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ABSTRACT: Zeolites with appropriately narrow pore apertures can Zeolite ZK-4 Si:Al = 1.8-2.8
kinetically enhance the selective adsorption of CO, over N,. Here, we _ © CO,N, Selectivity ~ 1200

showed that the exchangeable cations (e.g., Na* or K*) on zeolite ZK-4 play
an important role in the CO, selectivity. Zeolites NaK ZK-4 with Si/Al =
1.8—2.8 had very high CO, selectivity when an intermediate number of the
exchangeable cations were K* (the rest being Na*). Zeolites NaK ZK-4 with
Si/Al = 1.8 had high CO, uptake capacity and very high CO,-over-N,
selectivity (1190). Zeolite NaK ZK-4 with Si/Al = 2.3 and 2.8 also had
enhanced CO, selectivity with an intermediate number of K cations. The
high CO, selectivity was related to the K* cation in the 8-rings of the a-cage,
together with Na* cations in the 6-ring, obstructing the diffusion of N, throughout the zeolite. The positions of the K* cation in the
8-ring moved slightly (max 0.2 A) toward the center of the a-cage upon the adsorption of CO,, as revealed by in situ X-ray
diffraction. The CO,-over-N, selectivity was somewhat reduced when the number of K* cations approached 100%. This was possibly
due to the shift in the K* cation positions in the 8-ring when the number of Na* was going toward 0%, allowing N, diffusion through
the 8-ring. According to in situ infrared spectroscopy, the amount of chemisorbed CO, was reduced on zeolite ZK-4s with increasing
Si/Al ratio. In the context of potential applications, a kinetically enhanced selection of CO, could be relevant for applications in
carbon capture and bio- and natural gas upgrading.

B INTRODUCTION carbons,” phosphates,”” and porous coordination polymers
including metal—organic frameworks'® and zeolitic imidazolate

The increasing level of CO, in the atmosphere has often been 5
frameworks ™ are also being investigated as potential CO,

linked to the climate change experienced in recent years. A

possible strategy to limit global warming to well below the 2 adsorbents.
°C' is carbon capture and storage (CCS). CCS has however Zeolites are microporous (with pores up to two nm in
not been implemented at scale partly because of legislative and diameter, according to the [UPAC) crystalline aluminosilicates,
economic reasons and pubhc perception‘ One of the main which are negatively charged because of the lack of the charge
challenges with its implementation is in the energy penalty and balance from the +3 oxidation state of Al (with the oxidation
the cost in capturing the CO, at point sources of emissions. On state of Si being +4). The negative charge is instead balanced
the other hand, amine scrubbers are well-developed technically by exchangeable cations. There are many zeolites that have
and are used to remove CO, from various gas mixtures in some been tested as CO, adsorbents.”'" Zeolites with large pore
industries. Unfortunately, CO, removal by chemical reactions apertures that are encircled by 10 or 12 oxygen atoms
in solutions with amines is associated with a significant energy individually bridged by a silicon or aluminum atom (known as
use during regeneration.2 Hence, different means to capture 10- and 12-rings, respectively) typically have a large uptake of
CO, from gas mixtures, such as postcombustion CO, capture CO, and a comparably low N, uptake at low pressures. As CO,
using swing adsorption technologies,” are being investigated. has a lower saturation pressure (at a given temperature) and
Adsorption-based CO, capture can be built to operate at higher electrical quadrupole moment than N, CO, is

different temperatures.” A low-temperature setup is considered
as the most convenient to install at point sources such as
power plants, cement industries, and pulp mills. Adsorption-
based technologies require a suitable adsorbent for efficient
operation. A suitable solid adsorbent for the separation of CO,
from gas mixtures would rapidly capture CO, with high
capacity and selectivity. Furthermore, the adsorbents would
have a relatively low heat of adsorption, long lifetime, low
costs, and so forth.> Chemisorbents such as amine-modified
sorbents’ are being studied. Physisorbents such as zeolites,’

preferably physisorbed on porous materials. This effect from
the electrical quadrupole moment of CO, is observed
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Table 1. Number of Na* and K" Ions in the Unit Cells of Zeolite Na-ZK-4 with Different Si/Al Ratios, Estimated Population of
the 6- and 8-Ring Windows, CO, and N, Uptake Levels and Limiting Henry’s Law Values, and CO,-over-N, Selectivity”

