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A B S T R A C T   

Nitrous oxide is a strong greenhouse gas contributing over 300 times global warming potential higher than 
carbon dioxide. The capture of nitrous oxide from industrial emission source represents an efficient and prom
ising strategy for its further treatment or recycling, which receives less attention in the past decades. Herein, a 
comprehensive study on nitrous oxide capture by alkali and alkaline-earth metal ions (Li, Na, K, Mg, Ca and Ba) 
exchanged FAU and CHA zeolites was conducted, with focuses on the underlying adsorption mechanism and the 
structure-performance relationship. Under ambient conditions, Ba-FAU and Na-CHA show remarkable nitrous 
oxide dynamic uptakes of 2.25 and 2.41 mmol/g, respectively, at high concentration of 50000 ppm, and Ba-FAU 
shows good dynamic uptake of 0.35 mmol/g at extremely low concentration of 1000 ppm. The dynamic nitrous 
oxide uptakes by zeolites at high concentrations are related to the surface area and the adsorption strength 
controlled by local electrostatic field, while the diffusion resistance shows serious negative impacts at low 
concentrations. The intrinsic stability of zeolite and the perfect recyclability make Ba-FAU an eligible industrial 
adsorbent for nitrous oxide capture. In situ Fourier transform infrared spectroscopy and Grand Canonical Monte 
Carlo simulations reveal that nitrous oxide molecules prefer to anchor to extraframework cations via terminal- 
oxygen atoms and meanwhile stabilized by framework oxygen through electrostatic interaction via central ni
trogen atoms. The explicit structure-performance relationship and the underlying mechanism are very important 
for the understanding of nitrous oxide capture by zeolites and most helpful for the rational design of robust 
adsorbents.   

1. Introduction 

Nitrous oxide (N2O) is known as a strong greenhouse gas due to the 
adverse effects on the tropospheric climate and the stratospheric ozone 
layer destruction, which contributes over 300 times global warming 
potential higher than that of carbon dioxide [1–4]. Besides emissions 
from nature resource, human activities from agriculture and industry are 
responsible for around 30% of N2O emissions [5]. Therefore, the control 
of human-related N2O emissions is imminent and has raised significant 
social concerns. Numerous catalytic strategies have been proposed to 
alleviate the environmental threat of N2O, namely i) direct decomposi
tion to nitrogen and oxygen; ii) selective catalytic reduction by hydro
carbons or ammonia; iii) catalytic oxidation using N2O as an oxidant 
[6,7]. However, these catalytic approaches might suffer from several key 
drawbacks. For instance, the complete decomposition of N2O generally 
requires high temperatures of >723 K and the catalytic reduction of N2O 
still occurs at >573 K [7,8], which render high energy consumption. The 
relatively low concentrations of the N2O stream (typically 0.05–0.2 % in 

the tail gas of nitric acid production plants [9]) bring about poor effi
ciency and utilization of N2O in the catalytic reactions. Adsorption- 
based options can provide an alternative route to capture N2O from 
mixed streams to generate concentrated N2O flows [9,10], which can be 
reclaimed downstream as laughing gas for medical treatment or as 
powerful oxidant for selective oxidations such as benzene to phenol 
[4,11,12]. 

