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ABSTRACT: Adsorption technologies offer opportunities to
remove CO2 from gas mixtures, and zeolite A has good
properties that include a high capacity for the adsorption of
CO2. It has been argued that its abilities to separate CO2 from
N2 in flue gas and CO2 from CH4 in raw biogas can be further
enhanced by replacing Na+ with K+ in the controlling pore
window apertures. In this study, several compositions of |
Na12−xKx|-A were prepared and studied with respect to the
adsorption of CO2, N2, and CH4, and the detailed structural
changes were induced by the adsorption of CO2. The adsorption of CO2 gradually decreased on an increasing content of K+,
whereas the adsorption of N2 and CH4 was completely nulled already at relatively small contents of K+. Of the studied samples, |
Na9K3|-A exhibited the highest CO2 over N2/CH4 selectivities, with α(CO2/N2) > 21 000 and α(CO2/CH4) > 8000. For
samples with and without adsorbed CO2, analyses of powder X-ray diffraction (PXRD) data revealed that K+ preferred to
substitute Na+ at the eight-ring sites. The Na+ ions at the six-ring sites were gradually replaced by K+ on an increasing K+

content, and these sites split into two positions on both sides of the six-ring mirror plane. It was observed that both the eight-
ring and six-ring sites tailored the maximum adsorption capacity for CO2 and possibly also the diffusion of CO2 into the α-
cavities of |Na12−xKx|-A. The adsorption of CH4 and N2 on the other hand appeared to be controlled by the K

+ ions blocking the
eight-ring windows. The in situ PXRD study revealed that the positions of the extra-framework cations were displaced into the
α-cavities of |Na12−xKx|-A on the adsorption of CO2. For samples with a low content of K+, the repositioning of the cations was
consistent with a mutual attraction with the adsorbed CO2 molecules.

■ INTRODUCTION

With the combustion of fossil fuels, significant amounts of CO2
are emitted to the atmosphere, which affects the climate and
contributes to global warming.1,2 The global energy system
needs to be reformed to properly mediate the effects of climate
change, and one often suggested measure is to introduce
carbon capture and storage (CCS) technologies,3 by, for
example, capturing CO2 from the flue gases of power stations.
A range of postcombustion technologies can be used to
capture CO2, which includes amine scrubbers, membrane
technologies, and cryogenic separation.4 Adsorption-driven
processes are expected to be more cost-effective than amine-
scrubbing processes.5−7 It is still though a bit uncertain if CCS
can be economically viable8 in the current global legal
framework. In this context, note that CO2 capture is also
relevant for the upgrading of, for example, natural gas and raw
biogas.7,9−11 Upgraded biogas is arguably among the biofuels
that have the lowest environmental footprint when it has been
produced from appropriately selected biowaste.12

For the introduction of adsorption-driven CO2 capture, it
has been shown that it is important to develop highly

functional and selective adsorbents for CO2.
5,13 A high CO2-

over-N2 selectivity can be achieved by adsorptive CO2−N2
partitioning on certain adsorbents in flue gas compositions
typical for coal combustion (15 vol % CO2 and 85 vol %
N2).

14,15 During adsorption, CO2 concentrates at solid
interfaces of adsorbents by chemi- or physisorption. The
electronic structure of physisorbed CO2 is not affected
significantly by the adsorption, whereas during chemisorption,
other species such as (bi)carbonate-like species and so on
often form.16 The most prominent mechanism of physisorp-
tion of CO2 relates to the interactions in between the electrical
field gradients (efgs) of the sorbent and the electric quadrupole
moment of CO2. In addition to the thermodynamically based
CO2 over N2 selectivity of adsorbents, additional kinetic
selectivity can occur because of differential diffusion rates of
CO2 and N2. CO2 diffuses faster than N2 in porous solids
because the CO2 molecule has a smaller kinetic diameter than
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N2 in porous solids (opposite to the kinetic diameters in the
gaseous state),17,18 with typical values of 0.33, 0.36, and 0.38
nm for CO2, N2, and CH4, respectively. Hence, adsorbents
with effective pore openings in this range display kinetically
enhanced selectivity for CO2 and for extreme cases molecular
sieving action.19 In relation to the thermodynamics and
kinetics, a wide range of adsorbent materials are studied for
a potential use in the removal of CO2 from flue gases, including
zeolites, activated carbons, porous polymers, and amine-
modified silica materials.5,13,20

Zeolites are crystalline and microporous aluminosilicates
with interconnected cages and channels21,22 and are of
particular interest because of their CO2 capacities and
selectivities, robustnesses, and often low costs.20 Zeolites
with pore windows framed by eight rings (eight-membered
rings, consisting of eight Si or Al atoms interconnected by O
atoms) have sizes close to the effective kinetic diameters of
CO2 and N2,

23 making them candidates for a kinetically
enhanced separation of CO2 from N2 or CH4.