Na/K atomic ~ number  number expected expected CO, uptake at N, uptake at Henry’s law Henry’s law
ratio of Na* of K* 8-ring site 6-ring site 101 kPa 101 kPa constant (CO,) constant (N,) CO,/N,
(ICP—OES) cation cation occupancy occupancy (mmol/g) (mmol/g) (mmol/g-kPa) (mmol/g-kPa) selectivity
Si/Al = 1.8
100:0 8.57 0 0.57 Na* 8 Na* 4.59 0.584 0.2438 0.005750 42
90:10 7.71 0.86 0.57 Na*, 7.14 Na* 4.48 0.237 0.2354 0.002350 100
0.86 K*
72:28 6.17 2.40 0.57 Na*, 5.60 Na* 4.4S 0.065 0.2924 0.000621 471
2.40 K*
63:37 5.40 3.17 3 K* 5.40 Na*, 431 0.025 0.2832 0.000238 1190
0.17 K*
49:51 4.20 4.37 3K 4.20 Na*, 3.68 0.025 0.2446 0.000243 1006
1.37 K*
32:68 2.74 5.83 3K 2.74 Na*, 3.22 0.042 0.1861 0.000414 450
2.83 K*
9:91 0.77 7.80 3 K" 0.77 Na*, 2.30 0.057 0.1252 0.000578 217
4.80 K*
Si/Al =23
100:0 7.27 0 0 7.57 Na* 4.86 0.522 0.2399 0.004870 49
77:23 5.60 1.67 1.67 K* 5.60 Na* 4.62 0.404 0.2280 0.003820 60
55:4S 4.00 327 3.00 K* 4.00 Na*, 4.46 0.100 0.3390 0.001110 308
0.27 K*
48:52 3.49 3.78 3.00 K* 3.49 Na*, 4.52 0.042 0.3317 0.000456 727
0.78 K*
33:66 2.40 4.87 3.00 K* 2.40 Na*, 4.18 0.075 0.2507 0.000854 294
1.87 K*
1:99 0.07 7.20 3.00 K* 0.07 Na*, 341 0.210 0.1936 0.002590 75
420 K*
Si/Al = 2.8
100:0 6.32 0 0 6.32 Na* 4.46 0.494 0.2611 0.004890 53
76:24 4.80 1.52 1.52 K* 4.80 Na* 431 0.269 0.2526 0.002620 96
62:38 3.92 2.40 2.40 K* 3.92 Na* 4.21 0.079 0.2926 0.000786 372
4S5:55 2.84 3.48 3.00 K* 2.84 Na*, 4.04 0.065 0.2782 0.000581 479
0.48 K+
23:77 1.45 4.87 3.00 K* 1.45 Na', 3.82 0.185 0.2635 0.001830 144
1.87 K*
0:100 0 6.32 3.00 K* 3.32 K" 3.52 0.221 02173 0.002250 97

“Adsorption experiments were performed at 273 K.

especially on cation-rich zeolites, such as zeolite X,'> which was
found to have high capacity for CO, even at low pressures of
CO,. Cation-rich zeolites have large internal electrical field
gradients that interact favorably with the charge distribution of
CO,. Zeolite Y and the cation-poor zeolite ZSM-S both have
fewer cations than zeolite X but have also been studied for
CO, capture.'"'* Even with a relatively low number of cations,
zeolite ZSM-S may have advantages as a sorbent for CO,
capture processes. Zeolite ZSM-S is significantly less-hydro-
philic than both zeolites X and Y. Low hydrophilicity of the
adsorbent can reduce the costs of drying the flue gas before the
CO, capture process.

Small-pore zeolites have 8-ring pore apertures with similar
dimensions as small gas molecules. These zeolites have been
investigated as adsorbents for CO, capture.”>™"” The cation-
rich zeolite A may be relevant as they show promising CO,
adsorption properties and bear a low production cost.
Specifically, zeolite A in its Na* (4A), Mg** and Ca®" (5A),
and mix-cation NaK-A form have been studied for CO,
capture.'”'*7*' We have shown that zeolite NaK-A could
effectively separate CO, from N, when the number of K*
cations was about ~17 at. % of the total number of cations (the
rest being Na*).”>**7** This K*-controlled selectivity was due
to Na' being selectively replaced by K* in the 8-ring apertures
in the a-cage. The K' in the 8-ring can effectively hinder the
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diffusion of N, in zeolite NaK-A when a sufficient number of
pores are being blocked by K*.

We also found that the highly selective zeolite NaK-A
adsorbent could rapidly take up CO, irrespectively of the
particle size, which was indicative of transport resistance at the
interfaces of small zeolite particles.”> We further showed that
the related mix-cation zeolite NaK ZK-4 (Si/Al = 1.3) had
similarly high CO, selectivity.”® This selectivity was also
related to that K' selectively replaced Na® in the 8-ring
apertures.

Other types of 8-ring zeolites have been studied with respect
to their CO, adsorption capacity and CO, over N, selectivity.
These studies have included investigations of the CO,
adsorption on zeolites chabazite,””*® ZK-5,° RHO,"*°
ZSM-25,""" and other compositions.””> For many of these
compositions, an enhanced CO, selectivity has been observed
and related to thermally controlled gating/movement of
cations in the zeolites or flexibility in the framework.'®*" In
this study, we turned to zeolite NaK-ZK-4 with a high Si/Al
ratio and studied its CO, adsorption and estimated its
selectivity.