The isotherms and isosteric heats of N2O on various adsorbents, 
including silica gels, activated carbons, metal–organic frameworks and 
zeolites, have been investigated in the past decades [13–18]. Among all 
these adsorbents, zeolites manifest promising attributes of low cost, high 
stability and composition adjustability. To date, most studies about N2O 
capture focus on its adsorption and activation behavior on the cationic 
forms of zeolites. Centi et al. reported that the enhanced electrostatic 
field generated by naked Ba cation allowed the oriented trap of N2O in 
Ba-MFI [9]. Yamashita et al. revealed that the extraframework cations 
showed significant impacts on N2O adsorption on a variety of ion- 
exchanged MOR zeolites [14]. Rakić et al. demonstrated the 
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chemisorption behavior of N2O on transition cations of Fe, Co and Cu 
exchanged MFI zeolites [7]. The chemisorption and activation of N2O 
through Eleye-Rideal or Langmuir-Hinshelwood mechanism on transi
tion metal sites of zeolites have been well documented [19]. Zhang et al. 
interpreted the effects of adsorption modes, i.e., through N- or O-end, on 
the adsorption energies by density function theory DFT calculations 
[20,21]. Furthermore, the chemisorption and activation mechanism of 
N2O in Fe-BEA was recently unraveled. N2O linking with the Fe center 
and forming η1-N species through backbonding effect occurred at low 
temperature, and increasing temperature resulted in the opposite 
isomerization by forming α-O species [22]. For the cationic forms of 
zeolites as a typical class of adsorbents, the cations of zeolites have 
diverse impacts on the adsorption behaviors of guest molecules. The 
above-mentioned studies have unlocked the potential of cationic zeo
lites in N2O capture, however, the impacts of cations on the adsorption 
behaviors of N2O are still poorly understood and the structure- 
performance relationship in N2O capture is not well established. 

Herein, we present a comprehensive study on N2O capture by the 
cationic forms of FAU and CHA zeolites, i.e., alkali/alkaline-earth metal 
ions (Li, Na, K, Mg, Ca and Ba) exchanged zeolites X and chabazite. The 
performance of trace N2O capture is investigated in detail to provide 
eligible adsorbents for practical applications. Ba-FAU manifests desir
able dynamic uptakes of N2O of 2.25 and 0.35 mmol/g at concentrations 
of 50,000 and 1000 ppm, respectively. In situ Fourier transform infrared 
(FTIR) spectra and Grand Canonical Monte Carlo (GCMC) simulations 
are employed to reveal the nature of host–guest interaction, i.e., the 
adsorption behaviors and binding modes of N2O on cationic zeolites. 
The impacts of multiple factors such as the electrostatic field, the 
adsorption heat and the surface area, on N2O uptakes are discussed to 
establish the reliable structure-performance relationship of N2O caption 
by cationic zeolites, which is most important and helpful for the rational 
design of adsorbents. 

2. Experimental and calculation 

2.1. Sample preparation 

Na-FAU (Si/Al = 1.2) and Na-FAU (Si/Al = 2.6) serving as zeolite 
hosts were purchased from Sinopec. M-FAU zeolites were prepared from 
Na-FAU-1.2 via aqueous ion-exchange. In a typical experiment, 3.0 g Na- 
FAU-1.2 were introduced to 100 mL of 1.0 M nitrate {LiNO3, KNO3, Mg 
(NO3)2 or Ca(NO3)2} solution stirring at 353 K for three times (0.2 M Ba 
(NO3)2 due to its low solubility). The slurry was filtered and washed 
with distilled water, dried at 353 K overnight and calcined in flowing air 
at 823 K for 5 h. CHA-type zeolites were obtained subject to FAU-type 
transformation according to the following routes. 3.0 g Na-FAU-2.6 
was ion-exchanged with 100 mL of 1.0 M KNO3 solution at 353 K, and 
calcined at 823 K for 5 h to obtain K-FAU. 3.0 g K-FAU-2.6 was added 
into 94 mL deionized water with KOH of 1.75 g, then transferred into 
autoclaves and heated at constant temperature of 423 K for 2 days under 
static conditions to derive K-CHA (Si/Al = 2.2). M-CHA (M = Li, Na, Mg, 
Ca, Ba) zeolites were then prepared from K-CHA through typical ion- 
exchange process. 

2.2. Sample characterization 

The X-ray diffraction (XRD) patterns of the samples were recorded on 
Bruker D8 diffractometer using Cu-Kα radiation (λ = 0.1541 nm) at a 
scanning rate of 6◦/min in the region of 2θ = 5-50◦. The surface areas of 
samples were measured by argon adsorption isotherms at 87 K collected 
on Quantachrome autosorb iQ gas adsorption analyzer. The surface area 
was calculated via Brunner-Emmett-Teller (BET) equation and the 
micropore properties were analyzed using the t-plot method. The 
chemical compositions of samples were determined on IRIS Advantage 
inductively coupled plasma atomic emission spectrometer (ICP-AES). 

