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ABSTRACT: An effect of deblocking of small size (8R, D8R) pores in zeolites due to
cation drift is analyzed by using ab initio molecular dynamics (AIMD) at the PBE-D2/
PAW level. The effect of carbonate and hydrocarbonate species on the carbon dioxide
uptake in NaKA zeolite is demonstrated. It is shown that a hydrocarbonate or carbonate
anion can form strong complexes with K* cation and withdraw it from the 8R window, so
that the probability of CO, diffusion through 8R increases. For the first time, correlations
between cationic and HCO;™/CO;>" positions are demonstrated in favor of their
significant interaction leading to the cationic drift from 8R windows. This phenomenon
explains a nonzero CO, adsorption in narrow pore zeolites upon high Na/K exchange. In
a gas mixture, such deblocking effect reduces the separation factor because of the possible
passage of both components through the plane of partly open 8R windows.

fective separation of gas mixtures containing carbon

dioxide is one of the central problems of carbon capture
and storage." During the study of the separation of carbon
dioxide from dry CO,/N, gas mixtures, it was found that
NaKA zeolites with low and moderate contents of K have an
exceptionally high selectivity for CO,.” Similar separation
effects were also manifested for other alkali form zeolites with
8R windows or D8R prisms on the basis of individual
isotherms for the gas components (ETS-4,3 CHA,"™® ZK-
5 7" RHO,"> "¢ KFL,'>"" LEV,"” ETS-10,"® etc.). The kinetic
diameter of an adsorbate, the size of alkali cation, and Si/Al
modulus were already discussed as the important factors which
should be taken into account to determine the pore-blockage

Figure 1. Pseudounit cell of NaKA zeolite used in the

temperature in MeCHA zeolites. Howevezr,g tl}se specific feature computations.'” "> OZ direction is perpendicular to 8R plane. The
of CO, molecules forming carbonates” "~ has not been atomic colors are given in gray (small spheres), red, blue, magenta,
discussed. The usual disregard is based on a small CO, fraction yellow, and green for H, O, Na, Al Si, and K, respectively.

(a few percent) which transforms into carbonates, but even a
small amount of carbonate anions concentrated in the areas

such as 8R windows or D8R prisms can significantly change case, adsorption of neither CO, nor N% is expected as the}r
the gas penetration. We will consider more precisely the case kinetic diameters are larger than 3 A (3.3 and 3.64 A,
of the NaKA zeolite.> respectively’”). In reality, the CO, uptake is essentially
When the Na/K exchange increases up to about K*/(Na* + nonzero at K*/(Na" + K*) even higher than 40%.”

K*) = 33%, it becomes sufficient to “close” the 8R windows Atomistic simulations have been used to elucidate several
(site II) in the NaKA crystal as the K* cations replace first the mechanisms  that explain how CO42 can penetrate through
Nalll* and Nall* cations near 4R and in the 8R windows “closed” 8R windows. The authors™ proposed the “molecular
(Figure 1), respectively, because of a weaker binding to their trapdoo.r” me.chanism.. By using nudged elastic band (NEB)
sites. We recall that one KIII* and three KII* per each a-cage calculation with density functional theory (DFT), they found
result in K*/(Na* + K*) = (1 + 3)/12 * 100% = 33% while one that several CO, can displace an extra-framework cation from
Nall" or KII" is shared between two neighbor a-cages. When
the NaA zeolite, with a free diameter around of 4.1 A for 8R Received: February 25, 2019
window,”” is transformed into NaKA at 40% K*/(Na* + K*) Accepted: April 12, 2019
the free diameter of the 8R window reduces to 3 A. In such a Published: April 12, 2019
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Figure 2. Time dependences (ps) of the K" displacement along OZ-axis (blue line, left axis) in empty NaKA (a) and the C—K" distance (green
line, right axis in panels b—d); NaKA with HCO;~ (b), CO;>™ (c), and HCO;™ and 7 CO, (d) per one a-cage at 300 K. The position of the 8R
plane corresponds to 12.20 A and is shown by a dashed line. Green and pink lines (d) represent C—K* distances for some CO, and HCO;",
respectively. Respective 3D trajectories of cationic and anionic species in (a—d) are presented in Figure S2a—d.