B RESULTS AND DISCUSSION
CO, and N, Uptake of Zeolites Na-ZK-4 and NaK-ZK-
4. Zeolites Na-ZK-4 (1.8, 2.3, and 2.8) synthesized in this

https://dx.doi.org/10.1021/acsomega.0c03749
ACS Omega 2020, 5, 25371-25380
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Figure 1. (a) CO, (solid symbols) and N, (hollow symbols) adsorption isotherms for (M) zeolite Na-ZK-4 (1.8), (®) Na-ZK-4 (2.3), and (A)
Na-ZK-4 (2.8) determined at 273 K. (b) Corresponding loading-dependent heat of CO, physisorption.

study were all highly crystalline (Figures S1—S3) with a cubic
morphology (Figures S4 and SS) and had all high uptake of
CO, at 273 K as is detailed in Table 1. The highest CO,
uptake of 4.86 mmol/g (101 kPa, 273 K) was observed on
zeolite Na-ZK-4 (2.3), but comparable levels were observed on
zeolites Na-ZK-4 (1.8) (4.59 mmol/g) and Na-ZK-4 (2.8)
(4.46 mmol/g). For comparison, zeolite Na-ZK-4 (1.3) and
zeolite A (Si/Al = 1:1) showed a CO, uptake of 4.35 and 4.21
mmol/g, respectively.”® Adsorbents with high capacity and
selectivity for adsorption of CO, are currently being
investigated for applications in adsorption-driven separation
of CO, from the flue gas. An adsorbent with a particularly high
CO,-over-N, selectivity and high capacity was tested here.
Zeolite ZK-4 (Si/Al ~ 1.3:1), which had the same structure as
zeolite A (LTA), showed a high CO, capacity of 4.85 mmol/g
(273 K, 101 kPa) in its Na* form. When approximately 26 at.
% of the extraframework cations were exchanged for K* (NaK-
ZK-4), the material still adsorbed a large amount of CO, (4.35
mmol/g, 273 K, 101 kPa), but the N, uptake became negligible
(<0.03 mmol/g, 273 K, 101 kPa). The majority of the CO,
was physisorbed on zeolite ZK-4 as quantified by consecutive
volumetric adsorption measurements. The rate of physisorp-
tion of CO, was fast, even for the highly selective sample. The
molecular details of the sorption of CO, were revealed as well.
Computer modeling (Monte Carlo, molecular dynamics
simulations, and quantum chemical calculations) allowed us
to partly predict the behavior of the fully K*-exchanged zeolite
K-ZK-4 upon adsorption of CO, and N, for Si/Al ratios up to
4:1. Zeolite K-ZK-4 with Si/Al ratios below 2.5:1 restricted the
diffusion of CO, and N, across the cages. These simulations
could not probe the delicate details of the molecular sieving of
CO, over N,. Still, this study indicates that zeolites NaK-ZK-4
and K-ZK-4 could be appealing adsorbents with high CO,
uptake (~4 mmol/g, 101 kPa, 273 K) and a kinetically
enhanced CO,-over-N, selectivity.”> We note here that the
differences in the CO, uptake between these three samples
could be related to the differences in the molecular weight of
the different zeolites (because of the changes in the number of
exchangeable cations). The CO, uptake (molecules) per unit
cell is listed in Table S1. Unfortunately, the changes in the
molecular weight of the zeolite alone could not explain the
trend observed. We therefore speculate that the differences
were probably also related to the crystallinity of zeolite Na-ZK-
4 (the calcination could have affected the crystallinity of the
zeolites differently). The comparably high CO, uptake on the
Na-forms of zeolite ZK-4s was related to the absence of the K*
cations. K* is larger and occupies more space, which reduced
the pore volume being available for the CO, sorption. The

25373

CO, and N, adsorption isotherms for zeolite Na-ZK-4 (1.8,
2.3, and 2.8) recorded at 273 K are displayed in Figure 1. CO,
and N, adsorption isotherms of all samples listed here can be
found in the Supporting Information (Figures S7—S12).

In the structure of zeolites Na-ZK-4 (1.8, 2.3, and 2.8), there
is one Na* cation that is located close to the edge of the 8-ring
window.>*** As a consequence, the small size of Na* appears
to allow for noticeable amounts of N, to diffuse through the
window and be adsorbed within the pores of zeolites Na-ZK-4
(1.8—2.8). In this context, it is worthwhile noting that from a
strictly geometric perspective, neither CO, nor N, would be
able to diffuse through an 8-ring window unless there is some
concerted movement of the cations. The initial slopes of the

CO, adsorption isotherm (Henry’s law coefficient Kco,—

Table 1) were 0.244 mmol/g/kPa for Na-ZK-4 (1.8), 0.240
mmol/g/kPa for Na-ZK-4 (2.3), and 0.261 mmol/g/kPa for
Na-ZK-4 (2.8). These values were significantly smaller than
those for zeolite NaA (5.92 mol/g/kPa), and are likely to be
related to the relatively large amount of chemisorption of CO,
observed on the pure zeolite NaA.** The pressure- and
temperature-dependent CO, physisorption isotherms are
shown in the Supporting Information (Figures S13—S1S5).
The isosteric heat of CO, physisorption calculated using the
Clausius—Clapeyron equation is presented in Figure 1b.