23−31 Of
particular interest is the wide variety of extra-framework
cations that can be introduced into these systems to
temporarily or permanently block the eight-ring windows in
zeolites with low Si/Al ratios, such as in zeolite A.
Zeolite A is a synthetic eight-ring zeolite32,33 with a Si/Al

ratio close to 1 that has found many applications.34 It consists
of a primitive cubic arrangement of large cavities (referred to as
α-cavities) interconnected via eight rings to form a three-
dimensional channel system. |Na12|-A has a high uptake of
CO2

32 and appears to be a good candidate for an adsorption-
driven CO2 capture. One should note that the Na+ ions tailor
the effective window size of eight rings in |Na12|-A. The Na+

ions block the eight-ring windows and temporarily reposition
to allow adsorbates to effectively diffuse throughout its
structure. |Na12|-A is often assumed to have an effective pore
diameter of 0.41 nm.35,36 However, by substituting Na+ with
cations of different diameters, the size of the effective pore
window apertures can be tuned.37−39 This tunability makes it
possible to further enhance the CO2 over N2 selectivity.
|Na12−xKx|-A compositions with x > 0 have smaller pore
openings than |Na12|-A.

23,40 At a critical concentration of K+

(or Cs+), sufficiently many eight-ring windows are blocked
with these ions to effectively hamper the adsorption of N2 or
CH4.

41−43 Liu et al. showed that |Na10K2|-A exhibited a
substantially enhanced CO2 over N2 selectivity but still
maintained a high capacity to adsorb CO2.

23 Earlier, Bulow
et al. had shown similar findings for the separation of CO2 and
acetylene.44 An example of the transport of CO2, N2, and CH4
through |Na12|-A and |Na9K3|-A is depicted in Figure 1, where
the diffusion of N2 and CH4 through the 0.38 nm sized pore
windows of |Na9K3|-A pores is hindered, but CO2 is adsorbed
in both compositions.
Narrow, or restricted, pore openings may not only enhance

the kinetic selectivity of CO2 adsorbents but will also reduce
the CO2 diffusion37 and thus limit the corresponding mass
transfer.45−47 Such mass-transfer limitations are less ideal for
adsorption-driven processes.46−48 Akhtar et al. rationalized that
|Na10.8K1.2|-A would be more suitable to adsorption-driven
CO2 capture than |Na10K2-A| by allowing a fast mass transfer at
a high level of CO2 over N2 selectivity and consequently having
a higher figure of merits.49

The crystal structures of |Na12|-A and |K12|-A
32,50−54 as well

as the variations of different compositions of |Na12−xKx|-A have
been carefully investigated.23 The fine details of these

structures and crystallography-related alternations during
their adsorption performance are needed to better understand
the CO2 adsorption process. The overall objective of the
current study was to determine the exact crystallographic
positions of K+ and Na+ for a range of |Na12−xKx|-A samples
and, in particular, the potential displacement of extra-
framework cations on the adsorption of CO2, as has recently
been observed for the absorption of H2O in the study of Guo
et al.55

■ EXPERIMENTAL DETAILS
Synthesis and Experiment. The experimental work

included sample preparation with K+ exchange, elemental
analysis with energy-dispersive X-ray spectroscopy (EDXS)
and inductively coupled plasma optical emission spectrometry
(ICP-OES), characterization of the adsorption of CO2 (CH4
and N2), and investigation of crystallographic details by
recording and analyzing the in situ powder X-ray diffraction
(PXRD) data with and without CO2 being adsorbed. The
powder of |Na12|-A was purchased from Luoyang Jianlong
Chem. Ind. Co. (product number: e0002), and the batch
contained relatively homogeneous cubic particles with an
average size of about 2.7 μm. The quality of the batch was
carefully investigated by scanning electron microscopy−EDXS
and ICP-OES, and no meaningful impurities were detected.
The Si/Al ratio was ∼1:1. The |Na12−xKx|-A samples were
prepared from |Na12-A| by ion exchange (Table S1) using a
modified version of the procedure of Liu et al.23

