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Mitigation of the amounts of CO2 in the environment is one of the most urgent problems 
requiring a solution. To fulfil this demand, efficient adsorbents for CO2 are required that work at 
room temperature (RT) and in a lower pressure region of not more than 5000 ppm under the 
ambient condition. In the present work, specific and selective adsorption of CO2 onto NaCaA-85 
(A-type zeolite with an ion-exchange capacity of 85%) was observed at the required conditions; 
the amounts of adsorbed CO2 on the NaCaA-85 sample were far larger than amounts reported for 
other materials in the pressure range from 400 to 5000 ppm. The characteristic adsorption 
mechanism induced by this material was verified directly through methods combining 
synchrotron-based far-infrared (far-IR) measurements with a computational technique. The 
resultant Ca2+-framework vibration modes for the NaCaA-85 sample were observed at 266 and 
246 cm–1, which shifted toward the lower wave-numbers, i.e., 225 and 203 cm–1, after CO2 
adsorption at RT, respectively. The observed characteristic property was explained by a model 
consisting of a CO2 molecule simultaneously pinned by two Ca2+ ions positioned on two types of 
exchangeable sites composed of 8- and 6-membered rings, which was well supported with the 
density functional theory calculation method. This characteristically adsorbed CO2 species was 
completely desorbed, and the original state easily recovered through evacuation around 400 K. In 
addition, the selective adsorption behaviour of CO2 from other gases, such as H2, CH4, O2 and N2, 
was found at RT. On the basis of these data, the separation property of CO2 were examined by 
measuring the breakthrough curve using the model gas composed of 0.04% CO2, 20% O2 and 
79.96% N2, which mimicked ambient air, indicating the superior separation feature. These 
findings may pave a new way for the use of the NaCaA-85 material as an efficient adsorbent for 
selective CO2 adsorption functioning at RT and in the lower pressure region of up to 5000 ppm.
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Introduction
Climate change has become a major issue in the world, and there is at present a general 

consensus that it is due to the emission of greenhouse gases (GHGs), in particular, CO2, resulting 
from anthropogenic activities. The World Meteorological Organization reported in 2019 that the 
mean concentration of CO2 in the atmosphere on Earth has surpassed 400 ppm:1 it increased from 
405.5 (in 2017) to 407.8 ppm (in 2018), and has increased by ca. 130 ppm overall since the start 
of the Industrial Revolution (ca. 280 ppm).2 The combustion of fossil fuels as energy sources and 
also their transformation to value-added products are largely responsible for this increase, yet 
even in the 21st century, fossil fuels will continue to be used more or less as a source of energy 
and for producing chemical materials as a complete consensus regarding the reduction of their 
discharge level has not been reached even at the United Nations Climate Change Conference held 
in Chile in 2019 (COP25). In addition, CO2 thus released is thermodynamically very stable and 
is a kinetically inert material in the general condition with the exception of the strong alkaline 
condition; however, CO2 captured in alkaline materials obstructs reuse for the chemical starting 
material, although the conversion of CO2 into useful materials has also been an essential target 
derived from carbon capture procedures.3,4

Under these circumstances, the development of a method for the separation of GHGs from 
dilute emissions was proposed by Sholl and Lively as one of “seven chemical separations to 
change the world”.5 In this era, we must therefore search for methods to capture CO2 selectively 
under ambient conditions.6,7 One effective way of mitigating CO2 emission is to eliminate it 
directly from flue gases in power plants and natural gas8–12 by using materials with a strong 
alkaline nature, such as amine, NaOH, soda lime, etc.13–17 In relation to these processes, the 
removal of CO2 is dominantly focused on the higher pressure region of CO2, where various 
methods have been successful. In addition, from the viewpoint of direct separation of CO2 with 
higher concentration from other gases, pressure swing adsorption and temperature swing 
adsorption might be additional useful methods that use solid materials.18-–21 By contrast, there is 
renewed interest in the possibility of CO2 storage and separation procedures in the lower pressure 
regime, from 0 to 5000 ppm,22,23 where 5000 ppm is the recommended exposure limit by the 
National Institute for Occupational Safety and Health guidelines,24 although such processes 
involve many difficulties. Therefore, processes for the separation, storage and transformation of 
CO2 are urgently required to establish the easy use of recovered CO2 with higher purity, targeting 
its lower concentration level for converting into valuable chemicals. One possible separation 
process is referred to as direct air capture (DAC), which is another area of study for CO2 capture 
under atmospheric conditions: the concentration of ca. 400 ppm in 1 bar atmosphere at 300 K. In 
such a case, it is necessary to develop materials that have efficient adsorption for CO2 removal 
and that simultaneously permit easy desorption, thus aiming at reusing these materials for 
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potential application under DAC conditions.25–30 Therefore, the development of high-performance 
materials with outstanding adsorption capacity under the lower pressure condition is one of the 
new great challenges for chemists. Amine-functionalized porous oxides, polymers, and metal-
organic frameworks (MOFs), as well as ionic liquid materials, are now attracting increasing 
interest.14,30–40 In particular, MOFs with 4,4′-dioxidobiphenyl-3,3′-dicarboxylate (dobpdc4–)35,37 or 
biphenyl-3,3',5,5'-tetracarboxylate (bptc4–)38 modified with amine groups are experiencing a 
renaissance because of their singular adsorbability in the lower pressure region. Over the past 
several years, a considerable number of studies have dealt with the development of efficient MOF 
materials having excellent CO2 adsorption.41–49 However, major materials that exhibit excellent 
CO2 adsorption have an amine group as a basic site, i.e., the idea adopted is normal and will have 
a tendency to degrade or corrode the composites. In addition, the strong alkaline condition is not 
suitable for recycling the adsorbates. Among these studies, materials mimicking the enzymatic 
model incorporated as a chemical part are attractive for CO2 adsorbents: nucleophilic hydroxyl 
binding sites (biomimetic Zn–OH species).50–54 By contrast, it is generally accepted that zeolites 
(a type of aluminosilicates) without special surface modification have no specific adsorption for 
CO2 around room temperature (RT), in particular in the lower pressure region, because they have 
no effective sites for CO2 at RT, such as strong basic sites that are expected to be operative as 
active sites for a CO2 molecule with acidic nature. Zeolites are better known as materials used in 
the high pressure regions.18–20 Therefore, less attention has been paid to zeolite materials as 
adsorbents working in DAC conditions. Because of the low adsorption capacity of CO2 and the 
poor selectivity over N2 in the lower pressure adsorption region, zeolites have not yet been 
recognized as good materials for CO2 capture functioning in the lower pressure regions.55–58 In 
practice, surprisingly, to date few studies on zeolite have focused on CO2 adsorption behaviour at 
RT in the lower pressure region: Figure SI-1.59 In these circumstances, the design of efficient 
adsorbents for CO2 storage based on abundant and stable metal ions, such as alkali-metal and 
alkaline-earth-metal ions, together with aluminosilicates for widespread use in the DAC process, 
is a prominent challenge. The design of efficient adsorbents for CO2 storage based on abundant 
materials is therefore essential for increasing the adsorption capacities at extremely low CO2 
concentrations ranging from 400 to 5000 ppm and at RT.60–62 