The CO, heats of adsorption, Q,, (CO,), presented in
Figure 1b were determined from the isotherms presented in
Figure S13—S1S using the Clausius—Clapeyron equation. The
values were ~40—45 kJ/mol for all samples (up to ~1.3
mmol/g loading) and within the range estimated optimal for
CO, removal from the flue gas by temperature, hybrid
temperature/pressure, or vacuum swing adsorption.37

In our earlier studies, we have observed that on both zeolite
NaKA and NaZK-4 (1.3), the K* ions would selectively occupy
the cation site at the 8-rings.”””® When the number of K*
reached 17 and 26 at. % of the total number of cations, the
partial presence of K* in the 8-rings would effectively block N,
from adsorption at 273 K and higher temperatures. The
restricted N, adsorption observed on zeolite A and ZK-4 (1.3)
when the K* cation reached a certain at. % was also observed
here for zeolite NaK-ZK-4 (1.8). Table 1 shows the expected
average number of K" and Na® that occupied the cation
positions in the 6- and 8-rings. Several assumptions regarding
the population of the cation sites can be made according to
previous studies: (1) when Na" is exchanged for K*, K* cations
would replace Na* in the 8-rings first and then in the 6-rings
and (2) the 4-ring cation sites are basically nonpopulated. As
can be seen from Table 1 and Figure 2, the N, adsorption was

https://dx.doi.org/10.1021/acsomega.0c03749
ACS Omega 2020, 5, 25371-25380
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Figure 2. CO, (solid symbols) and N, (hollow symbols) adsorption
isotherms measured at 273 K. (a) Curves for zeolite NaK-ZK-4 (1.8)
with cationic fractions of K* of 0 at % (M), 37 at.% (®), and 91 at. %
(M), (b) curves for zeolite NaK-ZK-4 (2.3) with cationic fractions of
K* of 0 at. % (M), 52 at.% (@), and 99 at % (A), and (c) curves for
zeolite NaK-ZK-4 (2.8) with cationic fractions of K* of 0 at. % (H),
55 at. % (@), and 100 at. % (A).

blocked for zeolite NaK-ZK-4 (1.8) with the number of K*
cations above 28 at. % of K* cations correspond to an expected
8-ring occupancy of 0.57 Na' + 240 K'. The expected
occupancy is consistent with a crystallographic study.”® For
zeolite NaK-ZK-4 with Si/Al = 2.3 and 2.8, similar trends of
the adsorption of CO, and N, were observed as for the sample
with Si/Al = 1.8. The amount of N, adsorbed first decreased
with an increased at. % of K*. When the number of K* reached
about ~50—60 at. %, the N, uptake was reduced to close to
zero (Table 1 and Figure 2).

The CO,-over-N, selectivity of zeolites can either be
measured directly or estimated from the single-component
adsorption isotherms of N, and CO,. Ideally, the equilibrium
binary adsorption isotherms should be measured to determine

the adsorption selectivity; estimation of the adsorption
selectivity from single-component adsorption is commonly
applied. These estimations always rely on various models.
Commonly used ideal adsorbed solution theory (IAST) has
complications for zeolites and gas pairs with significantly
different adsorption affinities, such as CO, and N, In
addition, it is seldom recognized that the IAST model is not
physically self-consistent when for adsorbents with negligible
N, adsorption as the N, adsorption has to be estimated for
unphysical high pressures.”” The Henry’s law model used in
this study (the CO,-over-N, selectivity listed in Table 1) is
more robust than IAST but has obvious limitations in the
pressure range, and the results should be treated with care
when being extrapolated to the pressures relevant for real
adsorption separation processes. The highest CO, selectivity
was observed for zeolite NaK-ZK-4 with an intermediate
number of K cations, irrespectively to the Si/Al ratio. On
zeolite NaK-ZK-4 with high CO, selectivity, the K" cations
occupied the 8-ring cation sites but the 6-ring sites were mostly
occupied by Na®; compare with Table 1. This cation
configuration resulted in a significantly reduced N, adsorption
but CO, adsorption was not affected in the same way. The
CO, uptake was still high especially at low pressures.
Furthermore, the overall CO, uptake (i.e, at 100 kPa) on
the zeolites NaK-ZK-4 decreased consistently with the K'
content. This decrease was related to the large K" cation and
its larger polarizability than Na¥, which in turn reduced the
electric field gradients around the K*-based CO, adsorption
sites.

The restricted uptake of N, for all of the zeolites NaK-ZK-4
(1.8, 2.3, and 2.8) at an intermediate number of K" meant that
the CO,-over-N, selectivity had corresponding maxima. We
tentatively ascribed this maximum selectivity as an effect of the
specific cation composition around the 8-ring of zeolite NaK-
ZK-4. The cations around the 6-ring and the 8-ring have the
ability to regulate the diffusion of N, through the 8-ring. The
close-to-zero adsorption of N, for the zeolites with an
intermediate number of K* cations (see Table 1) was ascribed
to an effectively blocked diffusion of N, because of the
comparatively large K* cations at a cation site in the 8-ring. As
shown in Table 1 and Figure 2, N, adsorption could take place
when the level of K* was further increased. The N, adsorption
on these NaK-ZK-4s was ascribed to the specific differences of
the positions of Na" and K' in the 6-rings. For zeolite ZK-
47%%>% and zeolite A*' and the Na* ions, this 6-ring cation site
is placed in the very aperture of the 6-rings but for the K" ions,
this 6-ring cation site is split into two crystallographic positions
on each side of the 6-ring. Because of the fact mentioned
above, we expect that with significantly many nonpopulated 6-
ring sites (at high Si/Al ratios), the K* would move more
readily than in compositions with low Si/Al ratios. This
expectation is supported by the literature data that have shown
high thermal factors (so-called B factors) for the K* cations
located at the 8-rings on zeolite NaK-ZK-4 at high Si/Al
ratios.*® In short, X-ray diffraction (XRD) findings give extra
rationale to the fact that the K* in the 8-ring sites is rattling
more freely on increasing the level of K* for zeolite NaK-ZK-4
at high Si/Al ratios, which in turn opens up for a measurable
degree of N, adsorption at a high content of K*. [For this
zeolite NaK-ZK-4 (2.8), the CO, adsorption capacity was
reduced less significantly with respect to the level of K* when
being compared to zeolite NaK-ZK-4 (1.8)].

