
Full Length Article

Sodium cation exchanged zeolites for direct air capture of CO2

Do Yeong Kim a, Wo Bin Bae a, Haehyun Min a, Kyeong-Hun Ryu a, Sungjoon Kweon b,  
Linh Mai Tran b, Young Jin Kim c, Min Bum Park b,*, Sung Bong Kang a,d,*

a School of Environment and Energy Engineering, Gwangju Institute of Science and Technology, Gwangju 61005, Republic of Korea
b Department of Energy and Chemical Engineering, Incheon National University, Incheon 22012, Republic of Korea
c Department of Environmental Engineering, Kyungpook National University, 80 Daehak-ro, Daegu 41566, Republic of Korea
d Research Center for Innovative Energy and Carbon Optimized Synthesis for Chemicals, Gwangju Institute of Science and Technology, Gwangju 61005, Republic of Korea

A R T I C L E  I N F O

Keywords:
CO2

Direct air capture
Zeolite
Na+-exchange
Acid-basic site

A B S T R A C T

Direct air capture technology requires investigating materials that can capture carbon dioxide inexpensively and 
efficiently, considering their performance under real atmospheric conditions. This study systematically investi
gated the CO2 adsorption-desorption performance of the representative zeolites (ZSM-5, Beta, Mordenite and Y) 
in H- and Na-forms using various analytical methods, including in-situ Diffuse Reflectance Infrared Fourier 
Transform spectroscopy. Compared to the corresponding H-zeolites, the enhancement of CO2 adsorption capacity 
by Na+ ions was observed for all the structure-type zeolite adsorbents. The Na-ZSM-5 showed excellent per
formance in the direct air capture of CO2 (DAC) due to its relatively smaller pore size and stronger acid-basic 
properties. The effective adsorption capacity of Na-ZSM-5 was pronounced at lower Si/Al ratios, making it the 
most efficient low-concentration CO2 adsorbent. The low silica Na-ZSM-5 exhibited a durable adsorption- 
desorption capacity after multiple cycles, indicating its practical reusability. When applied to real atmospheric 
air conditions, this low silica Na-ZSM-5 effectively adsorbed CO2 in the presence of oxygen and moisture, 
emphasizing its potential for a direct air capture adsorbent. This study provides insights into the properties of 
zeolites for CO2 capture from air, highlighting their potential as effective DAC sorbents that can be produced on a 
large scale.

1. Introduction

Direct air capture (DAC) is a negative-emissions technology that 
captures CO2 from the atmosphere, removing even the anthropogenic 
CO2 already emitted. However, prevalent sorbent materials in current 
DAC applications face challenges like low adsorption capacity due to the 
low partial pressure of CO2 in the air, stability issues and high energy 
requirements during regeneration [1]. To construct a feasible DAC sys
tem, efficient adsorbents are required with low energy penalties, 
cost-effectiveness, and high adsorption capacity.

Various solid sorbents, such as zeolites, metal-organic frameworks 
(MOFs), activated carbon, mesoporous silica, mesoporous alumina, 
metal oxides, covalent organic polymers, and amine-based materials, 
have been considered state-of-the-art technologies for atmospheric CO2 
capture [2–12]. Among them, zeolites have drawn significant interest in 
the context of CO2 capture due to their highly ordered porous structure 
and small gas molecule size. Ideal materials for CO2 capture require 

additional features, such as high chemical and thermal stability, acces
sible surface features, a large specific surface area, and a porous struc
ture that can be modified on the surface through processes such as 
ion-exchange or impregnation, all of which zeolite can satisfy [13]. It 
has been well known that alkali or alkaline earth metal ions exchanged 
onto the extraframework of zeolites increase the electron density of 
framework oxygen, enabling high adsorption of Lewis acidic small 
molecules like CO2 and NOx [14]. Furthermore, the raw materials for 
zeolite synthesis can be sourced from waste materials or natural re
sources, from which the manufacturing cost can be significantly reduced 
[15]. Zeolites are widely available and can be synthesized in large 
quantities using low-cost processes, compared to other advanced ma
terials [16]. As such, zeolite adsorbents have great potential to be 
cost-efficient candidates for DAC systems.

However, one of the significant challenges associated with zeolites is 
their performance degradation in the presence of water vapor (H₂O). 
This degradation has been the subject of extensive research, which has 
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focused on various strategies to mitigate the impact of moisture. These 
strategies include pretreatment techniques for water removal, using 
high silica zeolites to increase hydrophobicity, and operating zeolites at 
cryogenic temperatures to minimize water interference [17–19]. In 
addition to moisture, the structural and chemical properties of zeolites 
critically influence their CO₂ adsorption performance. Notably, CHA- 
and MOR-type zeolites have been found to exhibit superior CO₂ 
adsorption capacities due to their distinct pore structures, including 
8-ring side pockets that serve as primary sites for CO₂ capture [20–22]. 
Furthermore, the efficiency of CO₂ adsorption is significantly affected by 
the charge-to-size ratio of metal cations within the zeolite framework, 
highlighting the importance of cation selection and its impact on the 
material’s performance [23]. Despite this work, there remains a critical 
need to evaluate zeolite performance under more realistic conditions 
that include varying moisture levels and operational temperatures closer 
to ambient conditions. Such evaluations are essential to fully understand 
and optimize the practical efficacy of zeolites in DAC applications, 
ensuring that they perform effectively in real-environments [24].

To the best of our knowledge, surprisingly, few studies have been 
carried out into the adsorption of CO2 over zeolites with a focus on DAC 
under real atmospheric air, corresponding to atmospheric pressure at 
room temperature. The concentration of CO2 as an adsorption target is 
approximately 400 ppm, existing at an exceedingly low partial pressure. 
Besides, the atmosphere contains not only CO2 but also substantial 
amounts of moisture and oxygen, much more than CO2, unlike emissions 
from conventional industrial sources; thus, it is necessary to consider the 
effect of water and oxygen. Considering all this, we need to assess and 
analyze CO2 adsorption performance under actual atmospheric cir
cumstances, investigating the impact of other adsorbates in the air to 
improve the qualities of zeolite materials inside DAC systems. This 
knowledge should be instrumental for the perceptive development of 
zeolite characteristics that facilitate effective CO2 capture under atmo
spheric air in the DAC system.