Here, we designed an ion-exchanging method of zeolite with alkaline-earth ions and 
succeeded in achieving outstanding adsorption of CO2 in the lower pressure region from 400 to 
5000 ppm at RT onto a Ca2+-ion-exchanged A-type zeolite and aimed at clarifying its specificity 
against the CO2 molecule. As a result, this specificity was caused by two kinds of Ca2+-ions 
exchanged in A-type zeolite with appropriate curvature created by pore-wall which bring into 
positions favourable to stable and selective trapping of CO2. It will be applicable also to cleaning 
air in semi-closed spaces, such as a space shuttle, a submarine, or a concert hall, and would also 
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be useful for a CO2-adsorbent material accessible for anaesthetic purposes.63,64

Results and discussion
(I) Outstanding CO2 adsorption of the NaCaA-85 sample observed at RT and in the lower 
pressure region
(a) Adsorption behaviour

The A-type zeolite with a Si/Al ratio of 1 was selected for this work, because it enabled more 
adsorption sites, and it had an appropriate pore size for the adsorbate, i.e., the CO2 molecule. In 
addition, alkaline-earth ion-exchanged A-type zeolites seem to be suitable for CO2 adsorption 
because of their larger electric field strength, which may be expected to work as an important 
driving force for the adsorption behaviour for the CO2 molecule in the lower pressure region. The 
latter consideration is shown clearly in Figure 1. The Na ion has the same ionic radius as the 
divalent Ca ion; the adsorbed amount of the original NaA sample is far smaller than that observed 
for the NaCaA-85 sample, in particular in the lower pressure region. By contrast, the sample 
exchanged with the divalent ions having a larger ionic radius was not suitable as the adsorbent 
because it may block the insertion of the CO2 molecule into the pore formed by the framework of 
the A-type zeolite. The A-type zeolite sample exchanged with the Ba2+ ion having an ionic radius 
of 1.35 Å can hardly adsorb the CO2 molecule at RT as given in Figure 1,65 which is interpreted 
in terms of the blocking with the Ba2+ ion from the invading of CO2 into the pore, although the 
Ba-ion-exchanged MFI-type zeolite is a very efficient material for CO2 adsorption (see also 
Figure SI-1).59 The most important point of note in this figure is the characteristic adsorption 
feature found in the NaCaA-85 sample. This sample exhibits an outstanding adsorption property 
for CO2 even at 298 K, especially under the lower pressure of 0.01 Torr, which indicates an 
adsorbed amount of ca. 16.8 cm3 g–1 (0.75 mmol g–1) together with the appearance of a 
characteristic gentle step in the adsorption isotherm at around 0.004 Torr (Figure 1b). This sample 
gives an adsorption value of ca. 40 cm3 g–1 (1.8 mmol g–1 converting to a ratio of 0.59, CO2/Ca2+) 
at 0.3 Torr, which corresponds to the partial amount of ca. 400 ppm CO2 in ambient air (Figure 
1c). To our knowledge, this is the first example found in the zeolite systems to give such an 
adsorption value and it is situated in the 4th position among various systems reported so far (Figure 
SI-1).34,37–39,43,54,59 The adsorbed amount observed at the equilibrium pressure of 3.8 Torr (5000 
ppm) yields 72 cm3 g–1 (3.2 mmol g–1) (Figure 1d). Furthermore, the NaCaA-85 sample exhibits 
a very high adsorption in the 5000 ppm region, compared with the data for Zn-complex systems.54 
To the authors’ knowledge, there have been no previous reports on such a high adsorption 
property for CO2 functioning at RT and in the lower pressure region of 400 to 5000 ppm using a 
5A-type zeolite or other materials. This sample also showed the highest adsorption volume even 
in the higher pressure region of ca. 100 Torr among the samples examined in this work (Figure 
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1a). These adsorption properties are far superior to those observed for the 5A sample reported by 
National Aeronautics and Space Administration and in similar works.66–68 Recently, Bae et al. 
reported outstanding adsorption for the 5A sample at a pressure of 1 bar, but the reported condition 
only focused on the higher pressure region up to 1 bar and the authors do not discuss the specificity 
observed in the lower pressure region.69 Our results show higher adsorption, even in the higher 
pressure region. On the basis of these data, this sample is expected to be the singular candidate 
adsorbent that would work in DAC conditions. In addition, the Sr-ion-exchanged sample, i.e., 
NaSrA-71, also seems to be effective for CO2 adsorption, but does not adsorb an amount as large 
as the case of NaCaA-85.

The second adsorption was performed after evacuation at 298 K of the samples on which the 
first adsorption measurements were performed. The difference in the amount adsorbed between 
the first and second adsorption for the NaCaA-85 sample means the existence in the strongly 
adsorbed species which was not desorbed from this sample even after the evacuation at RT. This 
difference in NaCaA-85 is largest among the samples used in this work. Judging from the 
comparison between the first and second adsorption isotherm on NaCaA-85, the strongly 
adsorbed species formed at around the equilibrium pressure of 0.004 Torr, resulting in the 
appearance of a gentle step in the first isotherm that was completely lost in the second adsorption 
process: Figure 1b.