https://dx.doi.org/10.1021/acsomega.0c03749
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It is notable that some diffusion limitations were observed
for the pure-Na* zeolites ZK-4 at liquid N, temperature (77
K). The Langmuir surface areas (recorded at 77 K with N,,
Table S1) showed that a sufficiently rapid N, diffusion in
zeolite Na-ZK-4 (2.3 and 2.8) was possible but that the
diffusion of N, in zeolite Na-ZK-4 (1.8) was partly restricted.
Note that the cations in the 8-rings of zeolite ZK-4 need in
general to move slightly (temporarily or otherwise) to let the
CO, or N, gas to percolate throughout the zeolite; hence,
temperature dependency is expected as has been shown by, for
example, Shang et al. for chabazite zeolites.'®

Refinements of the Structures of Zeolite Na-ZK-4 as a
Function of Adsorbed CO,. There is an ongoing discussion
on the structural details of 8-ring zeolites and how those relate
to the trapdoor, swing door, potential gating of the CO,
adsorption, and framework flexibility.'*'>'>'**>* We recently
deduced from in situ XRD experiments that the cations of
zeolite NaK-A did not redistribute upon CO, adsorption but
instead were slightly displaced toward the center of the a-cage.
Here, we performed a similar in situ X-ray diffraction study to
investigate the cation position in zeolite K-ZK-4 upon CO,
adsorption and the positioning of the CO, molecules upon
adsorption.

For the analysis of the cation distributions in the activated
zeolite K-ZK-4 without CO, being adsorbed, the XRD data
were used to derive a difference electron density (also called as
a Fourier map) map. In the Fourier map, only the framework
atoms were included so it was possible to observe directly the
K" positions in zeolite K-ZK-4 (shown by the yellow areas in
Figure 3). The map shows significant electron densities in the

Figure 3. Difference Fourier map (electron densities) and the unit cell
with the framework atoms of the dehydrated zeolite K-ZK-4. The
yellow areas in the map denote symmetry-related positions of the K'.

positions on the both sides of the 6-rings and in 8-rings of the
structure. These findings are in agreement with prior
studies’™*> (more details of the approach used were presented
in our earlier study of zeolite NaKCs-A*").

The positional K* shift on the adsorption of CO, was
visualized and determined by a Fourier map using only
framework atoms (see Figure 4a), and the K" cations shifted
along the body diagonal toward the center of the unit cell on
adsorption of CO,. The K" cations in the 8-rings also shifted
slighted off the mirror plane of the 8-ring. The peaks from the
CO, molecules were not visible in this Fourier map because of
the high X-ray scattering power of K'. To determine the
positions of CO, upon adsorption, new CO,-Fourier maps
were calculated using the in situ X-ray diffraction data under
adsorption of CO, using a model with both framework and

a)

o—>a

Figure 4. Difference Fourier maps (electron densities) of zeolite K-
ZK-4. (a) Yellow areas in the map denote positions of the K* and
CO, and the arrows show the cation shift and (b) yellow areas come
from the randomly oriented CO, molecules during loading at 1.0 bar.

extraframework cations. In the map derived at the highest
pressure of CO, (Figure 4b), the positioning of adsorbed CO,
was described as rather randomly spread density peaks as is
visible from the yellow areas in the map.

The Rietveld analysis of the X-ray diffraction data showed
that the cation shifts during the adsorption of CO, were rather
small, up to ~0.2 A for the samples measured at 1 bar. The
analysis also showed that the total number of K* was 6.7(1),
which was close to the values derived from other techniques
(see Table 2). For the data collected for different CO,

Table 2. Synthesis Gel Composition for Zeolite Na-ZK-4
with Different Si/Al Ratios

solution 1 solution 2
NaAlO,  NaOH H,0 TMAOH  SiO, (HS-40)
Si/Al (8) (8) (8) (g) (8)
1.8 2.15 0.60 30 30 5.70
23 2.15 0.45 30 25 10.72
2.8 2.15 0.45 30 25 12.33

pressures, a number of CO, molecules per unit cell were
obtained and were 1.7(1), 4.1(1), and 6.0(1) molecules at
pressures of 0.1, 0.4, and 1 bar, respectively.