its position, and the next CO, can pass through below blockage
temperature T related to the gas breakthrough. However, it
has not been confirmed by recent ab initio molecular dynamics
(AIMD)/DFT calculations'**’ and thermodynamic calcula-
tions.”> No evidence was obtained from the chemical
potentials upon CO, adsorption in NaA that a weak
interaction between the CO, and Na' cations can displace
cations from their crystallographic sites.””> On the basis of the
calculation of the free-energy profile of CO, entering 8R
windows, the authors'” proposed that the amplitude of thermal
motion of extra-framework cations is large enough and that
CO, is able to squeeze while the gate is open. This idea
deviates from the hypothesis® proposed for N, and CH,
passing through 8R above threshold temperature T, which
corresponds to the activation of cation migration. These
propositions,”'* however, do not explain nonzero CO, uptake
in NaKA after a high Na/K exchange.

The CO, adsorption leads to a formation of chemisorbed
carbonates that has been observed in Fourier transform
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) . 2,5,9,10,24—2
infrared (IR) measurements in many works.>>" >4~

Recently, powder neutron diffraction allowed the measurement
of the cationic shifts from their sites after CO, adsorption in
NaA.”® Earlier, only cationic drifts were assigned to CO,
influence including the case of Mg shift from D6R site
observed by Lobo et al. in MeZK-5'" where carbonates were
also observed. The mechanism of CO, uptake associated with
the carbonate formation from CO, and H,O have been
proposed in ref 21 in parallel with the “molecular trapdoor”
mechanism.” (A short discussion of other routes of carbonate
formation in zeolites”™>” is in section S1 of the Supporting
Information). This assumes that negatively charged carbonate
species can withdraw cations from the windows by strong
Coulomb interaction.”’ The relevance of CO;>"/HCO;~
channels for CO, capture mechanism by liquid amines® and
amines deposited over various supports’® was recently
confirmed via "*C NMR spectra.

This Letter provides analysis of the influence of carbonate
species on the K" behavior in the course of CO, adsorption in
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NaKA zeolite by AIMD. The pseudounit cell of NaKA zeolite
(chemical composition KNa,;AL,Si),Og) contains two a-
cages divided by the 8R window (Figure 1) in which unique K*
cation is located®””' (details of the pseudounit cell
construction are given in section S2 of the Supporting
Information). The AIMD dynamics of mixtures containing 3
and 7 CO,, HCO;~, CO,*, and 7 CO, plus HCO;~ within
one a-cage is simulated using PBE functional®® combined with
a plane wave basis set, the PAW pseudopotentials,*® and D2*’
semiempirical dispersion corrections as implemented in the
VASP package.”®”” The kinetic electron energy cutoff was
imposed at 500 eV. These simulations were run with a time
step of 1 fs for 1-30 ps at 300 K in a Nose—Hoover
thermostat*>*" with 40 fs thermal oscillations.

IR spectroscopy demonstrated the presence of hydro-
carbonate or/and carbonate anions in NaKA.” The modeling
of the reaction between CO, and H,O in the optimized NaKA
cell by the climbing-image NEB method (Figure S1) reveals a
minor barrier of 0.15 eV (imaginary frequency of the transition
state is 298.8i cm™"). The small value of the barrier justifies the
appearance of hydrocarbonate anion in our models. The
exothermic effect of carbonate formation in various zeolites
including NaA was evaluated earlier.”"**