In the following stage, we intended to examine the specificity of the Ca-ion-exchanged A-
type zeolite, i.e., the NaCaA-85 sample, which works as an excellent adsorbent for the CO2 
molecule under lower pressure and at RT even in the case that it has no characteristic basic sites 
for a CO2 molecule with an acidic nature. For comparison, we used two kinds of samples with 
lower exchanging levels: the purchased sample from Sigma-Aldrich Co., i.e., the CaA-78 sample, 
and the NaCaA–65 sample with a lower exchange level; the latter sample was ion exchanged in 
our laboratory with NaA. The adsorbed amounts of the former sample were 12 cm3 g–1 and for 
the latter sample 28 cm3 g–1, respectively, even at the equilibrium pressure of 0.3 Torr. These 
amounts are far smaller than the amount for NaCaA-85, i.e., 40 cm3 g–1 (Figure 2). As expected, 
the rising tendency found in the lower pressure region around 0.004 Torr was inhibited in both 
samples with lower exchange capacities (Figure 2b). It is the ion-exchange capacity, in particular 
the increase in the Ca2+ ion amount from 65% or 78% to 85%, that gives rise to the distinct specific 
feature working in the presence of CO2 around 400 ppm. This specific adsorption feature 
recognized in the equilibrium pressure range of 0.003 to 0.015 Torr is the prominent feature and 
is essential for developing the specific CO2 adsorption state shown by the NaCaA-85 sample.

At this stage, we needed to obtain information on the dominant driving force causing the 
specific CO2 adsorption detected in the NaCaA-85 sample. At first, the detailed comparison of 
isotherms among Mg-, Ca-, and Sr-ion-exchanged samples excluded the crucial operation based 
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only on the electric field effect emanating from the charges on the exchanged cations as a 
dominant contribution (Tables SI-1 and SI-2). Furthermore, the specific adsorption in the lower 
pressure region was observed mainly in the NaCaA-85 system and not in the CaA-78 and NaCaA-
65 samples or in the NaMgA-42 sample, indicating that the CO2 forms specific interaction through 
some kind of chemical bonding nature that prevails against the electrostatic field. Judging from 
the data for CO adsorption on the NaCaA-85 sample (Figure SI-2) and also based on the CO2 
adsorption behaviour observed for the NaSrA-71 sample, the contribution from the dipole 
interaction, as well as the polarization of cations, is also precluded (Tables SI-1 and SI-2). These 
facts indicate the existence of a specialized interaction in the NaCaA-85 sample: the singular 
bonding formation between a Ca2+ ion or ions and CO2.
(b) Energetic properties

The heats of adsorption were examined for the energetic features on the respective samples 
(Figure 3). For the first adsorption of CO2 on the NaCaA-85 sample, a higher heat value of ca. 65 
kJ mol–1 was observed in the initial stage and it decreased steeply to 60 kJ mol–1. This indicated 
the existence of some heterogeneous and active sites on the sample. After this stage, it was clearly 
seen that the NaCaA-85 sample, which showed a specific adsorption property in the lower 
pressure region, exhibited a “flat region” showing an adsorption heat of ca. 60 kJ mol–1: Figure 
3a. This flat part corresponded well with the sudden increase in the adsorption isotherm around 
the pressure of 0.004 Torr (see Figure 1b), indicating that there were some energetically 
homogeneous sites for CO2 adsorption, which afforded the peculiar CO2 adsorption sites in the 
lower pressure region. After establishing the adsorption amount of ca. 20 cm3 g–1, the adsorption 
heat gradually reduces through an S-shaped curve, and finally reduces to 35.5 kJ mol–1 with 
increasing the adsorbed amount to 118 cm3 g–1. In this connection, the differential adsorption 
heats of CO2 on some zeolite systems have been reported by Azevedo et al.70 and the heat of 
bcondensation of CO2 was reported by Arrigio et al. to be 17 kJ mol–1.71 By contrast, the initial 
states including the heterogeneous (steeply decreasing part) and homogeneous (flat part) 
adsorption processes were completely lacking in the second adsorption process, as if the second 
adsorption heat curve overlapped with the first by shifting the strong adsorption amount of ca. 25 
cm3 g–1 toward a higher adsorption side. On the behaviour of the heat of adsorption on the CaA-
78 sample, the initial heat of 60 kJ mol–1 was obtained and subsequently a monotonous decrease 
without a flat part was observed with increasing amounts of CO2 adsorption. In addition, the 
second adsorption behaviour is almost same as the first one. For the NaCaA-65 sample, the first 
adsorption heat of 63 kJ mol–1 was observed in the initial stage; it decreased to 49 kJ mol–1 with 
increasing adsorption amounts and attained 36 kJ mol–1 in the final stage: Figure 3b. In this case, 
the flat part was also hardly found in the adsorption heat. In the second process, a smaller 
adsorption heat of 57 kJ mol–1 was observed in the lower pressure region. Similar to NaCaA-85, 
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it seems that the second adsorption heat curve overlapped with the first one by shifting the 
adsorption amount of ca. 15 cm3 g–1 toward the higher adsorption side.

At the risk of repeating our statements, we would like to emphasize that these adsorption data 
on the samples, i.e., both CaA-78 and NaCaA-65, added strong support for the idea that in the 
lower pressure region the NaCaA-85 sample involves characteristic binding sites for CO2.
(c) Desorption behaviour

The temperature programmed desorption (TPD) measurement for the NaCaA-85 sample 
evacuated at 300 K after treating with CO2 of 100 Torr at 300 K for the sample evacuated at 723 
K was allowed to perform until the temperature reached 873 K by using a mass spectrometer as 
a detector of m/z = 44. The observed desorption behaviour of CO2 is shown in Figure 4. One broad 

desorption band, centred at 400 K (127 ℃), was clearly recognized; this band was resolved into 
two components centred at 365 K (92 ℃) and at 405 K (132 ℃), respectively, which are depicted 
by blue (b) and (c) red lines, respectively; these components indicate the existence of at least two 
kinds of irreversibly-adsorbed species. No bands of the desorbed gas beyond the temperature at 
473 K were observed, clearly indicating the lack of carbonate species formation on this sample in 
this experiment. Taking into account the TPD data, this sample was expected to have reuse 
feasibility through evacuation at less than 473 K. 