This study first aimed to evaluate the impact of zeolite structure and 
extraframework cation on CO2 capture in low CO2 concentrations 
simulating atmospheric levels. We characterized the CO2 capture per
formance under real atmospheric air in the DAC system with respect to 
the zeolite structure. Furthermore, a diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) analysis was conducted to study the 
mechanism of the DAC system in detail.

2. Experimental section

2.1. Preparation of zeolite adsorbents

Commercial NH4-ZSM-5 (Si/Al = 16) and H-Mordenite were pur
chased from Zeobuilder and Clariant, respectively. Also, NH4-ZSM-5 
zeolites with different Si/Al ratios (Si/Al = 11.5 (CBV2314), 25 
(CBV5524G), 40 (CBV8014), and 140 (CBV28014)), NH4-Beta 
(CP814E), and H-Y (CBV720) were obtained from Zeolyst. Before Na+- 
exchange, all the H-form zeolites were converted to NH4-form by 
refluxing three times in 1.0 M NH4NO3 aqueous solution (2 g solid per 25 
mL solution) at 80 ◦C overnight. Then, all the NH4-form zeolites were 
exchanged with 0.8 M NaCl aqueous solution at 80 ◦C for 1 h according 
to the similar procedure given above. The resulting solutions were dried 
at 80 ◦C using a rotary evaporator and washed several times with a 
centrifuge. Finally, the Na-form zeolites were obtained by calcination at 
550 ◦C for 4 h. In addition, the H-form zeolites were prepared by simple 
calcination of the NH4-forms at 550 ◦C for 4 h.

2.2. DAC performance tests

The CO2 adsorption-desorption tests were conducted under atmo
spheric pressure in a flow-type quartz tube reactor loaded with around 
0.08–0.10 g of zeolite powder. Before each adsorption test, the zeolite 
adsorbent sample in a tube was preheated from 25 to 450 ◦C at a ramp 

rate of 10 ◦C min–1 in He flow (100 mL min–1) and then maintained at 
450 ◦C for 2 h. After cooling down to 25 ◦C using liquefied N2 under He 
flow, a feed gas mixture with 100 mL min–1 containing 400 ppm CO2 in 
He balance was passed to the loaded sample at 25 ◦C for 2 h as an 
adsorption test. As a result, the breakthrough curve in CO2 adsorption 
was obtained. After the full saturation with CO2, two desorption be
haviors were monitored, one for the desorption of physisorbed CO2 at 25 
◦C for 1 h and the other for the desorption of chemisorbed CO2 (tem
perature programmed desorption of CO2, CO2-TPD) with increasing 
temperature to 300 ◦C (5 ◦C min–1). The desorption experiments were 
performed using the He flow. The gas hourly space velocity (GHSV) of 
this CO2 breakthrough curve system was maintained at 125,000 h‒1, 
corresponding to 100 mL min‒1 of the total flow rate. The outlet CO2 gas 
concentration during the CO2 adsorption and desorption test was 
continuously monitored using BELCAT II (MicrotacBEL. Corp.) equipped 
with a thermal conductivity detector (TCD). Each adsorption-desorption 
capacity of CO2 was calculated from the TCD data gap between the blank 
and the sample. In addition, to evaluate the durability of the prepared 
zeolite adsorbent, the CO2 adsorption-desorption cycling tests were 
repeated 20 times under the identical conditions mentioned above. The 
pretreatment at 450 ◦C for 1 h was conducted only for the first cycle 
experiment, after which the adsorption experiments were performed 
directly following desorption without an activation process between 
each cyclic test.

The calcined powder zeolite without any binder was pressed using a 
pelletizer (EPQ-1 Manual Pellet Press, Orbit Tech.), which pressed the 
powder sample at 200 bar for 10 min and then sieved into 30‒40 mesh 
size to make pellet forms of powder zeolites (Fig. S1). The pelletized 
sample was loaded into a quartz tube and tested in a packed-bed reactor 
for DAC performance at 27 ◦C under three parametric feed compositions: 
(1) 530 ppm CO2 in N2 balance, (2) 530 ppm CO2 with 21 % O2 in N2 
balance, and (3) atmospheric air. The real atmospheric air in urban 
Gwangju, Korea was fed into the reactor using an air compressor 
equipped with a mass controller (Jiangsu Hehui Power Tools Co., Ltd.), 
confirming that the standard concentration of the outdoor CO2 is ~530 
ppm. The CO2 concentration in the dry condition was determined by the 
actual atmospheric CO2 concentration of 530 ppm. The gas hourly space 
velocity (GHSV) of this CO2 capture system was maintained at 100,000 
h‒1 ,which corresponds to 200 mL min–1 of the total flow rate. The 
concentration of CO2 was measured using an in-situ Fourier-transform 
infrared spectrometer (FTIR, PerkinElmer Spectrum Two) equipped 
with a gas cell (PIKE Technologies, path length: 10 m). Before each 
adsorption test, the zeolite sample was pretreated using the same 
method as mentioned above. The DAC performances were tested at 27 
◦C, maintaining the room temperature of the reactor in the laboratory. 
The CO2 adsorption capacity was calculated by integrating the break
through curve area of CO2. The desorption tests were performed by 
purging with N2 flow at 27 ◦C for 30 min, and then the temperature was 
increased from 27 to 450 ◦C at a ramping rate of 5 ◦C min‒1.