2.3. Gas adsorption isotherm 

The adsorption isotherms of N2O, N2 and O2 were measured on 
Beishide PMC and Quantachrome autosorb iQ gas adsorption analyzers. 
Typically, samples of ca. 0.2 g were degassed under 573 K and vacuumed 
for 6 h before gas adsorption experiments to give desolvated samples. A 
circulator bath was used to maintain the target temperature (278 K, 288 
K, 298 K and 308 K). 

2.4. Breakthrough experiment 

A typical breakthrough experiment was performed in a fixed-bed 
packed with samples of ca. 0.5 g. Prior to the breakthrough tests, sam
ples were pretreated by heating to 523 K under a flow of helium at 20 
mL/min for 30 min to remove trace impurities. After cooling to 298 K, a 
N2O/N2 mixture of 50,000 or 1000 ppm was switched to the fixed-bed. 
The outlet composition was monitored online by Pfeiffer Omnistar GSD 
320 mass spectrometer. 

2.5. Temperature-programmed desorption (TPD) 

The experiments were carried out in a fixed-bed packed with samples 
of ca. 0.5 g. The gas mixture of 50000 ppm or 1000 ppm N2O/N2 was fed 
to the fixed-bed at a flow rate of 20 mL/min. When saturated by 
adsorption, the samples were purged by a flow of helium at 20 mL/min 
for 30 min and samples were then heated from 298 to 573 K. The TPD 
profiles of N2O were recorded on mass spectrometer. 

2.6. Ideal adsorbed solution theory (IAST) selectivity 

IAST was used to estimate the selectivity factor, S, for binary mix
tures using pure component isotherm data, which is defined according 
to the following equation, 

S =
x1y2

x2y1  

where xi is the amount of each component adsorbed as determined from 
isotherms and yi is the mole fraction of each component in the gas phase 
at equilibrium. 

2.7. Measurement and calculation of adsorption heat (Qst) 

Isosteric heats of N2O on various samples were determined on TA 
Q600 SDT simultaneous thermal analyzer. In a typical experiment, 
samples of ca. 10 mg were pretreated at 573 K in a flow of helium at 80 
mL/min. Once the temperature drops down to 298 K, 80 mL/min N2O 
was fed to the sample. Thermogravimetry (TG) and differential scanning 
calorimetry (DSC) signals were simultaneously recorded. 

The differential enthalpies (ΔH) and entropies of adsorption (ΔS) 
were calculated as a function of the amount adsorbed from the isotherms 
measured over a range of temperatures (278 K, 288 K, 298 K and 308 K) 
using the Clausius-Clapeyron equation. The integral form is given as 
follows, 

lnp =
ΔH
RT

−
ΔS
R  

a relationship of ln p versus 1/T at constant amount adsorbed allows the 
differential enthalpy and entropy of adsorption and hence the isosteric 
enthalpy of adsorption (Qst = -ΔH) can be determined. 

2.8. In situ Fourier transform infrared (FTIR) spectroscopy 

The experiments were performed on Bruker INVENIO R spectrometer 
equipped with an in situ reaction chamber and a liquid nitrogen cooled 
high sensitivity mercury cadmium telluride (MCT) detector. Before the 
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experiments, ca. 0.02 g of finely-ground sample was placed in the 
chamber and pretreated under dynamic vacuum at 573 K for 1 h. After 
cooling down to 298 K, 1000 ppm N2O balanced in N2 was introduced 
into the system at a flow rate of 5.0 mL/min. The spectra during the 
process were then recorded by accumulating up to 128 scans at a 
spectral resolution of 1 cm− 1. 

2.9. Calculation of electrostatic potential 

Calculations were performed using Gaussian 16 quantum chemistry 
package [23]. The geometry of N2O is optimized using wB97XD func
tional with def2-svp basis set [24]. The electrostatic potential was 
calculated using Multiwfn and plotted using VMD [25,26]. 