(II) Far-IR and mid-IR studies supported by a DFT study
(a) Study on the basis of far-IR spectra

No effective methods have been presented to date for clarifying the specificity observed in 
this work. On the basis of the origin of the vibrational modes, the far-IR spectra of the zeolite 
samples from 600 to 30 cm–1 can be roughly divided into two regions, namely the framework 
vibration mode72–76 above ca. 300 cm–1 and the exchanged cation-framework vibrational mode76–

80 below ca. 300 cm–1. In addition, there is some feasibility caused by the coupling of lattice-
vibration modes with cation-motion modes, resulting in analytical difficulty. Fortunately, in the 
case of A-type zeolite, it is generally known that other bands except the cation-framework 
vibration modes scarcely appear in the lower wave-number region below 300 cm–1. This makes it 
possible to observe exclusively the change in far-IR spectra due to cation-framework vibration 
upon adsorption of CO2 at RT. In line with these bases, we examined the IR bands in the far-IR 
region with the synchrotron radiation source; typical spectra of the NaCaA-85 sample before and 
after CO2 adsorption at RT in the region from 600 to 100 cm–1 are shown in Figure SI-3. The 
bands with larger intensities observed between 600 and 300 cm–1 were assignable to the 
framework modes: the 555 cm–1–band to symmetric stretching vibration, the 466 cm-1– and 370 
cm–1–bands to bending vibrations to 4-membered rings (MRs), as well as 6- or 8-MRs.73 However, 
in the range between 600 and 300 cm–1, the bands observed behave in a very complex nature 
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during the CO2 adsorption processes (Figure SI-3).
On the basis of these fundamental viewpoints, we focused on the cation-framework 

vibrational modes. To the best of our knowledge, to date only a few works examined the 
adsorption behaviour in situ condition through the far-IR method performed for the zeolite 
samples evacuated at higher temperatures.81–84 Depicted in Figures 5a–c are the far-IR spectra 
measured at RT between 350 and 100 cm–1 for the NaCaA-85, CaA-78 and NaA samples 
evacuated at 723 K and subsequently exposed to CO2 at RT under the in situ condition, followed 
by re-evacuation to 423 K. From the spectrum of the NaCaA-85 sample (Figure 5a), there are two 
dominant types of bands in the range of ca. 300–200 cm–1, i.e., centred at 266 and 240 cm–1, 
respectively, which are assigned to the cations-framework vibration modes, although the latter 
band appears as a shoulder of the former band. We could not find other obvious bands in this 
region except the extremely weak broad bands with a shoulder in the lower wave-number regions. 
We ensured that the two kinds of distinct bands just mentioned shift toward the lower wave-
number side upon CO2 adsorption at RT; the former band decreases in intensity and the shoulder 
band at 240 cm–1 also loses intensity, resulting in a shift toward the lower wave-number side and 
appearing as new bands at 225 and 203 cm–1, respectively (see also the difference spectrum shown 
in Figure SI-4a). These findings clearly indicated that the cation-framework vibrational modes 
were affected by the CO2-adsorption. The presence of two kinds of bands even after CO2 
adsorption supports that both sites work as the effective CO2 adsorption sites. By contrast, the 
CaA-78 sample gives similar bands in the region between 300 and 200 cm–1, together with a 
shoulder band around 180 cm–1 (Figure 5b), whereas a change in the spectrum is not found as a 
distinct observation even after the adsorption of CO2 at RT; the slight increase in band-intensity 
looks like a skirt toward the lower wave-number region. These points can be easily recognized in 
the difference spectrum (Figure SI-4c). It is a characteristic feature that the CaA-78 sample did 
not show any distinctive changes in the spectrum even after CO2 adsorption at RT. For the case 
of NaA, there were hardly any changes in the spectrum after CO2 adsorption (Figure 5c). Taking 
these results into consideration, the far-IR spectra of NaCaA-85 before and after CO2 adsorption 
present quite characteristic features in comparison with CaA-78 and NaA. Furthermore, with the 
desorption behaviour (Figure 4) and with the difference observed between the first and second 
adsorption data for the NaCaA-85 sample (Figures 1 and 3) in mind, the spectrum of the NaCaA-
85 sample on which CO2 was adsorbed was also measured after evacuating the sample with 
adsorbed CO2 at 300 K for 30 min (Figure 5a: the spectrum depicted by blue line). There are only 
small changes after this treatment; the spectrum has quite a similar pattern to the spectrum 
depicted by the red line (Figure 5a) measured in the presence of CO2 in the gas phase, indicating 
that the feature observed in the spectra was practically caused by the “irreversibly adsorbed CO2 
species” formed on this sample (Figure SI-4b). These species were completely desorbed after 