2.3. Characterization of zeolite adsorbents

The specific surface area of zeolites was analyzed according to the 
Brunauer–Emmett–Teller (BET) method applied to their N2 adsorption 
isotherms at 77 K with BELSORP-mini-X (MicrotacBEL. Corp.) surface 
analyzer. The elemental analysis was conducted using an inductively 
coupled plasma optical emission spectrometer (ICP-OES) on a Thermo 
Scientific iCAP 7400 ICP-OES DUO instrument. The acidic properties of 
the solid samples were determined by NH3-TPD connected to a BELCAT 
II (MicrotacBEL. Corp.) equipped with a TCD detector. The NH3-TPD 
was carried out as follows: (a) Pretreatment at 450 ◦C for 2 h in a flow of 
pure He (50 mL min–1), (b) cooling down to 25 ◦C and consecutive NH3 
adsorption with 3 % NH3/He (50 mL min–1) for 1 h at the same tem
perature, (c) desorption of physisorbed NH3 with He flow (50 mL min–1) 
for 1 h, and (d) NH3-TPD with the same He flow from 25 to 600 ◦C (10 ◦C 
min–1).
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To distinguish the acidic properties of Brønsted and Lewis acid sites, 
the pyridine-adsorption IR (py-IR) spectra were acquired on a Shimadzu 
IRTracer-100 FT-IR spectrometer. A self-supporting zeolite wafer of 
approximately 20 mg with a 1.3 cm diameter was prepared and placed 
inside a custom-built IR cell. Subsequently, the samples were pretreated 
at 450 ◦C for 2 h under a He flow (30 mL min–1). Thereafter, the tem
perature of the sample was naturally down to 100 ◦C, saturated with a 
pyridine-loaded flow of dry He (20 mL min–1) for 10 min, and subse
quently flushed with excess He flow (30 mL min–1) at the same tem
perature for 30 min to remove the physisorbed pyridine. After 
desorption at 100 ◦C, the concentrations of Brønsted and Lewis acid sites 
were determined at different temperatures (100–450 ◦C) from the in
tensities of the IR bands at approximately 1550 and 1450 cm‒1, 
respectively, using the equations by Emeis [25].

To identify the CO2 adsorption forms on the surface of zeolite 
adsorbent, the surface-IR study was conducted with in-situ DRIFTS 
spectrometer on the NICOLET iS50 FT-IR (Thermo Fisher Scientific) 
equipped with a MCT detector and DRIFTS reaction cell (DiffusIR™, 
PIKE Technologies, with a ZnSe window, heating cartridge, and 10 sec of 
scanning time). Before each measurement, a zeolite powder sample was 
purged by flowing pure N2 at 450 ◦C for 2 h and cooled down to room 
temperature. The spectra of the sample were collected at 25 ◦C during 
CO2 adsorption and then at 25, 70, 150 and 250 ◦C in purging with pure 
N2. The IR spectra were collected with the following three conditions: 
(1) only CO2 in N2 balance, (2) CO2 with 21 % O2 in N2 balance, and (3) 
atmospheric air.

3. Results and discussion

3.1. CO2 sorption performance of Na-zeolites with respect to framework 
type

When evaluating DAC performance, it is particularly important to 
consider the impact of moisture, especially in the case of zeolites. Pre
vious studies have shown that the presence of water vapor has been 
shown to significantly reduce CO2 adsorption on Na-zeolites with low 
Si/Al ratios (Si/Al ratio ~6.5) at low CO2 partial pressures, especially 
[26]. To minimize this effect, the application of hydrophobic zeolites 
with a higher Si/Al ratio could be considered. While this choice reduces 
the water effect, it does have limitations in low-concentration CO2 ap
plications [27]. Accordingly, we intently selected a Si/Al ratio that is 
neither too high (< 20) nor too low (> 10), aiming to reduce the impact 
of water vapor on CO2 adsorption while ensuring sufficient CO2 
adsorption performance even at low CO2 concentrations. Considering 
this, we employed four representative zeolites with different framework 
types (MFI, MOR, Beta and FAU) within similar Si/Al ratios (12.5–20) to 
compare their CO2 sorption properties according to the zeolite structural 
features.

Their basic structural and physicochemical properties are summa
rized in Table 1. Na-zeolites with different frameworks were synthesized 
successfully and it can be seen that their peak positions were similar to 
H-form zeolites with no other impurity phase (Fig. S2). This suggests 
that the structure was well maintained without any change after Na+

was exchanged. The resulting elemental contents of ion-exchanged Na+

ranged in a narrow level of 1.3–1.8 wt.%. As expected, Na-Beta and Na- 
Mordenite, which have the lowest (12.5) and highest (20) Si/Al ratio, 
resulted in the highest (1.8 wt.%) and lowest (1.3 wt.%) Na contents, 
respectively. As shown in Table 1, the Na/Al ratio is observed to be less 
than 1. The degree of ion exchange is often less than 100 %, which re
sults in a Na/Al ratio of less than 1. This incomplete ion exchange can 
occur due to various factors, including the accessibility of the cation 
exchange sites and the specific conditions used during the ion exchange 
process. Moreover, some aluminum atoms can migrate from the tetra
hedral framework during the calcination process, forming extraframe
work aluminum species that occupy octahedral sites, resulting in a Na/ 
Al ratio lower than 1 [28]. Ta
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In addition, all the prepared H- and Na-zeolites exhibited enough 
micropore volumes higher than 0.16 cm3 g–1 to be confirmed that their 
micropore structures were still maintained even after the several treat
ments of each commercial zeolite. However, when Na+ ion was 
exchanged in the ZSM-5, the micropore volume of Na-ZSM-5 was 
reduced compared to its H-form. Results clearly point to the incorpo
ration of the cation species into the micropore space of ZSM-5, which is 
reflected by the lower pore volume from 0.30 to 0.16 cm3 g–1 within the 
micropore [29]. The Mordenite has not only large pores of 12 rings but 
also small pores such as 8 rings, which makes it effective for CO2 capture 
like ZSM-5. Fu et al. demonstrated that Na cations present in the 8MR 
side pockets can act as the main adsorption sites through a confinement 
effect, achieving CO2 capacities of up to ~11.5 mmol g–1 [22]. However, 
the Mordenite used in this study had a high Si/Al above 10, which made 
Na cations less likely to occupy the 8MR side pockets, resulting in a 
reduced sealing effect and consequently a relatively low CO2 adsorption 
performance.