The elemental compositions (levels of ion exchange) were
evaluated by EDXS using a JEOL JSM-7000F scanning
electron microscope. Thin layers of zeolite powders were
spread on ink-coated aluminum stumps. The EDXS spectra
were acquired under 15 keV. The elemental analyses were
confirmed by ICP-OES using a PerkinElmer spectrometer
model Plasm 40.
The adsorption and desorption isotherms of CO2, CH4, and

N2 were recorded on a Micromeritics ASAP 2020 surface area
and porosity analyzer with a vacuum−ambient pressure regime
capacity. Before experimentation, the zeolite samples were
degassed. The samples were evacuated under high dynamic

Figure 1. Overall visualization of the transport of CO2, N2, and CH4
molecules through |Na12|-A (top) and of only CO2 through |Na9K3|-A
(bottom). Na+ sites are represented by green spheres and K+ sites by
magenta ones.
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vacuum (1 μTorr), provided by a turbopump, at a temperature
of 623 K for 10 h. The temperature was ramped to the set
point with a rate of 10 K/min. Thereafter, the samples were
backfilled to an ambient pressure of dry N2 at a temperature of
323 K. The dry and backfilled samples were weighed. For the
gas adsorption experiments, the quasi-equilibrium states were
established by waiting until the changes of pressure became
<0.01% during an interval time of 15 s. The tube-free spaces
for the samples were evaluated by the loading of He gas. It was
assumed that He was not adsorbed.56 The data for adsorption
and desorption of CO2, CH4, and N2 were collected at a
temperature of 273 K set by an ice bath. The low-pressure
incremental dosing mode with a dose amount of CO2 of 0.2
mmol/g was used to achieve a good resolution of the
adsorption isotherm at low pressures of CO2. The desorption
branch was terminated at 20 kPa because of the experimental
constraints (the ice bath size, number of points, and
equilibration time).
PXRD measurements were performed with the use of the

synchrotron radiation on beamline P02.1 at PETRA III in
Hamburg, Germany. Eight different samples of |NaxK12−x|-A
were studied using a custom-made in situ gas cell at a
wavelength of 0.20702(1) Å. The powdered samples were
placed in borosilicate glass capillaries with a diameter of 0.7
mm and assembled to the gas cell connected through a valve
either to a vacuum pump or to a gas rig with CO2. For each
sample, the following sequence of measurements was
performed: (i) 5 min of data acquisition for the as-prepared
samples at room temperature, (ii) dehydration of the sample
for 40 min at a temperature of 573 K under dynamic vacuum
conditions and then 5 min of data acquisition under the same
conditions, and (iii) insertion of CO2 at a pressure of 105 kPa
and cooling down to a temperature of 273 K and then data
acquisition at a low temperature for 5 min. The diffraction data
were collected using a 2D PerkinElmer XRD 1621 detector,
which were subsequently integrated using the FIT2D57

program to obtain one-dimensional powder diffraction patterns
with steps of 0.001° in the 2θ range of 0.5−17.5 (°). The
Rietveld analyses were performed using the program Topas58

using only the data from the activated samples and those with
adsorbed CO2.
The crystal structure of zeolite A is typically described in the

space group Fm3̅c (a ≈ 24.6 Å). Although the structure
refinements converged in this space group, we decided to use
Pm3̅m (a ≈ 12.3 Å) in further analyses. This choice did not
consider the Si|Al ordering of the framework50,51 (which was
beyond the scope of our work), and therefore, the number of
parameters could be reduced, which stabilized the refinement.
Moreover, the reflections associated with the superstructure,
such as (5 3 1), were within the background noise. Hence, the
lattice parameter of a ≈ 12.290 Å was derived.
All diffraction patterns were treated in a similar manner, and