In the picosecond scale, the amplitude of K™ cation motion
relative to its equilibrium position in the plane of the 8R
window of NaKA zeolite (Figure 1) is compared without
(Figures 2a and S2a) and with one (Figures 2b and S2b)
hydrocarbonate or (Figures 2c and S2c) carbonate anion in
one of two a-cages of NaKA which are connected by the 8R
window (Figure 1). The z-coordinate of K* remains around
the 8R plane at the absence of any carbonate anion (near 12.20
A in Figure 2a), while in the presence of hydrocarbonate, the
average deviation is around 1.2 A (near 11.0 A in Figure 2b)
after 17 ps. The period of K" vibrations in empty NaKA
(Figure 2a) is around 0.5—0.64 ps, which corresponds to the
frequencies of 52—67 cm™ and is in a good agreement with
54 cm™* or 58 cm™** at low coordinated KIII site of the KX
zeolite. During the equilibration (see quick temperature
relaxation in Figure S3), either carbonate or hydrocarbonate
is located near adjacent 6R (Nal*), 4R (NallII*), and 8R (the
last one with KII*) windows. The carbonate anion interacts
more tightly with 3 Na* and K" because of its higher charge,
and after 2 ps no significant movement from that place is
observed. In contrast, one can see that hydrocarbonate starts to
displace K* further away from 8R window at 12 ps (Figures 2b
and S2b) which results in the shift of 1.9 A (reaching 10.3 A in
Figure 2b at 14 ps). Because of the weaker interaction with
cations, hydrocarbonate has a higher mobility than carbonate,
and it can migrate between the adjacent 6R windows (Figure
2b). The carbonate anion does not reproduce the same scale of
motions, as it is in more tight contact with the cations (Figure
S2c). To ensure this, one could compare the amplitudes of the
IC—K*| variations at the same conditions (in the absence of
CO,), i.e., for HCO;™ in Figure 2b and for CO;>” in Figure 2c.
Regarding different C—K" scales of Figure 2b,c on the one
hand and of Figures 2d or S4 on the other hand, the longer
time-of-life in both hydrocarbonate or carbonate complexes
with K* seems to be evident versus that in K"'—CQO,. At the
same time, neither 3 CO, (Figure S4) nor 7 CO, (Figure 3)
can withdraw K* from the 8R window without hydrocarbonate
or carbonate. The respective mobility of K* is quite similar to
the case of the empty NaKA. The average position is still
around the 8R window, and the amplitudes are 0.3—0.4 A. The
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Figure 3. Time dependences (ps) of the K* displacement along the
OZ-axis (blue line, left axis) and the C—K" distance (green line, right
axis) in NaKA with 7 CO, at 300 K.

CO, molecules do not form complexes with K" as the distance
between CO, and K" is greater than 4.2 A (Figures 3 and S4).

The authors” evaluated that a partially opened 8R window is
sufficient for the admission of various adsorbed molecules, i.e.,
with the K shift between 2.04 A (H,) and 3.00 A (CH,).
These shifts can be hardly compared to respective shifts in
other zeolites because (1) they are measured relative to one O
atom of 8R window and (2) the 8R windows are differently
distorted in other zeolites. Nevertheless, the similar order of
cation shifts is obtained in Figure 2¢,d. The largest distance
between the K" atom and the respective oxygen of 8R window
reaches 5.3 A in the presence of hydrocarbonate. The strong
Coulomb attraction with carbonates provides an energy gain
for cationic drift according to our AIMD results. This gain was
possibly the reason for the Mg shift from the stable D6R site
observed by Lobo et al. in MgZK-5° or of the Na/K
displacements from 8R in NaKA.*®* The drift of several
angstroms is in agreement with calculated displacements of
cations toward the carbonate formed in the RHO form (Figure
2e in ref 42).

This AIMD result is coherent to our earlier static
calculations in which we obtained the series of stable minima
of the K* positions along with carbonate outside the plane of
the 8R window of NaKA.”" The long K* shift (Figure 2b—d)
explains the nonzero CO, adsorption in NaKA with the Na/K
exchange being higher than 33% when CO, cannot pass all 8R
windows because its kinetic diameter is greater than 3 A.” It
seems that the microscopic model of carbonates should be
taken into account while interpreting the breakthrough
experiments with CO, mixtures.”® Such deblocking will
anyhow reduce the separation factor in the gas mixture
because of the possible passage of both gas components
through the partly open 8R windows.
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Reaction profile between CO, and H,O in the optimized
NaKA cell (Figure S1), trajectories of the carbonate
species (Figure S2), temperature relaxation (Figure S3),
and some evaluations of the ion-quadrupole (K*—CO,)
interaction energy (section S3) (PDF)
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XDATCAR files (VASP format) with the dynamics of
K* displacements upon the carbonate influences (to be
viewed with OVITO or other visualization software)
(Z1P)
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