Fig. 1 shows the CO2 adsorption breakthrough curves obtained at 25 
◦C with a feed stream consisting of 400 ppm CO2 in He balance and the 
CO2-TPD profiles for all the H- and Na-zeolite adsorbents listed in 

Table 1. For H-form zeolites (Fig. 1a), their adsorption breakthrough 
curves of CO2 were marginal, almost similar to the blank profile, which 
indicates that CO2 molecules are scarcely adsorbed on the bare H-zeo
lites. Of course, all the H-zeolites also exhibited a negligible amount of 
desorbed CO2 (Fig. 1b). While the zeolite framework oxygen has weak 
basicity and tends to become stronger at lower Si/Al ratios [30], even 
the H-Beta with the lowest Si/Al among the zeolites prepared in this 
study did not show any distinct CO2 adsorption. CO2 adsorption is 
attributed to the combined stronger chemisorption and relatively 
weaker physisorption, which can be caused by the natural zeolite 
framework property and/or the artificially induced adsorption sites like 
extraframework elements. It has been reported that the Na+ ions interact 
with the zeolite framework oxygen, providing basicity that facilitates 
the adsorption of Lewis acidic CO2 [31]. Furthermore, the enhanced CO2 
adsorption capacity may arise from ion-quadrupole interactions be
tween Na+ and CO2 [32]. Even if there is just sufficient space for CO2 
molecules (e.g., super-cage inside zeolite Y), a strong primary adsorp
tion site to attract CO2 is required, especially in the DAC system.

Fig. 1c presents that the Na+ ions exchanged in zeolites enable an 
apparent CO2 trapping, which is sensitive to the structure type. The 

Fig. 1. CO2 adsorption-desorption performance of zeolite adsorbents with different structures and cation forms. Adsorption condition: 400 ppm CO2 in balance N2 at 
25 ◦C, GHSV of 125,000 hr− 1 and total flow rate of 100 mL•min− 1. CO2 adsorption breakthrough curves for (a) H-form and (c) Na-form zeolites under, and (b and d) 
their CO2-TPD profiles. Here, the Si/Al ratio of ZSM-5 is 16. For comparison, the adsorption experiment in the absence of adsorbent (blank) was also conducted.
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results are also summarized in Table 2. Na-ZSM-5 showed the highest 
CO2 adsorption capacity (0.37 mmol g‒1) with CO2 adsorption for 1 h 
while other zeolites were saturated with adsorbed CO2 in a short time. 
The adsorption amount decreased as the zeolite pore size increased, 
where the larger the pore zeolites, the faster the breakthrough kinetics 
with its saturation. Although the Na-Y showed the lowest CO2 adsorp
tion capacity among the Na-zeolites, it showed a distinct CO2 adsorption 
compared to the bare H-Y. This indicates the primary effect of Na+ on 
CO2 adsorption rather than the bare zeolite framework. Even though the 
Na contents are almost similar, the smaller the pore size, the greater the 
CO2 adsorption, indicating that the CO2 capture was induced through 
the increased affinity between Na+ adsorption sites and CO2 due to the 
smaller pore size. Unlike other zeolites, the Na-ZSM-5 zeolite showed a 
decrease in BET surface area from 477 to 395 m² g‒1 after Na+ ion ex
change, with a particularly significant reduction in micropore surface 
area. The Na+ ions can occupy narrower spaces or exist at the in
tersections between the straight and sinusoidal channels within MFI 
structures, which could lead to a stronger affinity for CO2 compared to 
other zeolite structures [33]. However, it should be noticed that not all 
the Na+ in zeolites can be accessed by the guest molecules and in this 
regard, the number of CO2 molecules adsorbed per Na+ ion was 
observed to be less than 50 %. When comparing the number of CO2 
molecules adsorbed per single Na, those were calculated to be about 
0.41 and 0.14 CO2/Na for Na-ZSM-5 and Na-Y, respectively (Table 2). 
To further investigate the effect of the structural properties of each 
zeolite on CO2 adsorption, the initial CO2 adsorption behavior was 
compared. The initial CO2 adsorption behavior of H-form zeolites also 
showed that little CO2 adsorption occurred, especially for Y zeolite, 
which did not adsorb CO2 (Fig. S3a). It seems that Y zeolite not only has 
a larger pore size than other zeolites but also has a super cage, which 
makes it more difficult to interact with small molecules of CO2 (3.3 Å) 
due to the low affinity of CO2. The initial CO2 adsorption behavior of 
Na-zeolites is also consistent with the previous results: the smaller the 
pore size, the more CO2 is adsorbed (Fig. S3b). This suggests that the 
zeolite structure exerts a secondary effect once the CO2 adsorption is 
induced by Na+.

The desorption experiments were also conducted for the four Na- 
zeolites right after their CO2 adsorption. The continuous desorption 
profiles of physisorbed CO2 were obtained at the same temperature of 25 
◦C for 1 h by purging the inert gas, and the CO2-TPD profiles are illus
trated in Figs. S4 and 1d, respectively. While the amount of phys
isorption increased in the order of the total amount of adsorption (i.e., 
Na-ZSM-5 > Na-Mordenite > Na-Beta > Na-Y), the chemisorption did 
not follow the trend (Table 2). The Na-Mordenite with the lowest Na 
content due to the highest Si/Al resulted in the lowest amount of 
chemisorption, again demonstrating that CO2 molecules were adsorbed 
by Na+ ions as a primary effect. In addition, as the pore size increased, 
that is, as the total adsorption amount of CO2 decreased, the proportion 
of chemisorption was higher than that of physisorption among the total 
adsorption. For example, the relative physisorption/chemisorption ratio 

of Na-ZSM-5 was 0.18/(0.02 + 0.11) ~ 1.4, but that of Na-Y was only 
0.40. This indicates that more physisorption is possible on the strong 
adsorption sites generated by the stronger affinity for CO2 ions due to 
the effect of small pore size. These results are consistent with the pre
vious findings showing a strong correlation between pore size and CO2 
adsorption performance, suggesting that small pore size plays a crucial 
role in the physisorption of CO2 at low concentrations [34,35].