2.10. Grand Canonical Monte Carlo (GCMC) simulation 

The GCMC calculations were conducted with Sorption program 
(Materials Studio 8.0) to investigate the interactions between N2O 
molecule and selected zeolites (Ba-FAU and Na-CHA) whose structures 
were modified from reported models. The frameworks and gas molecule 
were regarded as rigid structures. The optimal adsorption sites were 
simulated under 298 K and 0.001/0.05 bar by the fixed loading task and 
the Metropolis method. The loading steps, equilibration steps, and 
production steps were all set to 1 × 107 to guarantee equilibration. A 
standard Lennard-Jones and Coulomb model was used and the Lennard- 
Jones parameters for framework atoms were adopted from the universal 
force field (UFF), and gas molecule from the reported article (See sup
plementary data for detailed parameters) [27,28]. 

3. Results and discussion 

Various topological structures of zeolites (CHA, FAU, MOR, MFI and 
BEA) were investigated for the initial screening of efficient N2O adsor
bents. According to the N2O adsorption isotherms at 298 K (Fig. S1), Na- 

FAU-1.2 and Na-CHA-2.2 exhibit relatively higher adsorption capacities 
in the low-pressure region of < 0.1 bar. To study the impact of cations on 
the adsorption performance, a series of alkali/alkaline-earth metal ion- 
exchanged M-FAU and M-CHA zeolites (M = Li, Na, K, Mg, Ca, and Ba) 
were prepared via aqueous ion-exchange. The X-ray diffraction patterns 
and argon adsorption isotherms are shown in Figs. S2–S5, and the 
microporous properties and exchange degrees are summarized in 
Table S1. The formation of MgO upon calcination results in the partial 
framework collapses and the corresponding decline in X-ray diffraction 
intensity, in coincidence with the previous reports [29,30]. 

The N2O adsorption isotherms of M-FAU and M-CHA zeolites were 
collected at 298 K, as shown in Fig. 1a and 1b, respectively. All the 
investigated samples exhibited reversible microporous I-type isotherms. 
The uptakes of M-CHA zeolites (2–4 mmol/g) at 1 bar are slightly lower 
than those of M-FAU zeolites (3–5 mmol/g) for the same ionic type, 
which might be related to their lower surface area (Figs. S4 and S5). At 
the pressure of 0.05 bar, which corresponds to the partial pressure of 
N2O in enriched streams, the static uptakes in Ba-FAU and Na-CHA ze
olites surpass the record of other samples reported (Fig. 1c and Table S2) 
[13,14,16,17,31–33]. Adsorption isotherms of major air components N2 
and O2 have been measured at 298 K on Ba-FAU and Na-CHA (Fig. 1d 
and 1f), confirming distinctly higher uptake of N2O than N2 and O2, 
especially in the low-pressure region. Ideal adsorbed solution theory 
(IAST) was then calculated to predict the adsorption selectivity, and the 
IAST selectivity values of Ba-FAU and Na-CHA for N2O/N2 and N2O/O2 
mixtures (0.1/99.9) are all>1000 (Fig. 1e and 1 g). Ba-FAU appears to 
be more selective than Na-CHA for the capture of N2O in air. 