Molecular Details of the CO, Adsorption. To under-
stand the mode of CO, adsorption on zeolite ZK-4, we
monitored the adsorption of CO, on the selected zeolite ZK-4s
using in situ infrared (IR) spectroscopy. Bands for both
physisorbed and chemisorbed CO, were detected in the IR
spectra in Figure S. The relative fraction of chemisorbed CO,
was higher on zeolite Na-ZK-4 (1.8) at low CO, pressures than
that at high pressures. However, irrespectively of the pressure,
the major mode of CO, adsorption was via physisorption, as
derived from the very large intensity of the asymmetric
stretching v; band at around 2360 cm™' (the band that
appeared at 2289 cm™" was related to *CO,).*” The frequency
of this band downshifted at increased loading of CO,, which
was consistent with that CO, adsorbed at high-energy sites at
low loading of CO,>** At very low CO, coverage, the
physisorbed CO, occurred on the high-energy physisorption
sites that are typically located close to the cations. CO, can
interact with one or more cations if the cations are located
close to each other there. We have previously investigated the
effect of the cation on CO, physisorption by density functional
theory (DFT) calculations for zeolite A and zeolite Na-ZK-4
(1.3). We observed that at low CO, coverage, different cations
and their crystallographic sites can affect the orientation of the
physisorbed CO,. As zeolite Na-ZK-4 (1.8) shares the same
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Figure S. IR spectra of CO, adsorbed on zeolite Na-ZK-4 (Si/Al
~1.8:1) in (a) adsorption branch at CO, pressures of 6.7 Pa, 133 Pa,
and 13.3 kPa (bottom to top) and (b) desorption branch at CO,
pressures of 13.3 kPa, 667 Pa, and 20 min of evacuation under
dynamic vacuum conditions.

structure as zeolite A and zeolite Na-ZK-4 (1.3), we expect a
similar behavior on CO, adsorbed on zeolite Na-ZK-4
(1.8).>**° Also, we have shown by in situ neutron diffraction
studies that most of the CO, do indeed physisorb by bridging
two cations in zeolite A.>* In our previous studies, we also
demonstrated using DFT calculations that the frequency of the
v; band can be shifted depending on the cation composition
near the physisorbed CO,. The high-frequency bands at 3599
and 3715 cm™! were attributed to the combination of
frequencies (v, + v; and v; + 20,) of physisorbed CO,. The
normally forbidden band for CO, (symmetric stretching v,
band at 1383 cm™') appeared at high loadings of CO, and
informed on that sufficiently many CO, molecules had a
distorted symmetry.

Although physisorption of CO, was dominant, chemisorp-
tion of CO, was still detectable and could be seen from the
broad bands at 1668 and 1366 cm™' (Figures S and 6), which
were somewhat similar to the bands observed for chem-
isorption on zeolite A.*’7>° These bands, according to the split
(~300 cm™") of double-degenerated carbonate bands, were
assigned to bidentate carbonates.”® As it is always very difficult
to remove all the water from aluminum-rich zeolites, it is very
well possible that some bicarbonates had formed upon CO,
chemisorption.*® The appearance of the broad OH bands at
3400 cm™' on the spectra in Figure 5 can be a further
indication of bicarbonate formation. The physisorbed CO,
could be removed from the pores of zeolite Na-ZK-4 by
evacuation, but the chemisorbed species remain in the zeolite
(cf. Figure 6a). The fraction of chemisorbed CO, was the
highest on zeolite Na-A and then successively lower on zeolites
Na-ZK-4 (Si/Al ~ 1.8) and Na-ZK-4 (Si/Al ~ 2.8) (cf. Figures
S and 6a), which was assigned to the decrease in the number of
Al atoms and the metal cations that provided the basicity of the
zeolites. The intensities of the chemisorption bands were lower
compared with studies of zeolite A.*”**® Because the amount

Absorbance

1800 1700 1600 1500 1400 1300
Wavenumber (cm™)

Figure 6. (a) IR spectra of (i) zeolites Na-ZK-4 (Si/Al = 2.8:1), (ii)
Na-ZK-4 (Si/Al = 1.8:1), and (iii) NaA. The bands were assigned to
carbonate and/or carbonate-like species, and there are more different
kinds of such species in the case of zeolite 4A and (b) IR spectra of (i)
zeolites Na-ZK-4 (Si/Al = 2.8:1), (ii) Na-ZK-4 (Si/Al = 1.8:1), (iii)
NaK-ZK-4 (Si/Al = 2.8:1) S5 at. % K*, and (iv) NaK-ZK-4 (1.8) 28
at. % K*.

of zeolites used to make the self-supporting pellets was roughly
the same (~25 mg), the pellets had very similar thickness, and
hence, a semiquantitative comparison was possible. It is
important to note that apart from the number of Al atoms, the
cations could also affect the chemisorption of CO, on these
zeolites. K* is slightly less-electronegative than Na* (0.9 vs
0.8), and the K*-containing zeolite ZK-4 would have higher
basicity as compared with the pure Na* zeolite ZK-4. Figure 6b
demonstrates clearly the effect on the chemisorption of CO,
when introducing K* on Na-ZK-4 (Si/Al ~ 2.8). An increased
intensity of the corresponding bands and shifts in the
frequencies are observed in Figure 6b when comparing spectra
(i) and (iii), displaying the increased degree of chemisorption
of CO, when 55 at. % of the Na* was replaced with K* on Na-
ZK-4 (Si/Al ~ 2.8). The split of some carbonate (or
bicarbonate) bands also increased in magnitude from ~300
cm™! on Na-ZK-4 (Si/Al ~ 2.8) to around 350 cm™ on NaK-
ZK-4 (Si/Al ~ 2.8) 55 at. % K*. Similar increases in the
magnitude of the split were observed when comparing Na-ZK-
4 (Si/Al ~ 1.8) and NaK-ZK-4 (Si/Al ~ 1.8) 28 at. % K%;
however, no increased amount of chemisorbed CO, was
observed on NaK-ZK-4 (Si/Al ~ 1.8) 28 at.% K.