the atomic form factors for the framework ions for Si2+, Al1.5+,
and O− were used in analogy with the work of Pluth and
Smith.50,51 The initial sets of structure parameters for the
boundary compositions |Na12|-A and |K12|-A were also adopted
from the studies of Pluth and Smith.50,51 The background of
the diffraction data was modeled using the 23rd order
Chebyshev polynomial, and the peak shapes were described
by a pseudo-Voigt function (fundamental approach59). The
total number of free parameters varied from 46 to 55
depending on the compositions and if CO2 molecules were
present. In order to stabilize the refinements, some of the

isotropic thermal parameters were fixed. Moreover, because of
their high correlation with other parameters, occupancies of
the cations at some positions were also restrained and
parameterized in accordance with the elemental analysis.
Fourier difference maps were computed with a model
containing only the framework atoms. These difference maps
revealed several distinct features in the electron densities,
which were recognized as possible cations and/or CO2
molecules (Figures S27−S34), and several positions of peaks
in the maps were used as input parameters in the Rietveld
refinements. These refinements resulted in the final crystal
structures with and without CO2 adsorbed.

■ RESULTS AND DISCUSSION
Adsorption of CO2, N2, and CH4 on |Na12−xKx|-A. The

adsorption and crystallographic studies were conducted on a
range of |Na12−xKx|-A samples with elemental compositions
presented in Table 1 (the ICP-OES data were used in further

analyses as ICP was judged to be the most precise method).
|Na9K3|-A had the composition closest to those observed to
have very high CO2 over N2/CH4 selectivities in other
studies.23,40

The CO2 adsorption and desorption isotherms for
|Na12−xKx|-A are presented in Figure 2a, and similar families
of isotherms have been reported by Liu et al. and Cheung et
al.23,40 However, in contrast to Liu et al.,23 we did not observe
any pressure-induced CO2 uptake for the samples with high K+

content. It is noteworthy that the CO2 desorption and
adsorption isotherms differed at low pressures of CO2,
especially for the K+-rich samples. This increasing discrepancy
between the adsorption and desorption branches can be
related to the contributions of chemisorption of CO2,

60,61 but
it could also relate to loading-dependent diffusion of CO2, or
the fraction of entrapped CO2.

62 The differentiation of
physisorbed and chemisorbed CO2 with adsorption tools is
difficult. However, it is well established by infrared studies that
a fraction of the CO2 chemisorbs/reacts and (bi)carbonates
are formed on zeolite |Na12−xKx|-A.

60,63

At pressures of 15 and 105 kPa, the adsorption of CO2
declined gently, almost linearly, with the content of K+ (Figure
2b). It is observed that the K+ ions, substituting Na+ in the
pore window apertures (the eight rings), had restricted the
effective pore volume of the adsorbent and introduced a free-
energy barrier to the diffusion of CO2 among the
interconnected α-cavities. In contrast to this study, Liu et
al.23 observed three stages of dependency between the
adsorption of CO2 and the K

+ content. The difference between
these studies could relate to the diffusion of CO2. We used an
extended equilibration time in this study. Potentially, it could

Table 1. Elemental Analysis of As-Prepared Samples
Provided by EDXS and ICP-OES in Comparison to Rietveld
Analyses of PXRD Data

EDXS ICP-OES PXRD Rietveld refinements

|Na12| |Na12| |Na12(H2O)3.0|
|Na9.4K2.6| |Na9K3| |Na8.7K3.5(H2O)0.5|
|Na5.9K6.1| |Na6K6| |Na5.7K6.3(H2O)0.6|
|Na5.1K6.9| |Na5.3K6.7| |Na5.1K7.0(H2O)0.6|
|Na3.5K8.5| |Na3.8K8.2| |Na3.5K8.5(H2O)0.6|
|Na1.5K10.5| |Na1.4K10.6| |Na1.3K10.8(H2O)1.0|
|Na0.2K11.8| |Na0.2K11.8| |K12.2(H2O)0.7|
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also have been related to the type of sample or sample
preparation; Liu et al. activated another type of commercial
zeolite A in a flow of hot N2