Furthermore, it is interesting to note here that Na-ZSM-5 and Na- 
Mordenite showed two resolved CO2-TPD peaks, whereas Na-Beta and 
Na-Y showed a single broad band (Fig. 1d). Comparing the highest peak 
temperatures of Na-zeolites appeared on the higher temperature region, 
the smaller the pore size (Na-ZSM-5 < Na-Mordenite < Na-Beta < Na-Y), 
the higher the peak temperature (275 > 215 > 210 > 195 ◦C), i.e., the 
stronger chemisorption. This trend is consistent with the discussion for 
the adsorption amount described above. In particular, the unique 
medium-pore zeolite studied here, Na-ZSM-5 showed the strongest CO2 
chemisorption feature at around 275 ◦C, which is probably due to a 
unique adsorption mechanism different from the others. Another 
desorption peak appeared below 100 ◦C in Na-ZSM-5 and Na-Mordenite 
may be the result of relatively strongly physisorbed and/or weakly 
chemisorbed CO2. MFI and MOR have 12 and 4 crystallographically 
different tetrahedral sites, respectively, and aluminum atoms are 
randomly distributed among them if there are no special synthetic 
treatments [36]. Therefore, structurally diverse Na+ coordination en
vironments are possible, and the sorption strength of CO2 can vary 
accordingly [37]. It is worth noting that further screening of other alkali 
or alkaline earth metal ions over ZSM-5 for the DAC performance is now 
underway to confirm the effect of metal cations (i.e., Mg, K, Ca and Ba); 
we confirm that the Na+ exchanged onto ZSM-5 is one of the best for
mulations compared to other cation exchanged (Data not shown).

3.2. CO2 adsorption of Na-ZSM-5 with different Si/Al ratios

We examined the strong adsorption sites induced by Na+, which 
could actively trap CO2 molecules in atmospheric environments with a 
low level of CO2 at room temperature. The adjacent Na+ ions inside the 
small pores of zeolite significantly affect the maximum adsorption 
amount. To better understand the effect of Na+ on the low concentration 
CO2 capture, a series of ZSM-5 zeolites varying Si/Al ratios from 11.5 to 
140 was compared as shown in Fig. 2 and Table 3. Obviously, as the Si/ 
Al ratio increased, the content of ion-exchanged Na+ decreased expo
nentially from 1.0 to 0.1 mmol g‒1 (Fig. 2a). As the Na content 
decreased, the BET surface area gradually increased (Table 3).

Fig. 2b shows the adsorption breakthrough curves for the five Na- 
ZSM-5 zeolites with different Si/Al ratios. The CO2 adsorption capac
ity was improved by a lowered Si/Al ratio, while the bare H-ZSM-5 ze
olites exhibited a negligible CO2 capturing performance regardless of the 
Si/Al ratio (Fig. S5). This again confirms the crucial role of Na sites in the 
DAC activity. Additionally, when comparing the adsorption behavior 
across different Si/Al ratios (Fig. S6), we observed that zeolites with low 

Table 2 
CO2 adsorption-desorption capacities over Na-zeolites.

Zeolite CO2 adsorptiona CO2 desorptionb

Adsorbed (mmol g‒1)d CO2/Na (mol.%) Physisorbed (mmol g‒1)e Chemisorbed (mmol g‒1)f

Na-ZSM-5c 0.37 41.0 0.18 0.02, 0.11
Na-Mordenite 0.18 27.3 0.10 0.01, 0.03
Na-Beta 0.14 18.0 0.07 0.08
Na-Y 0.08 14.1 0.02 0.05

a Adsorption condition: 400 ppm CO2 in balance N2 at 25 ◦C, GHSV of 125,000 hr− 1 and total flow rate of 100 mL•min− 1.
b Desorption condition: The temperature is maintained at 25 ◦C for 1 h followed by an increase to 300 ◦C under He flow.
c Si/Al = 16.
d Calculated from the CO2 adsorption breakthrough curves shown in Fig. 1c.
e Calculated from the CO2 desorption profiles shown in Fig. S4.
f Calculated from the CO2-TPD profiles shown in Fig. 1d.
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Si/Al ratios (11.5 and 16) exhibited slower initial adsorption speeds 
compared to those with medium Si/Al ratios (25 and 40). This is due to 
the increased number of Na cations in zeolites with lower Si/Al ratios, 
which shield the micropore windows, making it more difficult for CO2 to 
diffuse into the pores. While the Na-ZSM-5 with the highest Si/Al = 140 
showed an adsorption breakthrough curve similar to that of Na-Y dis
cussed above, the Na-ZSM-5 with the lowest Si/Al = 11.5 showed more 
improved CO2 adsorption than the Na-ZSM-5 with Si/Al = 16 discussed 
previously. Even the Na-ZSM-5 containing the highest Na content 
continued adsorption for over 100 min under identical adsorption con
ditions. An interesting observation is the linear sensitivity in the CO2 

adsorption capacity to the Na content (Fig. 2c), demonstrating a 
controllable DAC performance by the cation content in zeolites.

Fig. 2d shows the CO2-TPD profiles, while the physical desorption 
profiles at room temperature are compared in Fig. S7. When Na-ZSM-5 
was divided into low (11.5 and 16), medium (25 and 40) and high (140) 
according to the Si/Al ratio in the macroscopic point, the proportion of 
physisorption was higher than that of chemisorption as the Na content 
increased. In particular, the relative physisorption/chemisorption ratio 
of Na-ZSM-5 with Si/Al = 140 was 0.02/0.07 ~ 0.29 (Table 3), similar 
to that of Na-Y (0.40). Notably, similar to the previous discussion of Na- 
zeolites with different structures but similar Na content, the proportion 

Fig. 2. CO2 adsorption-desorption performance of Na-ZSM-5 zeolites with different Si/Al ratios. (a) Variation curves of Na content as a function of Si/Al ratio, (b) 
CO2 adsorption breakthrough curves, (c) variation curves of CO2 adsorption capacity as a function of Na content, and (d) CO2-TPD profiles.