Considering the demand of low concentration N2O capture and the 
re-enrichment of the streams [9], the dynamic breakthrough experi
ments were performed under the condition of 1000 or 50000 ppm N2O 
balanced in synthetic air (20 %O2-80 %N2) at 298 K (Fig. 2a and 2b). In 
all dynamic experiments, the breakthrough of N2 or O2 was detected 
within a very short time, thus not shown in the profiles for clarity. Ba- 
FAU and Na-CHA exhibit ultra-high dynamic uptakes of 2.25 and 
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Fig. 1. N2O adsorption isotherms on (a) M-FAU and (b) M-CHA zeolites at 298 K. (c) Comparison of N2O uptakes upon various adsorbents. (d) N2O, N2 and O2 
adsorption isotherms on Ba-FAU zeolite at 298 K. (e) Calculated IAST selectivity of N2O/N2 and N2O/O2 mixtures (0.1/99.9) on Ba-FAU zeolite. (f) N2O, N2 and O2 
adsorption isotherms on Na-CHA zeolite at 298 K. (g) Calculated IAST selectivity of N2O/N2 and N2O/O2 mixtures (0.1/99.9) on Na-CHA zeolite. 
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2.41 mmol/g, respectively, under the condition of 50000 ppm, and Ba- 
FAU remains favorable uptakes of 0.35 mmol/g at extremely low N2O 
concentration of 1000 ppm. Reasonably, the dynamic uptakes of 50000 
ppm N2O are slightly lower than the static uptakes at 0.05 bar for 
identical sample, but they follow the same sequence. That is, Ba > Na >
K > Li > Ca >Mg for M-FAU and Na > Li > Ba > Ca > K >Mg for M-CHA 
(Table 1). With regard to 1000 ppm dynamic adsorption, N2O uptakes 
(Ba > Ca > Na > K > Li > Mg for M-FAU and Na > Ca > Ba > Li > Mg >
K for M-CHA) are not in full accord with the principles aforementioned, 
which will be interpreted in detail later. 

Temperature-programmed desorption (TPD) experiments were con
ducted for all zeolite samples to determine the adsorption strength and 
recyclability (Fig. 3a and 3b). Weakly adsorbed N2O on the samples was 
quickly removed during the primary purge process, and the highest 
storage capacity was retained in Ba-FAU. The desorption peak of N2O 
was observed in the temperature range of 298–443 K, indicating the 
complete regeneration of Ba-FAU upon thermal treatment at 443 K or 
higher. On this basis, the recyclability of Ba-FAU in N2O dynamic cap
ture was evaluated, as shown in Fig. 3c and 3d. The complete regener
ation of Ba-FAU can be achieved by heating the saturated sample at 473 
K for 10 min. No loss in the adsorption capacity is observed for five 
successive cycles of the breakthrough tests, revealing that Ba-FAU is 
applicable to the simple temperature-swing adsorption process. The 
competitive cost of Ba-FAU (<$3000 per ton [30]), high adsorption 
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Fig. 2. Dynamic breakthrough plots of (a) M-FAU and (b) M-CHA zeolites at 298 K. Conditions: 50,000 or 1000 ppm N2O balanced with air, total flow rate of 20 mL/ 
min, 0.5 g zeolite. 

Table 1 
Static and dynamic uptakes of N2O in M-FAU and M-CHA zeolites.  

Sample Static uptake 
@0.05 bar (mmol/ 
g) 

Dynamic uptake 
@50000 ppm (mmol/ 
g) 

Dynamic uptake 
@1000 ppm (mmol/g) 

Li-FAU  1.65  1.22  0.06 
Na- 

FAU  
2.12  1.79  0.10 

K-FAU  1.65  1.63  0.08 
Mg- 

FAU  
0.69  0.60  0.04 

Ca-FAU  1.39  1.00  0.19 
Ba-FAU  2.70  2.25  0.35 
Li-CHA  1.73  1.42  0.05 
Na- 

CHA  
2.95  2.41  0.23 

K-CHA  0.98  0.65  0.01 
Mg- 

CHA  
0.80  0.57  0.03 

Ca- 
CHA  

1.23  0.88  0.17 

Ba- 
CHA  

1.65  1.13  0.13  
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capacity, and simple regeneration will promote its application in the 
capture of N2O from industrial tail gases. 