Page 8 of 33Journal of Materials Chemistry A



9

evacuating at 423 K and the spectrum recovered to the original for the sample evacuated at 723 
K (the green line and also black line, respectively: in Figure 5a). On the basis of this discussion, 
the bands observed after evacuating at RT were assignable to the adsorbed species in moderate 
strength, irreversibly adsorbed species that were formed through the adsorption that occurred at 
ca. 0.004 Torr. Therefore, the finding of two kinds of bands at 266 and 240 cm–1 indicated the 
presence of at least two types of adsorption sites. On the basis of the reports by Baker et al. and 
Jasra et al, we assigned the latter band observed at 240 cm–1 to the cation-framework vibrational 
mode caused by the Ca2+ ion exchanged on the 6-MR.78,79 It should be concluded from the above 
that in the NaCaA-85 sample, the band at 240 cm–1 is shifted toward 203 cm–1, which is caused 
by the interaction of the Ca2+ ion exchanged on the 6-MR with CO2. On the other hand, there are 
so far completely lacking in the assignment of the band observed around 266 cm–1 in metal ion-
exchanged A-type zeolite as the ion-exchangeable site. These findings are the first indication of 
the existence of the new type of site in the NaCaA-85 sample prepared in this work. In addition, 
we must focus on the following points; both bands observed at 266 and 240 cm–1 shift toward a 
lower wave-number side through interaction with CO2: 225 and 203 cm–1, respectively, and both 
bands remain unchanged after the subsequent evacuation of the sample exposed to CO2 vapour at 
RT for 30 min (Figure 5a, blue line, and Figure SI-4b), and were desorbed concurrently by 
evacuation at 423 K (Figure 5a, green line). Considering the far-IR data obtained in both the 
adsorption and desorption processes, the two kinds of sites behave as if they simultaneously 
interacted with CO2. In addition, on the basis of the adsorption data, it is reasonable to consider 
that the CO2 molecule is irreversibly adsorbed (60 kJ mol–1), and also that the evacuation at 423 
K regenerates the original ion-exchanged state (to be shown later). It follows from the changing 
behaviour of the spectra that these two sites behave in exactly same fashion for the coming CO2 
molecule at RT and also in the desorption stage, indicating that the two types of adsorption sites 
work simultaneously as active sites for CO2 adsorption. To meet these requirements strictly, it is 
reasonable to assume that the Ca2+ ion exchanged on the 8-MR is the most likely site that functions 
as an effective site together with the closely spaced Ca2+ ion exchanged on the 6-MR, leading to 
the idea that the CO2 molecule is simultaneously pinned by two types of ion-exchanged sites 
consisting of both the 6- and 8-MRs. This conclusion is also well supported from the results 
derived from the DFT calculation, which will be shortly described in the next part. The respective 
spectra for both CaA-78 and NaA samples after CO2 adsorption at RT show little change after the 
CO2 adsorption at RT in comparison with the case of the NaCaA-85 sample: (Figures 5b, c and 
SI-4c). As a result, it is entirely fair to say that the cation-vibrational modes found in the far-IR 
region provide important information to construct the adsorption model, eventually give 
information for developing adsorbents working in the lower pressure region of CO2. The specific 
bridging between Ca2+ ions situated on both the 6- and 8-MRs is the origin of the development 
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caused by the present system: the singular CO2 adsorbed species found in the lower pressure 
region.85 In view of all discussions given above, we tentatively depicted the reason for the 
improved CO2-capture performance observed for the NaCaA-85 sample as follows. A large 
amount of ion-exchanged Ca2+ ions afford the sites which are essential for the formation of a CO2 
molecule simultaneously pinned by two Ca2+ ions positioned on the two types of exchangeable 
sites composed of 8– and 6–MRs in 5A–type zeolite, resulting in the increase in the adsorption 

amounts observed in the lower pressure region. These ion-exchangeable sites may be formed with 

higher priority beyond a certain threshold value of the ion-exchange capacity.

In addition, the band observed between 250 and 150 cm–1, which was also observed for the 
NaA sample, is due to the Na ion exchanged in the 6-MR (230 cm–1) and 8-MR (170 cm–1), 
respectively.78,79 These bands were scarcely observed for the NaCaA-85 sample, suggesting that 
the Na+ ion scarcely exists in this NaCaA-85 sample or only small amounts of it remain.

For further information, similar models have been reported to date, although these are 
restricted to experiments performed at lower temperatures on weakly interacted physisorbed 
systems. The bond lengths of MA

n+–O and/or MB
n+–O in the MA

n+–(O–C–O)–MB
n+ species are too 

long to fall into the category of the systems where the irreversible adsorption is taking place. In 
some studies, the neutron diffraction (ND) method has been used to clarify the adsorbed states of 
CO2. Judging from the sensitivity of this method, the dominant target is generally limited to the 
analysis of the physisorbed species.69,86 Therefore, the ND method is not suitable for determining 
the state of CO2 adsorbed in the lower pressure region of not more than 5000 ppm, i.e., a singular 
phenomenon found in the present work. By contrast, the far-IR method combined with the DFT 
calculation method has enabled us to obtain important information on the adsorbed states arising 
from its high detection sensitivity even if the case of it in limited amount, in comparison with 
another ND method.
(b) DFT discussion on the spectra observed in the far-IR region

Recent progress in calculation was achieved with the DFT calculation method and provided 
reliable information on the vibrational modes; we were able to create images of respective 
characteristic modes as movies. For this purpose, a model had to be constructed to implement the 
DFT calculation on our system on the basis of our experimental data. At this stage, the model 
should be capable of explaining the following experimental data. The most striking aspect of the 
present result was, first, that the zeolite material without a specific basic property exhibited an 
effective adsorption feature at RT even in the lower pressure region. Second, the adsorption 
specificity was only seen in a CaA-type zeolite with the higher exchanging level: NaCaA-85. 
Third, the adsorption heats were not as large as found in cases with strong chemisorption, i.e., this 
species was relatively easily desorbed below 423 K. These findings indicated that the driving 
force working in this system was quite different from that caused by the general acid–base 
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interaction.87 Furthermore, we must explain the singular discrimination between CO2 and N2, as 
well as CH4, which have almost similar kinetic diameters. This information will be provided later 
in this article. To meet these requirements strictly, we constructed a model made up of a CO2 
molecule pinned between two Ca2+ ions positioned on two types of exchangeable sites composed 
of 8- and 6-MRs, as found in the far-IR measurement. The model adopted in the present system 
is shown in Scheme 1. On the basis of the constructed model, the IR bands were calculated before 
and after CO2 adsorption with the DFT calculation method. We focused on the band observed 
around 250 cm–1, aiming to justify the proposed model through the reproduction of these far-IR 
data by the DFT method. The derived results based on this calculation are presented in Figures 
6a and b. For easy and detailed comparisons, the difference spectra are also presented in Figure 
SI-4d. Overall, the data obtained by DFT calculation matched our findings derived from the far-
IR experiment (Figure 6b and the difference spectra in Figures SI-4b which is experimental data 
and 4d which is obtained with the aid of DFT calculation). This assignment was also supported 
by combining with the data for the mid-IR region as discussed in the next section.
(c) Study based on the mid-IR spectra