23 instead of the dynamic vacuum
equilibration used here. Note that the CO2 uptake curves
depend on the equilibration time used for recording the
adsorption and desorption branches on samples with a high K+

content, and we used as long times as was judged
experimentally feasible (4 days of experimental time). Still
there are minor contributions from kinetics in the data.
The adsorption of CO2 on |Na12−xKx|-A includes phys-

isorption60,61 and chemisorption as (bi)carbonate
groups.55,64,65 CO2 is expected to physisorb on three different
cation sites at low and intermediate loading levels, and at high
loadings, it fills the pores (the precise location of chemisorbed
CO2 has been less well studied). Hence, CO2 cannot be
described adequately by simple adsorption models, such as the
single-site Langmuir model.66 The dual-site Langmuir (DSL)
model is more suitable and commonly used.66 We para-
meterized the CO2 adsorption isotherms for |Na12|-A and
|Na9K3|-A in such a DSL model by minimizing the composite
sum square deviation with a Levenberg−Marquardt iteration
algorithm. The corresponding parameters are presented in the
Supporting Information (Table S1). It is noteworthy that the
adsorptive uptake capacity for CO2 (qsat1 and qsat1) was
relatively similar for |Na12|-A and |Na9K3|-A, whereas the
constants b1+2 were significantly larger for |Na12|-A. Despite the
cross-correlation among the parameters in the DSL model,67

this finding is consistent with the fact that the adsorption of
CO2 was kinetically slightly hampered for |Na9K3|-A at a low

pressure of CO2 and that the CO2 diffusion was loading-
dependent.
The adsorption of N2 and CH4, shown in Figure 3, was

significantly reduced for |Na9K3|-A as compared with that for

|Na12|-A, and Henry’s isotherm conforms to the experimental
data. Such isotherms are linearly dependent on the pressure,68

and in the registered regime, intermolecular interactions are
limited.69 Also, the very low pressure regime for the adsorption
of CO2 could be analyzed in Henry’s law model. Henry’s
constants of N2 and CH4 were 100−200 times smaller for
|Na9K3|-A than for |Na12|-A (Table S3). It is noted that the K+

ions had effectively obstructed the adsorption of N2 and CH4.
In the very low pressure regime, CO2 over N2/CH4 selectivities
can be described with the ratio of Henry’s constants.70 Within
this description, α[CO2/N2(CH4)] was 780(430) for |Na12|-A
and 22000(8300) for |Na9K3|-A. The applicability of these very
low pressure selectivities is certainly limited,66 and competitive
adsorption could sometimes further enhance the selectiv-
ity.71,72 As is well established for zeolites with low Si/Al ratio,
the efgs are quite high,73 and the absolute value of the
quadrupolar moment is much higher for CO2 than for N2
(quadrupole moment of CO2 Q = (−14.27 ± 0.61) × 10−40

cm2)74). CH4 lacks a quadrupole moment. Hence, the CO2
molecules tend to be adsorbed to the cations at much lower
pressure than N2 or CH4 at the same temperature, and the
obtained selectivity parameters are most likely to be considered
as being conservative.

Structure Refinement of |Na12−xKx|-A with Adsorbed
CO2. The PXRD experiments and analyses were performed to
give insights into the mechanism of the adsorption of CO2 on
|Na12−xKx|-A. The structural analyses allowed investigating
changes of the positions of cations in |Na12−xKx|-A on the
adsorption of CO2. The Bragg peak intensities in the PXRD
patterns varied significantly before and after the adsorption of
CO2. For example, the reflection intensity at 2Θ = 1° was
reduced on CO2 adsorption (Figures S20−S26), indicating
that the cations had been displaced.
To further analyze the effects of the adsorption of CO2 on

the structures of zeolites, the PXRD data of activated
|Na12−xKx|-A compositions were analyzed (Tables S5−S11)
and refined prior to the detailed analyses of the PXRD data
recorded after the adsorption of CO2 (Tables S20−S26).
Figure 4 displays the large α-cavity and one β-cage (sod unit)
in the unit cell of zeolite A, including the cation positions. The
α-cavities are connected via eight-ring windows that allow

Figure 2. (a) Adsorption (solid markers) and desorption (open
markers) isotherms for CO2 on |Na12−xKx|-A with different K+

contents (273 K). (b) Adsorption of CO2 at 15 kPa and at 105
kPa as a function of K+ content in zeolite A (%); the lines are guides
for the eye.