Table 3 
Physicochemical properties and CO2 adsorption-desorption capacities of Na-ZSM-5 zeolites with different Si/Al ratios.

Si/Ala Na (wt.%)b BET surface area (m2 g‒1)c CO2 adsorption CO2 desorption

Total External Micropore Adsorbed (mmol g.
‒1)d Physisorbed (mmol g.

‒1)e Chemisorbed (mmol g.
‒1)f

11.5 2.4 382 21 361 0.38 0.20 0.04, 0.11
16 1.8 395 15 380 0.37 0.18 0.02, 0.11
25 1.0 429 30 399 0.18 0.10 0.08
40 0.7 473 55 418 0.16 0.10 0.07
140 0.3 496 39 457 0.085 0.02 0.07

a Provided from the commercial products.
b Determined by ICP elemental analysis.
c Calculated from N2 sorption isotherm data, applying the BET and t-plot methods.
d Calculated from the CO2 adsorption breakthrough curves shown in Fig. 2b.
e Calculated from the CO2 desorption profiles shown in Fig. S7.
f Calculated from the CO2-TPD profiles shown in Fig. 2d.
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of physisorption was higher than chemisorption as the Na content 
increased. However, in more detail, the Na-ZSM-5 adsorbents with Si/Al 
= 11.5 and 16 showed almost identical physical desorption tendency 
and the physisorption amount, but the former exhibited a higher amount 
of CO2 chemisorption than the latter when comparing their CO2-TPD 
profiles, especially in the low temperature region. This is likely due to 
the saturation of the physisorption sites created by the ion-exchange of 
Na in Na-ZSM-5 (Si/Al = 16), so Na-ZSM-5 (Si/Al = 11.5) has increased 
chemisorption sites instead of physisorption. This suggests that CO2 
physisorption sites as Na cations on ZSM-5 are formed first, followed by 
weak CO2 chemisorption sites in the low Si/Al ratio region. Similarly, 
the Na-ZSM-5 with Si/Al = 25 and 40 also showed a similar trend in the 
medium Si/Al ratio region. This means that these Na-ZSM-5 adsorbents 
operate by a similar mechanism in adsorption and desorption. 
Furthermore, the Na-ZSM-5 with Si/Al = 11.5 and 16, which have 
higher Na contents and therefore more physisorption, showed the two 
resolved CO2-TPD peaks, while the other three Na-ZSM-5 zeolites with 
lower Na contents exhibited only one broad band. The highest peak 
temperatures also shifted to high temperature regions gradually as the 
Na content increased. Taken together, the lower framework Si/Al ratio 
indicates that more Na+ ions are available for CO2 adsorption by 
creating stronger chemisorption sites as well as physisorption sites. 
These results once again strongly support that the Na+ acts as a primary 
adsorption site for the low concentration CO2 adsorption.

3.3. Surface characterization of CO2 adsorption with respect to zeolite

To more precisely monitor the adsorption-desorption behavior of 
CO2 molecule on Na-zeolite, the in-situ DRIFTS technique was used over 
the four zeolites with different framework types (i.e., MFI, MOR, Beta, 
and FAU listed in Table 1). The IR spectra were obtained after exposure 

to the CO2/N2 flow at 25 ◦C for 30 min in Na-zeolites (Fig. 3a), and the 
spectra were continuously monitored in N2 flow at a temperature range 
of 25 to 250 ◦C in the Na-ZSM-5 (Fig. 3b). Unlike the IR spectra of the H- 
zeolites which had one strong band at around 2346 cm‒1 assignable as 
hydrogen-bonded or physically adsorbed CO2 (Fig. S8) [38], the corre
sponding Na-zeolites exhibited several characteristic peaks representa
tively appeared at around 1639, 2291, 2341, 2347, 2355, 2371, 2410 
cm‒1, etc. (Fig. 3a). The Na-Y with the lowest CO2 adsorption capacity 
showed one strong IR peak similar to H-zeolites, but its wavenumber 
(2355 cm‒1) was higher than those of H-zeolites. This is a typical 
characteristic peak for the O=C=O vibrational mode (ν3) linearly 
adsorbed on the basic site caused by Na+ (Scheme 1b) [39,40]. Two 
additional shoulders observed at 2291 and 2410 cm‒1 can be assigned to 
ν3 mode of O=13C=O and combined mode (ν3 + νis) of O=C=O adsorbed 
on Na+, respectively, where νis represents the intermolecular 
cation-oxygen stretching of the Na+⋅⋅⋅O=C=O adduct. This simple and 
representative CO2 adsorption behavior was observed as a similar 
amount of Na+ ions were distributed sparsely within the large pores of 
Na-Y.