We intend to obtain additional information on the suitability of the proposed model from the 
viewpoint of the results derived from the measurements in the mid-IR region. However, two 
specific difficulties were encountered in determining the adsorbed states of CO2 on the NaCaA-
85 sample. The first one stemmed from the fact that the amount of CO2 adsorbed was too large to 
hold the absorption within the suitable range in the case of the in situ experiment using the self-
supporting disk. The second was the difficulty in controlling an accurate pressure under 0.01 Torr 
levels, because of the unprecedented behaviour occurring around the extremely low pressure 
region of 400 ppm observed in the present case. These difficulties were overcome in two ways. 
The first was using a mixture of isotope gases composed of both 12CO2 and 13CO2 with roughly a 
1:1 composition. Based on the data described above, the second way was to mainly focus on the 
desorption process of the residual species on the surface with exposure to a few Torr of CO2 gas 
and subsequently evacuating from 300 K to 423 K to focus on the bonding states of the 
irreversibly adsorbed CO2 species. Under such circumstances, we examined the sample that gave 
the most specific CO2 adsorption property, i.e., the NaCaA-85 sample. On this sample, we focused 
on the asymmetric vibration of the adsorbed CO2. In line with this strategy, the sample was first 
evacuated at 723 K. No absorption band was observed in the asymmetric region after evacuation 
at 723 K (Figures 7a and b). On this sample, the isotropically mixed CO2 gas (12CO2 + 13CO2 at 
the ratio of ca. 1 to 1) at ca. 2 Torr was adsorbed at RT. After this treatment, the sample was re-
evacuated at RT, which gave very strong bands around 2360 and 2285 cm–1 for adsorbed 12CO2 
and 13CO2, respectively, although these bands were observed as saturated bands in both regions, 
(Figures 7a and b: depicted by the solid blue line). A careful examination of these spectra revealed 
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a noticeable shoulder band at 2299 cm–1 for the adsorbed 13CO2 species. The latter band loses its 
intensity through subsequent evacuation at 323 K, giving the characteristic sharp band at 2289 
cm–1 and at 2356 cm–1; these were assigned to the irreversibly adsorbed 13CO2 and 12CO2 species, 
respectively. By increasing the evacuation temperatures, the intensities of these bands decreased, 
and finally were lost after evacuation at 423 K. These observations matched the TPD results well 
(Figure 4), and also the isotherm data in Figure 1 and the far-IR data (Figure 5), indicating that 
the strongly irreversibly-adsorbed species provided the asymmetric vibration band at 2289 cm–1 
for 13CO2, and at 2356 cm–1 for 12CO2. On the isotopic basis of these results, the peak at 2299 cm–1 
due to weakly irreversibly-adsorbed 13CO2 converts to 2366 cm–1 on the 12CO2 basis by 
multiplying with the factor of 1.029 (= 2356/2289). To verify the IR data in the initial adsorption 
process in the extremely low pressure region, the 12CO2 adsorption process was also investigated, 
resulting in the observation of the band at 2367 cm–1 under an equilibrium pressure of ca. 0.003 
Torr (Figures 7c and SI-5). The band had a skirt toward the lower wave-number region (Figure 
7c). A deconvolution analysis was performed on this spectrum by assuming two kinds of band, 
including the one at 2367 cm–1. The resultant spectra consisted of two components at 2367 cm–1 
and 2357 cm–1 (Figure SI-5). Thus, the obtained experimental results were confirmed by 
comparison with the calculated data. For assignment, the calculation was performed on three 
kinds of adsorption models: a CO2 molecule adsorbed on either 8- or 6-MRs, and also a CO2 
molecule bridging between two Ca2+ ions positioned on two types of exchangeable sites 
composed of 8- and 6-MRs. The calculated bands for the respective models were evaluated by 
the DFT calculation method (Figure 7d). These findings were also supported on the basis of DFT 
calculation using the proposed model: the adsorbed CO2 by simultaneously pinned by the Ca2+ 
ions positioned on the 8-MR and 6-MR which gives the value of 2357 cm–1. The resultant 
calculation supported our proposed model well. By contrast, the CO2 adsorbed singly on 8- or 6-
MR was evaluated to be the interacting CO2 species, 2368 or 2361 cm–1, respectively. These mid-
IR data further justified our proposed model.

The model used in this work was similar to that reported by Nachtigall and Areán’s group, 
which was used for explaining the CO adsorption phenomenon observed in the CaA-type zeolite 
system.88 They concluded that the bridged CO species formed between a Ca2+ ion located on an 

8-MR and another one on a nearby 6-MR. It is characterized by CO in the range 2183–2188   
cm–1, and the band at 2183 cm–1 was derived from these authors’ computational study using the 
periodic DFT level calculation. In our case, the measurements for the CO adsorption at RT were 
examined on the NaCaA-85 sample and the band centred at 2183 cm–1 was observed (Figure SI-
6). Therefore, it seems appropriate to say that these results also strongly point to the validity of 
our proposed model for the specific CO2 adsorption observed in the present work. Čejka’s group 
also addressed the adsorption of CO2 in the NaA sample.89 They also explained the CO2 
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adsorption behaviour on the NaA sample by using a similar model, although there is no 
description about the specific adsorption property in the low pressure region that is addressed in 
the present work.

(III) Specificity of the NaCaA-85 sample for CO2 adsorption: peculiar and selective 
adsorption
(a) Regeneration of the Sample through heat treatment at 423 K

To verify the regeneration process of the NaCaA-85 sample, the adsorption isotherms were 
measured. First, the sample was evacuated at 723 K, followed by an adsorption measurement at 
298 K at an equilibrium pressure of ca. 80 Torr; this was the first adsorption. Next, the second 
adsorption isotherm was examined for the sample re-evacuated at 298 K. Thus treated sample 
was again re-evacuated at 423 K. The measurement of the adsorption isotherm was performed at 
298 K successively. The results of these processes are shown in Figure SI-7. In comparison to 
the adsorption amounts observed in the original (1st) adsorption measurement process, the 2nd 
regeneration process is slightly decreases in amounts. After the third time, the adsorbed amounts 
were not essentially altered. Focused on the lower equilibrium pressure region, the 2nd indicates 
slight decrease, but the amounts do not exhibit further decrease after the 2nd process. In addition, 
the adsorbed amounts exhibit sharp increase in all samples in the lower pressure region and their 
values are obviously larger in comparison with the data for the CaA-78 sample observed in the 
first adsorption process which is same as the data given by green line in Figure 1a. On the basis 
of these observations, it seems reasonable to suppose that this material finds advantage for the 
CO2 adsorbent functioning under lower pressure region. Therefore, it is not too far the truth to say 
that the sample almost regenerated to its original state through the evacuation at 423 K.
(b) The adsorption behaviour of CO2 in comparison with that observed for other gases