Kinetics of CO, Sorption. We followed the physisorption
of CO, by monitoring the development of the v, + v; and v; +
20, combination band at 3317 cm™" with respect to time on
zeolites Na-ZK-4 (1.8 and 2.8), NaK-ZK-4 (1.8), 28 at. % K*
(the sample with the highest CO, selectivity at Si/Al = 1.8),
and NaK-ZK-4 (2.8), 5S at. % K* (the sample with the highest
CO, selectivity at Si/Al = 2.8); see Figure 7. The zeolite Na-
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Figure 7. Kinetics of CO, physisorption on zeolites Na-ZK-4 (1.8,
2.8), NaK-ZK-4 (1.8) 28 at. %, and NaK-ZK-4 (2.8) S5 at. %.

ZK-4 (2.8) had the fastest uptake of CO,, as shown in Figure
7, which was expected as it had only Na* ions, which made the
passage of CO, more easy than that if K" ions were present.
The physisorption of CO, on zeolite Na-ZK-4 (2.8) reached
60% of its maximum capacity already after 10 s. In the other
two samples, the reduced CO, physisorption rates were due to
K" ions populating the 8-rings. Specifically, zeolite NaK-ZK-4
(1.8) with 28 at. % of K* had the slowest uptake of CO,, which
took 10 min to reach 80% of its maximum CO, physisorption
capacity (i.e., after 24 h). This slow uptake rate was related to
that K ions were present in the 8-rings of this zeolite and that
the 6-rings were populated by Na" and K ions. The CO,
adsorbing more rapidly on zeolite NaK-ZK-4 (2.8) SS at. %
than on zeolite NaK-ZK-4 (1.8) 28. at. % was ascribed to the
smaller amount of Na* and K" cations in the 6-rings in the
zeolite with a Si/Al ratio of 2.8.

The trend of a maximum CO,-over-N, selectivity for zeolites
NaK ZK-4 at intermediate K contents was also preliminarily
investigated by molecular dynamics simulations for compar-
ison (detailed in the Supporting Information). From these
calculations, it was estimated that the diffusivities of N, in
zeolite NaK-ZK-4 (2.3) had a minimum at intermediate K*
contents, which supports that the estimated high CO,-over-N,
selectivity was related to a kinetic enhancement of the
selectivity by a reduced diffusion of N, throughout the pores
of zeolite NaK ZK-4 (see Table S2 for the calculated
diffusivities).

B CONCLUSIONS

Zeolite NaK-ZK-4 with Si/Al = 1.8—2.8 and intermediate
numbers of K* cations had very high CO, selectivity and good
levels of CO, uptake. The high selectivity was ascribed to the
presence of K cations close to the edge of the 8-ring and Na*
cations in the 6-rings of the zeolite that blocked the
adsorption/diffusion of N,. The CO, uptake kinetics of the
highly selective zeolite NaK-ZK-4s was slower than that of the
Na-ZK-4s without any K' cations. On the other hand, the
highly selective compositions of zeolite NaK-ZK-4 with a high
Si/Al ratio (2.8) showed a faster CO, adsorption kinetics than
the equally selective zeolite NaK-ZK-4 with a low Si/Al ratio
(1.8). Further studies of the crystallography and temperature
dependency of the CO, selectivity could be motivated for this
and related 8-ring zeolites. Compositions with even less
aluminum than zeolite NaK ZK-4 (2.8) could be advantageous
toward real applications for CO, capture by assuring fast
uptake and somewhat reduced hydrophilicity.

B EXPERIMENTAL SECTION

Synthesis and Characterization. Zeolites Na-ZK-4 with
Si/Al = 1.8, 2.3, and 2.8 were synthesized via a hydrothermal
method further developed from our previous work.”® A typical
synthesis involved making two separate mixtures. The first
mixture contained sodium aluminate and sodium hydroxide in
deionized water. The second mixture contained colloidal silica
(HS-40) and tetramethylammonium hydroxide (TMAOH—
20% in H,0) solution. The two mixtures were agitated for 30
min and then combined together. The final mixture was
agitated for a further 120 min and then left to age for 24 h at
room temperature (RT). The aged reaction gel was transferred
to a Teflon-lined stainless-steel autoclave and heated up to 373
K between 20 and 72 h. The appropriate amounts of each
substance and their resulting Si/Al ratios are listed in Table 2.
(We noted the cocrystallization of zeolite Y when the amount
of colloidal silica was increased relative to NaAlO,). The as-
synthesized zeolite Na-ZK-4 was calcined at 773 K for 24 h to
remove the organic template. Powder XRD patterns for zeolite
Na-ZK-4 samples and two scanning electron microscopy
images are presented in Figures S1—S5. Ion exchange of zeolite
Na-ZK-4 to NaK-ZK-4 and K-ZK-4 was carried out using the
same procedures as published by Liu et al.”’ In the rest of this
study, zeolite ZK-4 with Si/Al = 1.8, 2.3, and 2.8 will be
denoted as zeolites ZK-4 (1.8), ZK-4 (2.3), and ZK-4 (2.8),
respectively. Zeolite ZK-4 (1.8) with only Na* exchangeable
cations would be written as “zeolite Na-ZK-4 (1.8)”. Zeolite
ZK-4 (1.8) with both Na* and K*, and the amount of K*
cations being 50 at. % of the total number of exchangeable
cations, will be presented as “zeolite NaK-ZK-4 (1.8) (K* = S0
at. %)”.