For the two typical sorbents, Ba-FAU and Na-CHA, the isosteric heat 
was calculated by the Clausius-Clapeyron equation from the isotherms 
measured over a range of temperatures (Figs. S6 and S7). Moderate 
isosteric heat of 35–40 kJ/mol was obtained (Fig. S8), and the higher 
adsorption heat of Ba-FAU at low N2O loadings corresponds to its su
perior performance versus Na-CHA in 1000 ppm N2O breakthrough ex
periments (Fig. 2b). The apparent isosteric heat (Qst) of N2O adsorption 
can be directly measured via thermogravimetry and differential scan
ning calorimetry (Figs. S9 and S20). All the basic zeolites samples show 
desirable adsorption heat values, ranging from 35 to 60 kJ/mol. M-CHA 
samples collectively demonstrate higher adsorption heat values than M- 
FAU due to the ultra-high microporous adsorption potential of CHA type 
zeolites. Specifically, the Qst value decreases in the sequence of K-FAU 
(48.0 kJ/mol) > Na-FAU (46.0 kJ/mol) > Li-FAU (43.2 kJ/mol) and Ba- 
FAU (53.2 kJ/mol) > Ca-FAU (42.4 kJ/mol) > Mg-FAU (34.7 kJ/mol), 
and K-CHA (56.6 kJ/mol) ≈ Na-CHA (56.9 kJ/mol) > Li-CHA (54.4 kJ/ 
mol) and Ba-CHA (57.1 kJ/mol) > Ca-CHA (52.3 kJ/mol) > Mg-CHA 
(49.2 kJ/mol). The variation trends of Qst are in good consistency with 
the temperature of N2O desorption peaks observed in the TPD profiles 
(Fig. 3a and 3b). 

Theoretically, lower electronegativity of extraframework cations 
corresponds to stronger local electrostatic field of zeolites and therefore 
ensures stronger adsorption toward guest molecules (See Table S3 for 
Sanderson electronegativity) [34]. To clarify the relationship between 
the extraframework cations and Qst, the concept of average ionic po
tential, defined as Z/r where Z is effective charge and r is ionic radius, 
was introduced to semi-quantitatively evaluate the strength of electro
static field. Average ionic potential is essentially the charge density 
determined by its definition, and lower ionic potential endows weaker 
ability to bind the framework oxygen, i.e., the cation itself can generate 
stronger free electrostatic field [35]. The negative correlation between 
the average ionic potential and apparent Qst was definitely observed 
(Fig. 4a and 4b), confirming that the Qst of N2O is closely related to the 
local electrostatic field of zeolites regulated by the extraframework 
cations. 

The correlation between the adsorption heat and dynamic uptake of 
N2O was then explored. To eliminate the impacts of surface area caused 
by disparate cations, the dynamic uptakes per unit cell were calculated 
(See Table S4 for unit cell information). Positive linear correlation be
tween N2O uptake (at 50000 ppm) per unit cell and the adsorption heat 
can be established (K-CHA is not included in the figure due to its 
extremely low BET surface area and the resulting substantial un
certainties), as shown in Fig. 4c and 4d. That is, the dynamic uptake of 
high concentration N2O is controlled simply by the adsorption heat and 
the surface area of adsorbent. Considering the recyclability of zeolite 
adsorbent, higher value of adsorption heat means high energy con
sumption for regeneration and, in this context, the adsorption heat of 
N2O should be optimized in a proper range, e.g., 52–58 kJ/mol. Mean
while, the surface area of adsorbent should be as high as possible to 
obtain high N2O dynamic uptake. While for low concentration of N2O 
like 1000 ppm, no positive correlation between N2O uptake per unit cell 
and the adsorption heat could be observed (Fig. S21) because the 
diffusion resistance plays a dominant role in the process of trace N2O 
capture. Despite that N2O can pass through the pore windows of M-FAU 
and M-CHA zeolites, the diffusion resistance will retard the diffusion 
kinetics and therefore reduce the dynamic uptake especially at low N2O 
concentrations as the process can be driven by the concentration 
gradient. Typically, alkali metal ions show more significant effects than 
alkaline-earth metal ions due to their twice number per unit cell. Also, 
larger extraframework cations show more significant impacts than the 
smaller ones. For the above reasons, the positive linear correlation be
tween N2O uptake per unit cell and the adsorption heat is broken at low 
N2O concentrations. To improve the dynamic N2O uptake at low con
centrations, barrierless molecular diffusion is highly desired. 