Zeolites have not yet been recognized as the good materials for CO2 capture directly from air 
at RT, because of their small adsorption capacity in the low pressure region and poor selectivity 
over N2.55,56 Thus far, zeolites have been used as the efficient material functioning in the higher 
pressure of CO2 but not been of interest in the lower pressure region.55,56 To date, there have been 
no studies on zeolite samples, which work as the excellent adsorbent even under lower pressures. 
Sayari et al. have also indicated the need for the development of zeolites with higher selectivity 
for CO2/N2.8 Considering the specificity found in our system in the low pressure region, the 
adsorption isotherms for various gases such as N2, H2, O2, and CH4 at 298 K were measured on 
the NaCaA-85 sample to confirm the specificity for CO2 (Figure 8). Judging from this figure, this 
sample exhibited superior selectivity for CO2, compared with other gases in both the lower and 
medium pressure regions.
(c) Separation of CO2 in the actual pressure system
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On the basis of the selectivity for CO2 of the NaCaA-85 sample (Figure 8), the adsorption 
impurity separating behaviour of this sample was assessed under the condition given in the 
experimental section using the model gas composed of 0.04% CO2, 20% O2 and 79.96% N2, which 
mimicked ambient air, although H2O was not included in the mixture gas. In this experiment, the 
sample evacuated at 723 K was exposed to the model gas at 300 K for 120 min. The changes in 
CO2 amount measured in the adsorption and the succeeding desorption process by increasing the 
temperature through purging He were examined with the aid of the mass spectrum. In this case, 
the desorbed gases were detected by the mass spectroscopic method: the mass numbers of 28 and 
14 for N2, 32 for O2 and 44 for CO2, respectively. The desorbed gas detected was only CO2 in 
these experiments; the adsorption and desorption processes examined by m/z of 44 are depicted 
in Figure 9. The first process in this figure was assigned to the adsorption process of CO2 around 
300 K, followed by desorption of the weakly irreversibly-adsorbed CO2 species to ca. 343 K 

(70 ℃). The final distinctly desorbed species was observed at around 375 K (102 ℃) which is due 
to the strongly irreversibly-adsorbed CO2 species. The amounts desorbed irreversibly are 
evaluated to be 0.487 mmol g–1 (= ca. 10.9 cm3 g–1) from the areas of two kinds of bands observed 
in the breakthrough curve. It is entirely fair to say that this value is well corresponding to the 
value evaluated from the difference between the adsorbed amounts obtained from the 1st and 2nd 
adsorption isotherms. In addition, it is generally recognized that the separation of CO2 from CH4 
is difficult in gases, because both gases have similar molecular nature in polarizability and 
molecular size: Table SI-1a. Therefore, we try to separate CO2 in the system including CH4, by 
considering the results of the isotherm data depicted in Figure 8. The adsorption impurity 
separating behaviour was assessed under the same condition shown above by using the model gas 
composed of 0.04% CO2, 0.04% CH4, 20% O2 and 79.92% N2 (without H2O). The change in CO2 

amount measured in the adsorption and the succeeding desorption process by increasing the 
temperature through purging with N2 was examined. In this case, the desorbed gases were detected 
by the mass spectroscopic method: the mass numbers 16 and 15 for CH4, 32 for O2 and 44 for 
CO2, respectively. The desorbed gas detected was only CO2 in these experiments; the outcome is 
also depicted in Figure SI-8. The first process was assigned to the adsorption process of CO2 
around 300 K, followed by desorption of the weakly irreversibly-adsorbed CO2 species to ca. 343 

K (70 ℃). The final distinctly desorbed species was observed at around 381 K (108 ℃) which is 
due to the strongly irreversibly-adsorbed CO2 species; a high separation performance for CO2 is 
clearly ascertained. The amounts desorbed irreversibly are evaluated to be 0.484 mmol g–1 (= ca. 
10.8 cm3 g–1) from the areas of two kinds of bands observed in the breakthrough curve. These 
experimental results prove clearly that the selective adsorption of CO2 occurred in the present 
system at 300 K even in a gas mixture mimicking atmospheric gas. From these remarks, one 
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general point becomes very clear: the NaCaA-85 sample is a prominent candidate material for the 
selective CO2 adsorbent functioning in DAC conditions.

Conclusions
The development of adsorbents having efficient adsorptive and selective properties for CO2 

