2000/100 kPa (pure PSA) in such a way that the Pfeed./Pregen. ratio is constant. The
reason is that the adiabatic cost of compression/expansion mostly depends on this ratio (as
suggested by Egs. (7) and (8)). It can be observed that the working capacity strongly
depends on the selected conditions, with values up to 1.43-1.47 kg-mol™!' for 24-FAU, 32-
FAU and 48-FAU structures. In fact, at these conditions all three structures present higher

working capacities than zeolite Ca-A, whose value at 400/20 kPa is around 0.77. Figure 9
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also shows that the separation performance for 24-FAU and 32-FAU structures operating at
1000/50 kPa is remarkably good, as well as for 48-FAU structure operating at 400/20 kPa.
At these conditions, the ratio between working capacity and adiabatic cost for all the three
structures is very high, with potential use in industrial applications. Moreover, it can be
seen that the VPSA performance of the commonly used Faujasite 13X structure (here 88-
FAU) is quite bad compared to previous ones. Apart from presenting a smaller working
capacity, it requires more power consumption at these conditions. The main reason is that,
for this structure, the total amount of moles adsorbed (N7or 445 In Eq. 8) is very high. This

increases the required adiabatic work for expansion, as seen in Fig. 9.

4. Conclusions

Results shown in the present work demonstrate the strong influence of faujasite
Si/Al ratio on the post-combustion CO; capture by adsorption in dehumidified streams. Ten
faujasite structures with different Al content have been evaluated in detail for potential
application in Swing Adsorption processes, by computing both pure and mixture adsorption
isotherms for CO», N> and O,. Among the materials assessed, 96-FAU in which Si/Al ratio
equals to 1, presents the highest selectivity towards CO; and isosteric heat of adsorption,
but saturates at low pressures. Conversely, 0-FAU in which Si/Al ratio equals to oo,
presents the lowest selectivity and isosteric heat of adsorption, but allows capturing more
CO2 molecules at higher pressures. However, it turns out that structures with intermediate
Al content present the greatest potential towards post-combustion CO» capture. Moreover,
the potential separation of each structure strongly depends on the working range. For
instance, in a VSA unit operating at 100-5 kPa (i.e., Preed.-Pregen.) 48-FAU and 64-FAU
structures show the maximum working capacity, while in a PSA unit operating at 3000-100
kPa the best adsorbent materials in terms of working capacity are 12-FAU and 24-FAU
structures. On the other hand, CO; purity at outlet of the adsorber may be an important
variable, especially if it is necessary to reuse CO> in other applications. In this case, 88-
FAU structure operating in a VSA system emerges as the better choice, with CO, purity up
to 96%.

Dynamic breakthrough calculations for all the structures have been also computed
both for PSA and VSA systems in a wide range of pressures. The breakthrough time

obtained, that combines working capacity and selectivity, is considered as the final criterion
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for adsorbent selection. Our results confirm that 48-FAU and 64-FAU structures are the
best adsorbent materials evaluated for VSA applications, while 12-FAU and 24-FAU
structures are the top ones for PSA applications, in agreement with the analysis in terms of

the working capacity.

Additionally, we have tested the separation performance for all the faujasite
structures in different hybrid VPSA systems. The working capacity and the required
adiabatic work for compression and expansion (vacuum) have been calculated for all
structures at several pressure conditions, keeping constant the Preed/Pregen. ratio at 20. In this
way, we were able to determine which are the most optimal conditions for each structure
(i.e., high working capacities for low energy consumption). Our results show that 24-FAU,
32-FAU and 48-FAU present extremely good separation ability under VPSA conditions,

outperforming by far the commonly used Faujasite 13X structure.

Finally, the present methodology allows the performance evaluation of different
adsorbent materials at more realistic conditions than those found in literature. Selectivities
and working capacities have been obtained from the ternary mixture adsorption isotherms,
instead of pure adsorption. Additionally, for working capacity calculations, we have taken
into account that at desorption conditions, the recovered CO; is not completely pure. Thus,
instead of using the uptake at desorption pressure from the pure CO» adsorption isotherm,
we calculate the real uptake at desorption conditions. Moreover, breakthrough simulations
found in literature are usually computed starting from a clean bed with no molecules within
the framework. However, at each PSA or VSA cycle, there is a remaining number of
adsorbed molecules that are not desorbed during the desorption step. Thus, we have
performed the dynamic breakthrough calculations by starting from a bed which already
contains the quantity of molecules present at the desorption conditions. This model
represents a further step for adsorbent selection and provides important guidelines for

future screening and for designing novel materials.
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Appendix A. Supplementary data

Additional contents as noted in the text can be found via the Internet at

http://www.sciencedirect.com.

Supplementary data associated with this article can be found, in the online version,
at .... Section I contains the force field parameters used in this work along with a
comparison between experimental and simulated results. Section II includes information
about the Langmuir-Freundlich fitting parameters. Section III encompasses the pure
component adsorption isotherms for N> and O,. Section IV covers the ternary mixture
isotherms and finally, Section V reports additional data about the breakthrough curves

including total and working capacities.
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Nomenclature

b constants in the Langmuir-Freundlich equation for component A (kPa™")
BTC Benzene-1,3,5-tricarboxylate

C ideal gas concentration at the feeding-gas conditions (kmol-m)
CCS/U Carbon capture and sequestration/utilization

EOS Equation of state

FAU Faujasite

GC Grand canonical

GCMC Grand canonical Monte Carlo

IAST Ideal adsorbed solution theory

L length of packed bed (m)

LJ Lennard-Jones

LSX Low silica X

LTA Linde type A

MC Monte Carlo

MEA Monoethanolamine

MOF Metal organic framework

N amount adsorbed per mass of adsorbent (mol-kg™")

NIST National Institute of Standards and Technology

Ny sat maximum loading (saturation) of component A (kmol-m)
P pressure (kPa)

PSA Pressure swing adsorption

qi partial charge of atom i (e")
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qsr isosteric heat of adsorption at infinite dilution (kJ-mol")

R gas constant (8.314 kPa-m?-kmol'-K-")

1y distance between a pair of atoms i and j (m)

Sa/B selectivity

t time (s)

T temperature (K)

TSA Temperature swing adsorption

u superficial gas velocity (m-s™)

Ui; potential energy between a pair of atoms i and j (kJ-mol™)
Uy total potential energy of an isolated guest molecule (kJ-mol™)
/4 total volume of packed bed (m?)

VOC Volatile Organic Compounds

VPSA Volume Pressure Swing Adsorption

VSA Volume Swing Adsorption

w adiabatic energy requirement for compression/vacuum (kJ)
wc working capacity of the targeted component in the mixture (mol-kg™!)
X4 mole fraction of component A in the adsorbed phase

Va mole fraction of component A in the gas (bulk) phase

z distance along the adsorber (m)

Greek symbols:

€ voidage of bed

&ij Lennard-Jones potential well depth (kJ-mol™)
o vacuum permittivity (F-m™)

K polytropic parameter of gases
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v
Suscripts.
ads/feed

des/regen

k

feeding/vacuum blower efficiency

framework density (kg-m)

Lennard-Jones potential diameter (m)

time necessary per saturation in a cycle [adim.]
chemical potential (kJ-mol ")

intersticial gas velocity (m-s™)

adsorption or feeding conditions

desorption or regeneration conditions

species in the gas mixture (k = A, B, C,...)
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