Inductively coupled plasma—optical emission spectrometry
(ICP—OES) was used to determine the concentration of K*/
Na*/Si/Al in the zeolite K-ZK-4 samples. The error range for
the ICP—OES was in the ppm region, and these experiments
were performed by MEDAC Ltd., Surrey, UK.

Gas Adsorption Analysis. CO, and N, gas adsorption/
desorption isotherms were recorded using a Micromeritics
ASAP 2020 surface area analyzer at pressures of 0—101 kPa.
The samples were prepared by heating to 623 K under high
dynamic vacuum (1 X 107* Pa) for 6 h. The N, uptake at 77 K
was determined using a liquid N, bath as the temperature
control medium. Gas adsorption measurements at 273 K were
carried out using an ice slurry bath to keep the temperature
constant. Gas adsorption measurements at ambient temper-
atures (283—303 K) were carried out using a Julabo CF-31
temperature control unit for temperature control.

CO, physisorption isotherms were obtained for all tested
samples at 273, 283, 293, and 303 K. This was achieved by
recording two sets of CO, adsorption isotherms on a freshly
prepared (heat treated) sample with only a S min vacuum
regeneration at RT in between. The second adsorption
isotherm is considered as the CO, physisorption isotherms
as any possible chemisorbed CO, would not have been
removed during the vacuum regeneration. The rate of CO,
physisorption presented in the Supporting Information (Figure
S6) was determined using the rate of adsorption addon of the
Micromeritics ASAP software and the data were obtained
during the second CO, adsorption cycle at 273 K. The
isosteric heat of CO, physisorption was modeled using the
CO, physisorption isotherms recorded at 273, 283, 293, and
303 K using the Clausius—Clapeyron equation.
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For all the adsorption/desorption isotherms, the adsorp-
tion/desorption points were determined when the pressure
change in the system had dropped to below 0.01% over a
period of 10 s (with an initial delay of 100 s). A longer
equilibration time (30 s, with 300 s delay) was also tested;
there was a minimal difference to the quality of the recorded
data, which was also shown previously in zeolite ZK-4 (1.3).>°
Even if the recorded isotherms may not be true equilibrium
isotherms, they are nevertheless representative for the zeolites.

The binary gas selectivity on adsorbents can be estimated
from single-component adsorption data in several manners,
and in this study, we used the method based on dividing the
corresponding Henry’s law coeflicients in dilution.

IR Spectroscopy. The IR spectra were recorded on a
Varian 670-IR FT-IR spectrometer using a mercury cadmium
telluride detector, which was cooled with liquid N,. The in situ
experiments were performed with a high-vacuum stainless-steel
manifold connected to a stainless-steel IR transmission cell.
Samples of zeolite ZK-4 (~25 mg) were pressed into pellets
with a pressure of 1 X 10° kg/ m? for 2 min. The pellets were
heated to 523 K under high dynamic vacuum (<1 X 107* Pa)
in the IR cell for a minimum of 6 h before the in situ
measurements were performed. After degassing of the zeolite
pellet, CO, was let into the IR cell and spectra were recorded
as a function of the CO, pressure and time. A detailed
description of the experimental approach has been presented
previously.**?

The physisorption rate was measured by in situ IR
spectroscopy by the combination band (v, + v; or v + 20,)
at 3317 cm™". The regular v; band had too high intensity,
became saturated, and did not obey the Lambert—Beer law
even at relatively low pressures of CO,. The pretreated zeolite
was subjected to 13.3 kPa of CO,, and the development of the
combination band was monitored with respect to CO,
exposure time. The intensity of the band was normalized
against the equilibrium intensity (recorded when there were no
noticeable changes with the intensity of the band but with a
minimum delay of 24 h).

X-ray Diffraction. XRD data for the high-silica zeolite K-
ZK-4 (2.8) at different loadings of CO, were collected on a
beamline ID-22 at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. These in situ measure-
ments, involving a gas cell, were performed with a wavelength
of 0.4 A, covering the 260 range of 1.7—2S5°. Prior to the
diffraction measurements, the powder samples were loaded
into borosilicate capillaries with a diameter of 0.7 mm and then
glued to the gas cell. The measurements were repeated in three
steps for each sample at different pressures of CO,: (i) a
preliminary scan with the as-prepared sample (hydrated) at
RT, (ii) a second scan with the sample being dehydrated for 30
min at 250 °C under dynamic vacuum, and (iii) a third scan
performed at the desired pressure of CO, after the sample had
been cooled down to RT. The crystal structure of zeolite K-
ZK-4 (2.8) was studied for four different pressures of CO,: 0,
10, 40, and 101 kPa at RT. For each gas pressure, a new
capillary was used. The Rietveld analysis of the XRPD data was
performed with the TOPAS 4 program,” and the difference
Fourier maps were generated using the GSAS package and
the Foue program.>’
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