that function at RT and in the lower pressures is indispensable for aiming at DAC of CO2. In this 
work, we have succeeded in conferring an outstanding adsorption feature for CO2 onto the Ca2+ 
ion-exchanged NaA-type zeolite sample, i.e., NaCaA-85 (where the last number indicates the ion-
exchange capacity by Ca2+), which gives the following adsorption properties: the adsorbed 
amount of 0.75 mmol g–1 at 0.01 Torr (with a “characteristic gentle step” in the adsorption 
isotherm around 0.004 Torr) and an adsorption energy of 60 kJ mol–1, 1.8 mmol g–1 and ca. 52 kJ 
mol–1 at 0.3 Torr (400 ppm), and 3.2 mmol g–1 at 3.8 Torr (5000 ppm), which is the best adsorption 
result reported to date, and adsorption energy of 48 kJ mol–1, respectively. To obtain the 
information on the role of exchanged Ca2+ ions for the specific CO2 adsorption observed in the 
NaCaA-85 zeolite at RT, far-IR spectra were measured in this system by taking advantage of SOR 
light, which is bright, stable, and reproducible, compared with the conventional infrared sources, 
leading to the definite detection of the changes in the cation-vibrational modes due to the Ca2+-
zeolite vibration through the adsorption of CO2 at RT. As a result, the Ca2+-framework vibration 
modes for the NaCaA-85 sample were observed at 266 and 246 cm–1, and shifted toward the lower 
wave-number sides, i.e., 225 and 203 cm–1, after CO2 adsorption at RT, respectively, whereas 
these distinct changes in far-IR spectra before and after CO2 adsorption were not recognized in 
both purchased CaA-78 and NaA samples. The Ca2+ ions that were active in the CO2 adsorption 
were assigned to the exchangeable ions positioned on the 8- and 6-MRs, respectively. The 
observed characteristic property was reasonably explained by the model made up by a CO2 
molecule bridging between two Ca2+ ions positioned on two types of exchangeable sites 
composed of 8- and 6-MRs, which is well supported by the DFT calculation method. The 
simultaneous existence of the two types of exchangeable sites found in this work is indispensable 
for the singular CO2 adsorption behaviour observed in the low pressure region. It was also found 
that the adsorption property for CO2 at RT was superior compared with the adsorption of CH4, N2 
and O2. The separation properties were examined by measuring the breakthrough curve using a 
gas mixture mimicking the atmosphere, which verified the superior separation feature from N2, 
O2 and CH4. The NaCaA-85 sample presented the selective feature for trace CO2 capture and easy 
regeneration; this characteristically adsorbed CO2 species was completely desorbed through 
evacuation at 423 K. In addition, the NaCaA-85 sample was easily regenerated by re-evacuation 
at 423 K and the specific adsorption properties were almost recovered even after 5th-times 
regeneration treatments of the sample after each CO2-adsorption treatment. These unique 
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properties of this sample have the potential for developing efficient adsorbent functioning under 
lower pressure CO2 in a semi-closed space, i.e., for the purification of air, and also for CO2 capture 
in DAC conditions, although dehydration process before CO2 separation may be required when 
atmospheric air is humid.
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Figure 1. Adsorption isotherms of CO2 at 298 K on alkaline-earth ion-exchanged NaA samples evacuated at 723 K. On these samples, the first and second isotherms were measured. 
Solid and open markes correspond to the first and second adsorption, respectively; (red) NaCaA-85: (green), NaSrA-71: (brown), NaMg-42: (blue), BaNaA stamples, respectively; (a) 
0–100 Torr. Enlarged figures in the lower pressure region which is marked with square in (a) are depicted in three stages of pressures; (b) 0–0.1 Torr, (c) 0–0.4 Torr, and (d) 0–4 Torr. 
For comparison, the adsorption isotherms of CO2 on NaA (starting material) are also indicated: (black), NaA sample.
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Figure 2. Adsorption isotherms of CO2 measured at 298 K on alkaline-earth ion-exchanged NaA samples evacuated at 723 K. On these samples, the first and second isotherms were 
measured. Solid and open marks correspond to the first and second adsorption, respectively; (red) NaCaA-85: (violet), NaCaA-65: (green), CaA-78, respectively; (a) 0–100 Torr. Enlarged 
figures in the lower pressure region which is marked with square in (a) are depicted in three stages of pressures; (b) 0–0.1 Torr, (c) 0–0.4 Torr, and (d) 0–4 Torr.
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Figure 3. Differential heats of adsorption of CO2 measured at 298 K on the NaCaA-85 (red), 
CaA-78 (green), and NaCa-65 (violet) samples. (a) Comparison between NaCaA-85 and CaA-78 
samples, (b) Comparison between NaCaA-85 and NaCaA-65 samples. Solid and open marks 
represent the first (solid lines) and second (dotted line) adsorption processes, respectively.
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Figure 4. TPD of CO2 adsorbed on the NaCaA-85 sample. First, the sample was evacuated at 723 
K, followed by CO2 adsorption around an equilibrium pressure of 100 Torr at RT, followed by 
evacuating at RT. After these treatments, the TPD measurement was performed. a: the curve 
observed in the evacuation process of this sample. This curve was deconvoluted into two 
components: curves b (weakly irreversibly-adsorbed species) and c (strongly irreversibly-
adsorbed species), respectively. 
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Figure 5. Changes in far-IR spectra before and after CO2 adsorption at RT, and successive 
evacuation processes at 300 and 423 K. All measurements were carried out at RT. First, all 
samples were evacuated at 723 K as a standard treatment (black line), followed by equilibrating 
with CO2 at RT (red line), re-evacuation at RT (blue line), and final re-evacuation at 423 K (green 
line). The series of treatments was performed in situ. (a) NaCaA-85, (b) CaA-78 and (c) NaA 
samples.
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Figure 6. The results derived from the DFT calculation based on our proposed model in the far-
IR region; the CO2 molecule is simultaneously pinned by the Ca2+ ions on two types of ion-
exchanged sites composed of both the 6- and 8-MRs. (a) from 600 to 150 cm–1 and (b) magnifying 
in the range between 350 and 150 cm–1. In both figures, the black and red lines indicate before 
and after CO2 adsorption, respectively. For comparison, the experimental results are also given in 
Figure 6b-(2) as spectra obtained before (evacuated at 723 K: black line) and after CO2 adsorption 
at RT (red line), which are the same spectra given in Figure 5a. Both spectra were measured at 
RT.
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Figure 7. The mid-IR spectra of a mixture of gases composed of both 12CO2 and 13CO2 with the 
ratio of ca. 1:1 adsorbed on the NaCaA-85 sample at RT: (a) between 2500 and 2100 cm–1 and 
(b) magnified in the range between 2320 and 2240 cm–1. All measurements were performed at 
RT: (black) evacuated at 723 K, (brown) exposed to mixed isotope gas of CO2 under the 
equilibrium pressure of 1.84 Torr, and successively evacuated at RT, (blue): at 323 K, (green): 
at 348 K, (red): at 373 K, (violet): at 423 K (light blue dotted line), respectively.
(c) 12CO2 was adsorbed at RT on the NaCaA-85 sample evacuated at 723 K (black), and 
successively equilibrated with considerably lower pressures: 0.001 Torr, (red): 0.002 Torr, 
(blue): 0.004 Torr, (green): 0.014 Torr, (brown), respectively.
(d) Results from the DFT calculation based on three kinds of models in the mid-IR region; (red), 
the CO2 molecule is simultaneously pinned by the Ca2+ ions on two types of ion-exchanged sites 
composed of both 6- and 8-MRs: (dotted light blue), adsorbed on the 6-MR: (dotted green line), 
adsorbed on the Ca2+ ion exchanged on the 8-MR.
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Figure 8. Adsorption isotherms of various gases on the NaCaA-85 sample evacuated at 723 K. 
All measurements were performed at 298 K. Equilibrium pressure; (a) from 0 to ca. 80 Torr and 
(b) magnified in the range between 0 and 5 Torr; (green triangle), N2: (red solid circle), CO2: 
(blue square), O2: (brown diamond), CH4: (light blue circle), H2.
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Figure 9. Breakthrough curve of CO2 adsorption and desorption measured by use of a gas mixture 
mimicking the atmospheric components composed of CO2, O2 and N2 (0.04%, 20%, and 79.96%, 
respectively). The first process corresponds to the change in CO2 pressure (adsorption) and the 
second to desorption of adsorbed CO2. The latter process was composed of two parts; desorption 
caused by the weakly irreversibly-adsorbed and strongly irreversibly-adsorbed species, 
respectively.
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