Figure 3. Adsorption isotherms for CO2, N2, and CH4 on |Na12|-A
and |Na9K3|-A recorded at 273 K. The regression lines for the
adsorption of CO2 were derived with respect to the experimental data
using a two-site Langmuir isotherm model and with a linear Henry’s
law model for the CH4 and N2 uptake.
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diffusion of small gas molecules (Figure 4). The α-cavities and
β-cages are joined by six rings (Figure 4). As has been
mentioned, the framework of |Na12−xKx|-A has a Si/Al ratio of
∼1:1. For zeolite A, described in space group Pm3̅m, the 12
monovalent cations per unit cell are situated at specific
positions at the four-ring, six-ring, and eight-ring sites of the α-
cavity. In |Na12|-A, eight Na

+ are positioned in the center of the
six rings (at different Wyckoff positions) denoted by 8g, three
Na+ are positioned close to the center of the eight rings and
denoted by 12i, and a single Na+ is positioned near the four
rings and denoted by 12j. The cation distribution of |K12|-A
differs from that of |Na12|-A because the large K+ ions do not fit
in the same positions.51 Hence, the eight-ring site retains the
same position (12i) for K+, whereas the 8g position splits into
two locations on both sides of the six rings.51,52 Likewise, K+ in
the four rings sits in two positions: one at 12j, the same as for
Na+, and a new position at 6e. The double positioning at the
four and six rings means that the K+ cations also occur within
the β-cages.
The structures for the activated |Na12−xKx|-A compositions,

with 12 > x > 0, appeared to be portrayed by combinations of
the |Na12|- and |K12|-A models. Figure 5 outlines the Na+ and
K+ populations of each site as derived from the analyses of the
recorded PXRD data. The small Na+ tends to be situated more
off-center of the eight rings than the larger K+, although both
are still located in the mirror plane of the eight rings in contrast

to the cases for even larger cations.42,54 Hence, the comparison
of the electron densities in the Fourier difference maps
computed for |Na12|-A and |Na12−xKx|-A (Figures S27−S30)
revealed that Na+ at the eight-ring site had been already fully
replaced by K+ for the |Na9K3|-A sample (Figure 6). This

finding is in agreement with the results from Liu et al.23 who
stated that K+ preferred the eight-ring sites at the low content
of K+. As Na+ preferred to sit in the six-ring mirror plane, and
K+ was off-plane, their positions and occupancies could be
distinguished easily by using Fourier difference maps (Figure
6). K+ was found to gradually substitute Na+ at the six-ring
sites on an increasing K+ content (Figure 5) and was placed on
both sides of the six rings (Figures 6, S6−S10, and S27−S29).
K+ on the four and six rings had occupancies also inside the β-
cages in the K+-rich compositions (Figures 6, S6−S10, and
S27−S29). The occupied positions are denoted as 6e and 8g,
respectively. K+ positioned in the β-cage has been reported
before by Leung et al.52 and Pluth and Smith.51

Diffraction patterns for |Na12|-A with and without adsorbed
CO2 are presented in Figure 7 together with a Fourier map
that illustrates how the extra-framework electron densities
change on the adsorption of CO2 (Figure 7c). The diffraction
data recorded before and after adsorption of CO2 on |Na12|-A
were highly consistent with the models having final R-values of
Rwp ≈ 1.597, 1.564% and Rexp ≈ 1.074, 1.089% (Table S4).
The relative Bragg peak intensities were significantly different
in the data for |Na12|-A without CO2 (Figure 7a) and with CO2
adsorbed (Figure 7b). The intensity difference was related to
adsorbed CO2 and displaced Na+. The data were processed by
using the locations of the adsorbed CO2 molecules as observed
in the corresponding Fourier difference maps (Figures S31−
S34). The CO2 molecules were modeled as rigid bodies with
five degrees of freedom. The O−C distance was fixed to 1.16
Å, and the linearity of CO2 was fixed with a bond angle of 180°
for O−C−O. The occupancies of the C and O atoms were
constrained to 2:1 because of different site multiplicities.
Eventually, the analyses implied that the adsorbed CO2 was
positioned in |Na12|-A as 24m for the carbon atoms and 48n for
the oxygen atoms (Figure 7d). Therefore, one can tentatively
conclude that the physisorption of CO2 includes a bridging of
Na+ at six- and four-ring sites with the average Na+···OC
O···Na+ distances of 2.70(2) and 2.72(4) Å (Table S19).
These general positions were observed to be maintained also
for the other compositions of zeolite A (Tables S12−S18). Bae
et al.66 have reported similar CO2 coordination between
cations on neighboring six rings on zeolite |Na3.4Ca4.3|-A.
Two remaining minor electron density peaks near the Na+

position 12j at the four-ring sites and placed off-site of the
eight-ring plane, denoted by the 24m Wyckoff coordinates,

Figure 4. Overall visualization of the distribution of cation positions
in α-cavities and β-cages in |Na12−xKx|-A. Note that K+ occupies
different positions on four- and six-ring sites than Na+. The dashed
line outlines the unit cell.