The underlying mechanism of N2O adsorption on M-FAU and M-CHA 
zeolites were investigated by means of in situ Fourier transform infrared 
(FTIR) spectroscopy and the results are shown in Figs. 5a, 5b and S22. 
The IR bands in the region of 2233–2251 cm− 1 due to the ν3 (N-N bonds) 
stretching vibrations of N2O were observed for the samples, which 
present remarkable blue shifts in comparison with gaseous N2O at 2224 
cm− 1 [36–38]. The weak and broad IR bands observed in the range of 
2210–2220 cm− 1 can be ascribed to the framework dispersion forces 
which lower the ν3 frequency [39]. Additionally, the IR bands of 
adsorbed N2O got resolved into shoulder bands in alkali cations 
exchanged chabazite zeolites, presumably due to the discrepancy of 
monovalent cation environment, for instance the Al distributions. 
Similar results have been reported for faujasite and mordenite zeolites 
that alkaline-earth ions distribute more uniformly than alkali cations 
[36]. The bands in the region of 1235–1210 cm− 1 were assigned to the ν1 

(N-O bonds) stretching vibrations, which presented notable red shifts in 
contrast with gaseous N2O at 1285 cm− 1 [36–38]. Additionally, the first 
overtones of the bending vibrations δ (1169 cm− 1 for N2O in gas phase) 
appeared on the side with lower wavenumber of ν1 vibrations. Given the 
particularly low concentration adsorption, the differences in the 
adsorption potential within two types of zeolites have been confirmed 
by the relative vibration frequencies, and the ν3 and ν1 frequencies are 
exactly consistent with the sequence of local electrostatic field for iso
valent cations in both cases, crucially indicating the mechanism of 
terminal-oxygen preferred adsorption. N2O is intrinsically a neutral 
polar molecule with electropositive central nitrogen, and electronega
tive terminal nitrogen and oxygen atom (See Fig. S23 for electrostatic 
potential diagram). The central nitrogen tends doubtless to link frame
work oxygen through electrostatic interaction. Assuming that the ter
minal nitrogen interacts with cations, however, both bindings lengthen 
the N-N bonds and hence decrease the ν3 frequencies, vice versa for N-O 
bonds, misfitting the observed FTIR spectra. Therefore, it is inferred that 
the preferential binding between N2O terminal oxygen and extra
framework cations weakens the N-O bonds and strengthens the N-N 
bonds, and further induces the blueshift of ν3 frequency. 

For clear insights into the nature of host–guest interaction, Grand 
Canonical Monte Carlo (GCMC) simulations were performed to 
demonstrate the adsorption behaviors of guest molecules. Fig. 6a and 6b 
present the probability distributions of N2O within Ba-FAU under 0.001 
and 0.05 bar, respectively. N2O molecules preferentially occupy the t-toc 
(sodalite) cage under extremely low pressure of 0.001 bar and diffuse to 
the t-fau cage (supercage) with the pressure increasing to 0.05 bar 
(Figs. S24 and S25). While for Na-CHA (Figs. 5c, S26 and S27), N2O 
molecules occupy the t-cha cage regardless of the pressure. In both 
structures, N2O molecules do not appear in the t-hpr (d6r) cage, due to 
the hindrance from extraframework cations located at the six-membered 
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FAU and (b) M-CHA zeolites at 298 K (light-colored lines represent 
fitted peaks). 
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ring windows. The probable N2O binding configurations are illustrated 
in the t-toc cage (Fig. 6d) and the t-fau cage (Fig. 6e) in Ba-FAU and the t- 
cha cage (Fig. 6f) in Na-CHA. N2O molecules with the shortest distances 
to Ba/Na ions are typically anchored via the terminal oxygen, and the 
central nitrogen atoms are stabilized by the basic framework oxygen. 
The distance between the central nitrogen and two adjacent framework 
oxygens is generally longer than that between the terminal oxygen and 
extraframework cations. That is, the latter makes greater contribution to 
N2O stabilization, which is mutually consistent with the FTIR spectra 
(Fig. 5a and 5b). Typically, in the t-toc cage of Ba-FAU, the terminal 
oxygen atoms of N2O bind to Ba with a distance of 3.5 Å and N2O bind 
through oxygen-end to Ba via electrostatic interaction with a distance of 
3.2 Å in the t-fau cage. While in the t-cha cage of Na-CHA, the distance 
between terminal oxygen of N2O and Na is as short as 2.3 Å. The distinct 
distances admittedly reflect the difference in the adsorption strength, i. 
e., Na-CHA (56.9 kJ/mol) > Ba-FAU (53.2 kJ/mol). Overall, GCMC 
simulations provide helpful comprehension of the adsorption behaviors 
of N2O in zeolites and the results are in good consistency with experi
mental observations. 