Compared to Na-Y, several characteristic peaks appeared over 
smaller pore zeolites. Among these, the relatively low intensity peaks 
were presented at 2341 and 2371 cm‒1. The experimentally found value 
for CO2 is ν3 = 2341 cm‒1, which is 8 cm‒1 smaller than the corre
sponding value for free CO2 (ν3 = 2349 cm‒1). However, it should be 
noticed that CO2 adsorbed on a pure silica zeolite shows ν3 = 2341 cm‒1, 
hence the experimentally found value for CO2 in Na-zeolite is blue- 
shifted [41]. Another relatively low intensity peak at 2371 cm‒1 can 
be assigned as the CO2 adsorption on extraframework Al3+ ions [39]. 
Instead of the strong peak at 2355 cm‒1 observed in Na-Y, the other 
three Na-zeolites showed the strong characteristic peak at 2347 cm‒1, 
and this became more prominent in Na-ZSM-5 where the pore size 

Fig. 3. Characterization of adsorbed species in CO2 adsorption-desorption over Na-zeolites. (a) DRIFT spectra measured under the flow of CO2 with N2 balance at 25 
◦C and (b) DRIFT spectra measured during CO2 desorption in N2 flow from 25 to 250 ◦C on Na-ZSM-5. Here, the Si/Al ratio of Na-ZSM-5 is 16.
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became smaller. The IR band that appeared at 2347 cm‒1 can be 
assigned in two ways: O=C=O linearly adsorbed on Na+ ions less 
exposed than those originating band at 2355 cm‒1 [39] and weaker 
interaction of CO2 with Na+ ion when two CO2 molecules share the same 
Na+ site [42]. The latter is more plausible given the previous discussion 
of CO2 adsorption due to the increased affinity between Na+ ions and 
CO2 molecules inside the small pores. Either way, the observed peak at 
2347 cm‒1 resulted from the direct interaction of CO2 with Na+ ions. 
These results indicate that CO2 primarily adsorbs on the induced dipoles 
of Na-zeolites and/or direct interaction with Na+ ions.

Interestingly, unlike the other three Na-zeolites, a distinct IR peak 
was observed in Na-ZSM-5 at around 1639 cm‒1, which can come from 
carbonate-like species (CO3

2‒) [43]. For this type of carbonate to be 
formed by CO2 adsorption on a Na-zeolite adsorbent, it is typically 
possible at an acid-basic site in the zeolite framework induced by Na+

ion exchange (Scheme 1b) [44]. Since Na+ has a lower charge density 
than H+, when exchanged in the extraframework of aluminosilicate 
zeolite, the zeolite framework can have a Lewis acidic property rela
tively weaker than H+. The electron density of Na+ bonded framework 
oxygen generated by the substation of aluminum atoms becomes rela
tively higher than the case for H+, and thus, the Lewis basic sites can also 
be generated. As a result, a pair of acid-basic sites can be formed near the 
Na+-exchanged site. In general, the acid sites of zeolites can be analyzed 
using amine-based molecules, such as NH3 as a probe molecule. 
Comparing the NH3-TPD profiles of H-zeolites and Na-zeolites, the 
former had a strong acid site over 400 ◦C, while this strong acid site 
disappeared and the intermediate acid sites at around 300 ◦C were more 
prominent in the Na-zeolites (Fig. S9). This trend was evident in ZSM-5.

In addition, the in-situ IR analysis using pyridine molecules as a 
probe molecule can distinguish the two different acid sites, i.e., Brønsted 
and Lewis acids [45,46]. When comparing the py-IR data of four 
Na-zeolites, the Lewis acid site was much more prominent than the 
Brønsted acid for all the four zeolites (Fig. S10 and Table S1). Further
more, the smallest pore Na-ZSM-5 still maintained a strong IR band even 
at high temperatures, indicating the relatively strong Lewis acid prop
erty. From the previous CO2-TPD analysis (Fig. 1d), it was confirmed 
that Na-ZSM-5 has the strongest CO2 adsorption site, i.e., the strongest 
basic site, among the prepared Na-zeolites. Therefore, Na-ZSM-5 pos
sesses a relatively strong Lewis acid-basic site compared to the other four 
Na-zeolites, and thus this strong adsorption site makes carbonate for
mation possible. As shown in Fig. 3b, the characteristic IR peak for 
carbonate species was still observed even at 70 ◦C. This also serves as 
one of the contributing factors to the high CO2 adsorption capacity of 
low silica Na-ZSM-5 adsorbent.

3.4. Practical aspect of Na-ZSM-5 adsorbent for DAC system

Here, we focused on Na-ZSM-5 with the lowest Si/Al ratio of 11.5 
among the zeolites prepared for application in the DAC system since it 
exhibited the best CO2 adsorption performance in this study (Fig. 2b). 
The purpose of DAC technology is to capture CO2 from the atmosphere. 
For the development of such a system, the long-term durability of the 
adsorbent is a critical factor. According to this, we assessed the dura
bility of Na-ZSM-5 through 20 cyclic tests under the low concentration 
of CO2 (400 ppm in He balance). As shown in Fig. 4a, despite the slight 
performance variations from cycle to cycle, no significant degradation 
was observed throughout the cycles. Notably, this low silica Na-ZSM-5 
maintained a high CO2 adsorption performance with an average CO2 
capacity of ca. 0.35 mmol g‒1. This result also presented that the tem
perature of 300 ◦C for desorption is sufficient for Na-ZSM-5 to be active 
for CO2 adsorption without the pretreatment at 450 ◦C. The superior 
long-term stability and the high capacity offer a significant advantage 
from a practical application perspective.

As the system we want to apply is direct air capture, we further 
evaluated the CO2 adsorption performance of atmospheric air over the 
low silica Na-ZSM-5 using a packed-bed reactor. Dry and wet conditions 
refer to the flow of 530 ppm CO2 with an N2 balance and the atmo
spheric air with humidity, respectively. Similar to the previous findings, 
Na-ZSM-5 exhibited a superior CO2 capacity compared to the corre
sponding H-ZSM-5. As shown in Fig. 4b, H-ZSM-5 exhibited an excep
tionally low CO2 adsorption capacity of 0.02 mmol g‒1, regardless of dry 
and wet conditions. In contrast, Na-ZSM-5 showed a much higher CO2 
adsorption capacity of 0.26 mmol g‒1 under the dry condition, and it 
decreased by ca. 23 % in the wet condition. In the packed-bed system to 
measure CO2 adsorption using a gas cell equipped with FT-IR, differ
ences in balance gas, sample form, and gas hourly space velocity existed 
compared to the previous CO2 breakthrough curve experiment with 
TCD. These system differences resulted in a lower CO2 adsorption ca
pacity of 0.26 mmol g‒1 compared to 0.35 mmol g‒1, despite using the 
same Na-ZSM-5 (11.5). In addition, we confirmed that the captured CO₂ 
in the sample was fully desorbed during the desorption process, 
regardless of the feeding environment, dry or wet conditions. In addi
tion, the CO2 capture profile over Na-ZSM-5 as a function of time on 
stream followed a typical Gaussian distribution, and the adsorption was 
maintained for about 500 sec under the wet condition (Fig. 4c). These 
results demonstrate that the low silica Na-ZSM-5 is also effective for 
adsorbing CO2 even in atmospheric air containing oxygen and moisture. 
Furthermore, when comparing the CO2 adsorption capacity of Na-ZSM-5 
with those of other adsorbents reported in the literature, the low silica 