Figure 5. Population of Na+ and K+ at different sites in |Na12−xKx|-A
as a function of K+ content (%). Solid and dotted lines are “guides for
the eyes” for respective Na+ and K+ populations.

Figure 6. Difference Fourier maps for activated |Na12|-A (left),
|Na9K3|-A (middle), and |Na5.3K6.7|-A (right) computed from the
experimental PXRD data with a model containing only the framework
atoms.
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were tentatively attributed to chemisorbed CO2 (Figure 7d).
We modeled these sites with a single C atom, adjusting the
occupancy according to the total number of electrons in CO2
(Table S12). The apparent ratio of chemisorbed to
physisorbed CO2 for |Na12|-A was 37:63. Because this ratio is
more skewed toward chemisorption than the one reported by
Cheung et al.,41 it is highly likely that a significant amount of
these positions assigned to chemisorption actually was
entrapped physisorbed CO2.
CO2 is expected to rattle over the cavity and fill it up at

relatively low pressures, but because of the high efgs close to
the cations, it is likely strongly condensed close to the cations
at low and intermediate loading levels.23 The CO2 molecules
situated at the eight rings had been already observed for Ca-
A,66 Mg-A,66 and chabazites.75

Despite the attempts to remove all structural water from the
studied zeolites, signatures of residual water were observed in
the α-cavity when analyzing the data for all the investigated
compositions of |Na12−xKx|-A before and after the adsorption
of CO2 in the Fourier mappings. H2O molecules were detected
by small electron density peaks on the threefold axis,
coordinated to the four-ring cations positioned inside of the
main cavity. Furthermore, the overpopulated eight-ring
position of |Na12|-A was also partly assigned to adsorbed
H2O off-site of the eight-ring mirror plane. The positions of
the detected H2O followed those determined by Fischer et al.76

for fully hydrated |Na12|-A. The H2O residues potentially
hamper the adsorption of CO2 to a certain extent because of
the high affinity of H2O to the adsorption sites and the
hydrophilic nature of zeolite A.77,78

Small gas molecules are contained in the α-cavities of
|Na12−xKx|-A and can penetrate the structure by bypassing the
cations positioned in the eight rings. The gas diffusion is
obstructed by the eight-ring cations and further restrained by
the six-ring cations, especially when these sites are shifted into

the main cavity. Because K+ sits near the center of the eight
rings and off-site of the six-ring sites, it is expected that K+ will
disturb the diffusion of gas molecules throughout |Na12−xKx|-A.
Our earlier studies23,42 have indicated that N2 and CH4

molecules are effectively blocked by K+ at the eight-ring sites
at a critical K+ concentration, whereas CO2 still diffuses
throughout the framework structure. The adsorption of CO2

appears to depend on the K+ and Na+ distributions over the
six-ring and eight-ring sites.
During the in situ PXRD experiments, only the |Na12|-A

sample captured the expected amount of CO2 (Figure 8).
|Na12|-A is known for its rapid uptake of CO2.

40 The
equilibrium adsorption levels of CO2 on the |Na12−xKx|-A
compositions with x > 3 were not achieved, as could be
determined by comparing the adsorption levels from the

Figure 7. Rietveld refinements of (a) |Na12|-A activated at 573 K and (b) loaded with 105 kPa CO2. (c) Fourier maps comparing nonframework
electron densities of the activated (blue) and CO2-loaded (lime) samples. (d) Representation of the cation positions [before CO2 loading (blue)
and after (lime)] and the positions of the physisorbed (red-black sticks) and chemisorbed (black spheres) CO2 (some low-occupied four-ring
positions were removed to clarify the picture).