4. Conclusions 

N2O, a strong greenhouse gas with over 300 times global warming 
potential higher than carbon dioxide, has been largely overlooked in the 
past decades. The capture of N2O from industrial emission source rep
resents a necessary initial step for further processing and draws great 
attention nowadays. 

Due to the intrinsic characteristics of good stability and low cost, the 
cationic forms of zeolites become the promising choice of industrial 
adsorbents for N2O capture. In this study, a series of alkali and alkaline- 
earth metal ions exchanged FAU and CHA zeolites, namely M-FAU and 
M-CHA, were prepared and investigated for the selective capture of N2O 
under various conditions. The types of extraframework cations show 
significant impacts on the performance of zeolite adsorbents for N2O 
capture. Typically, Ba-FAU and Na-CHA show unprecedent high- 
concentration N2O (50000 ppm) dynamic uptakes of 2.25 and 2.41 
mmol/g, respectively, at 298 K, and Ba-FAU shows good low- 
concentration N2O (1000 ppm) dynamic uptake of 0.35 mmol/g. The 

dynamic N2O uptakes by zeolites at high concentrations are related to 
the surface area of zeolites and the adsorption strength toward N2O, 
while the diffusion resistance of N2O from zeolite pores shows important 
negative impacts at low concentrations. As a whole, Ba-FAU zeolite 
appears to be an eligible industrial adsorbent for N2O capture under 
various conditions due to its high N2O dynamic uptake and perfect 
recyclability as well as the intrinsic advantages of good stability and low 
cost. 

The underlying mechanism of N2O adsorption on cationic zeolites 
and the nature of host–guest interaction have been elucidated by means 
of in situ FTIR spectroscopy and GCMC simulations. In situ FTIR spectra 
reveal that N2O molecules preferentially anchor to extraframework 
cations via terminal-oxygen atoms and meanwhile stabilized by frame
work oxygen through electrostatic interaction via central nitrogen 
atoms. The adsorption mode of N2O is well supported by GCMC simu
lations. GCMC simulations also disclose that N2O molecules preferen
tially occupy the t-toc cage of FAU zeolites under extremely low pressure 
of 0.001 bar and diffuse to the t-fau cage with the pressure increasing to 
0.05 bar, while N2O molecules only occupy the t-cha cage of CHA zeo
lites regardless of the pressure. 

In summary, a robust adsorbent Ba-FAU has been successfully 
screened out for N2O capture at both high and low concentrations. The 
underlying mechanism and the structure-performance relationship have 
been clearly interpreted, which greatly improve current understandings 
of N2O capture by cationic zeolites and can guide the rational design of 
new adsorbents. 
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Fig. 6. Views of probability distribu
tions of N2O within Ba-FAU under (a) 
0.001 and (b) 0.05 bar, and within Na- 
CHA under (c) 0.05 bar at 298 K. Most 
probable N2O binding sites determined 
from GCMC simulation in (d) t-toc and 
(e) t-fau cage of Ba-FAU and (f) t-cha 
cage of Na-CHA at 0.05 bar and 298 K. 
Selected shortest distances between 
exchangeable cations and N2O are 
highlighted (Na/Ba: fuchsia; Si/Al: 
cyan; O: red; N: navy). (For interpre
tation of the references to colour in this 
figure legend, the reader is referred to 
the web version of this article.)   
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