Scheme 1. (a) Comparison of CO2 capture performance on various zeolite structures and (b) suggested CO2 adsorption mechanism on Na-zeolite.
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Na-ZSM-5 surpassed the average reported values (Fig. 4d and Table S2). 
Considering its simple formulation and easy accessibility, different from 
other complex adsorbents, we can suggest the potential for this com
mercial zeolite as a sorbent for DAC.

The in-situ DRIFTS experiments were also conducted to examine the 
CO2 adsorption-desorption behavior under the practical application 
condition. Fig. 5a presents the IR spectrum obtained from the low silica 
Na-ZSM-5 exposed to the CO2/N2 flow at 25 ◦C for 30 min. Similar to the 
previous DRIFTS characterization results (Fig. 3a), the IR peak corre
sponding to O=C=O linearly adsorbed on Na+ was mainly observed at 
2355 cm‒1 (Scheme 1b). The IR peaks for carbonate species were also 
observed at 1624 and 1678 cm‒1. These did not completely disappear 
even when the measuring temperature increased to 250 ◦C (Fig. 5b). 
This is in good agreement with the CO2-TPD result of Na-ZSM-5 with Si/ 
Al = 11.5, which has the strongest basic site (Fig. 2d). Interestingly, 
when the DRIFTS experiment was performed under the condition of an 
additional supply of 21 % O2 to make a similar atmospheric condition, 
almost identical IR bands were observed but with much higher intensity 
(Figs. 5c, d). The CO2 adsorption capacity was also increased to 0.32 
mmol g‒1. These results indicate the increased CO2 capture performance 
in the presence of O2. Additionally, the carbonate formation is more 
pronounced in the presence of O2, thus further enhancing CO2 chemi
sorption and overall capture performance.

Fig. 5e illustrates the in-situ DRIFT spectra of Na-ZSM-5 exposed to 
atmospheric air containing moisture and oxygen. While the character
istic IR peaks similar to the DRIFTS results under the dry condition 
described above were observed at the initial measurement (5 min), the 
intensity of the strongest peak appeared at 2355 cm‒1 decreased grad
ually with the passage of time (10 min), and a new peak appeared at 

2349 cm‒1 at the same time. This newly observed peak corresponds to 
the asymmetric stretching mode of free gas CO2 molecule [47]. This 
phenomenon can be explained by the competitive adsorption between 
CO2 and H2O, i.e., although atmospheric CO2 is initially adsorbed 
through interaction with abundant Na+, after some time, CO2 is des
orbed due to the competitive adsorption of H2O. On the other hand, the 
intensity of the carbonate peak did not decrease with time but increased 
and was even more pronounced than those measured under dry condi
tions. These results indicate that the main adsorption mechanism of CO2 
in atmospheric conditions is carbonate form at the acid-basic site in 
Na-ZSM-5 (Scheme 1b). As shown in Fig. 5f, the carbonate formed in this 
way was still strongly adsorbed even when the temperature increased to 
250 ◦C as shown in the inert gas flow conditions (Figs. 5b,d).

4. Conclusions

In this study, the adsorption-desorption characteristics of low con
centration CO2 in an atmospheric level were systematically investigated 
over the H- and Na-forms of commercial zeolites (ZSM-5, Mordenite, 
Beta and Y) with similar Si/Al ratios. Among the prepared zeolite ad
sorbents, Na-ZSM-5 exhibited a suitable DAC performance owing to its 
relatively smaller pore size and stronger acid-basic property. The CO2 
adsorption capacity of Na-ZSM-5 was more pronounced at lower Si/Al 
ratios due to the abundant adsorption sites derived from more Na+ ions. 
The low silica Na-ZSM-5 maintained its CO2 adsorption capacity even 
after multiple adsorption-desorption cycles, indicating its durability for 
practical applications. Based on these results, the low silica Na-ZSM-5 
was applied to the DAC system and found to effectively adsorb CO2 
through its strong acid-basic site, mainly as a carbonate form on the site, 

Fig. 4. Practical CO2 capture properties of Na-ZSM-5 (Si/Al = 11.5). (a) Long-term durability test through 20 times repetitive adsorption-desorption cycles with 400 
ppm CO2. (b) Comparison of CO2 capacities for adsorption and desorption under dry and atmospheric wet conditions and (c) CO2 capture profile as a function of time 
under an atmospheric wet condition in DAC system. For comparison, the data for H-ZSM-5 were added. (d) Comparison of CO2 capacities under wet condition 
between Na-ZSM-5 and the other state-of-the-art adsorbents reported in literature. Their test details are noted in Table S2.
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Fig. 5. Adsorbed species in CO2 adsorption-desorption over Na-ZSM-5 (Si/Al = 11.5). DRIFT spectra measured at 25 ◦C under the flow of (a) CO2 in N2 balance, (c) 
CO2 and 21 % O2 in N2 balance, and (e) atmospheric air, and (b, d, and f) each IR spectrum obtained during consecutive CO2 desorption in N2 flow at a temperature 
range of 25 to 250 ◦C.
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despite the presence of oxygen and moisture. These findings emphasize 
the importance of zeolite adsorbents with medium pore size, low Si/Al 
ratio and robust acid-basic sites as promising candidates for the DAC 
system that offers a potential net-zero solution.
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