Figure 8. Number of CO2 molecules adsorbed in the Pm3̅m
pseudocell during the in situ XRD experiment against the maximum
(equilibrated) possible loading at 105 kPa of CO2. The lines are only
guides for the eyes.
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Rietveld refinements and the experimental volumetric CO2
adsorption data. The difference between the obtained and
maximum loading of CO2 on the |Na12−xKx|-A is presented in
Figure 8.
A detailed analysis of the PXRD data of the |Na12−xKx|-A

samples before and after the adsorption of CO2 revealed that
the Na+ and K+ ions in the six and eight rings were displaced.
The CO2 molecules were adsorbed only in the α-cavities. The
cation displacements on the adsorption of CO2 are illustrated
in Figure 9 and were most significant for |Na12|-A and

|Na9K3|-A. However, the significance of the observations for
samples with high K+ content is hampered because of the low
adsorption of CO2 (cf. Figure 8). Na

+ in the six rings and the
Na+ or K+ positions in the eight rings appeared to have been
attracted by the CO2 molecules for Na+-rich compositions and
experienced repulsion for K+-rich compositions. Although K+

in the six rings always appeared to have been repulsed by CO2,
these findings indicate that the adsorption of CO2 contracts
the cation distribution toward the center of the cavity for
|Na12−xKx|-A when the K+ content is low. Still, we do not want
to further speculate about possible structure expansion for K+-
rich compositions.
The potential hypothesis of a redistribution of the cations

across the sites upon the adsorption of CO2 could be ruled out
as the positions were occupied by the same cations before and
after the adsorption of CO2. Cation redistribution has been
reported for K+ in zeolite Rho from a window to a cage site on
the adsorption of CO2 and rationalized as a cation-gating
phenomenon26 and also observed for zeolite X on the
adsorption of H2O.

79,80 The “molecular trapdoor” mechanism
has also been described for chabasite zeolites.24,25,62,81

■ CONCLUSIONS
|Na12|-A is a promising zeolite for the removal of CO2 from gas
mixtures, and its CO2 selectivity can be improved by a Na+-to-
K+ ion exchange. In parallel with earlier studies, we observed
that the larger K+ ions fully replaced Na+ in the eight-ring sites
already at low K+ content and consequently nulled the
adsorption of N2 or CH4. In contrast to an earlier study of

ours, we observed a gradual decline of the CO2 adsorption
capacity on an increasing K+ content. K+ gradually substituted
the positions coordinated with the six rings as a function of K+

exchange, which appeared to lower the uptake capacity of CO2.
The CO2 over N2 and CO2 over CH4 selectivities were very
high for |Na9K3|-A with an α(CO2/N2) >21 000 and α(CO2/
CH4) >8000 as compared to the corresponding α(CO2/N2)
∼800 and α(CO2/CH4) ∼400 for |Na12|-A.
The in situ PXRD experiments were used to reveal the

structural alternations of |Na12−xKx|-A at an atomic resolution
on the adsorption of CO2. However, only the |Na12|-A sample
appeared to have demonstrated a sufficiently rapid uptake of
CO2 during the experiments. For the other compositions, the
Rietveld analysis showed less adsorbed CO2 molecules as
compared with those determined by volumetric adsorption
experiments. The observed decreases of the intensities of
certain Bragg peaks after the adsorption of CO2 in |Na12−xKx|-A
were related to the displacement of K+ and Na+. Adsorbed
CO2 molecules were determined to bridge cations at the six-
and four-ring sites and to be involved in the displacement of
the related Na+ and K+. In addition, adsorbed CO2 molecules
appeared to be strongly coordinated by cations at the four- and
eight-ring sites of |Na12|-A. From the analysis of the in situ
PXRD data, we concluded that CO2 had imposed an attraction
on the cations at the six- and eight-ring sites in the Na+-rich
samples. An indication of a repulsion of the extra-framework
positions by the CO2 molecules was observed for the K+-rich
samples, but as those samples were not fully equilibrated
during the PXRD experiments, the conclusions remain
uncertain. Further investigations by using, for example, in
situ neutron powder diffraction could be warranted to quantify
the positional changes of Na+ and K+ in |Na12−xKx|-A and
specifically the positions for adsorbed CO2. Neutrons are more
sensitive for C (b = 6.65 fm) and O (b = 5.81 fm) than X-rays.
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