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Abstract

The oxidation of NO to NO2 and the subsequent reduction by NHz via a NO* intermediate
over a proton-type chabazite zeolite (H-CHA) were investigated by the combination of in situ
infrared (IR) spectroscopy and density functional theory (DFT) calculations. The in situ IR
spectral results indicate that the NO* species formed under a flow of NO + Oz at 27-250 °C
are more stable at lower temperatures over both H-CHA and copper-cation-exchanged CHA
zeolite (Cu-CHA). The Arrhenius plot (T = 27-120 °C) shows a negative apparent activation
barrier energy (-11.5 kJ mol1) for the formation of NO* species under the NO + Oz flow over
H-CHA. The time course of the IR spectra at 27 °C shows that NO is oxidized by Oz to NO2
and then further converted via N20O4to NO* and NOs™. The subsequent exposure to NH3 at
27 °C reduces the NO™ species to N2. DFT calculations revealed that Brgnsted acid sites in
zeolite pores promote the dissociation of N204 intermediates into NO* and NO3~ species with
a low activation barrier (15 kJ mol?). Moreover, the computed activation barrier for the
reduction of NO* species by NHz was considerably low (6 kJ mol?). The experimental and
theoretical results of this study demonstrate the high potential of Cu-free H-CHA zeolites for
promoting the lean NOx capture to form NO* species and the subsequent reduction by NHs

at room temperature.



1. Introduction
Nitrogen oxides (NOx), which are harmful acid rain gases, are mainly released from
automotive engines, power plants, and chemical industries. The selective catalytic reduction
(SCR) of NOx by NH3 (NH3-SCR; Eq.(1)) is widely used to control NOx emissions from lean
exhaust.’
4ANO + 4NHz + O2 — 4N2 + 6H20 (1)
Copper-cation-exchanged chabazite (CHA) zeolites (Cu-CHA) have been utilized as
commercial catalysts for NH3-SCR because of their high activity and hydrothermal stability.
Although Eq. (1), the so-called standard SCR, is catalyzed by Cu-CHA in current deNOx
systems, the purification of NOx still requires an operating temperature above 200 °C. To
address this issue, the selective reduction of the NO/NO2 mixture by NH3 (fast SCR; Eq. (2))
has been investigated as a catalytic system to decrease the operating temperature.
2NO+ 2NOz2 + 4NH3 — 4N2 + 6H20 (2)
However, a temperature of 100-150 °C is still required to reduce NOx under lean operating
conditions.®11 In addition, a partial conversion of NO to NO2 using an upstream diesel
oxidation catalyst (DOC) is required to provide co-feeding NOz2 for the SCR system. The next
generation NH3-SCR system working at lower temperatures, ideally room temperature,
without NO2 co-feed is strongly desired.
The nitrosonium cation (NO®) is the oxidized form of NO and one of the key species of
nitrosation processes.'2'2 Previous mechanistic studies of the NH3-SCR reaction indicated
that the NO* species formed in zeolite pores play a significant role.!4'® Szanyi et al.
conducted both high magnetic field solid-state (SS) magic angle spinning (MAS) nuclear
magnetic resonance (NMR) and IR analyses to characterize the key intermediate in the SCR
reaction over Cu-CHA. They suggested that side-on Cu*---NO* species are formed by the
reduction of Cu?* to Cu* by using NO at room temperature:17-18
Cu?* + NO — Cu*---NO*
The same group showed in a subsequent study that NO* formation was not the consequence
of the Cu?* reduction by NO.® A recent theoretical investigation by Gronbeck et al.?®
suggested a mechanism for the low-temperature NH3-SCR over Cu-CHA in which the NO-
induced Cu?* reduction to Cu* and NO* proceeded with low activation barriers.
Moreover, previous studies have shown that NO* species are formed in Cu-free zeolites
under low-temperature NO oxidation conditions.?1?? Hadjiivanov et al. reported the presence
of NO* species bound to the negative O~ site of H-ZSM-5 by using labeled O2 molecules

(*802) and deuterium (D2).2® From the in situ IR spectra of labeled NO molecules (**NO), it



was observed that NO oxidation at low temperatures (-173 °C — RT) generated NO™ species
via NxOy species over H-ZSM-5.24 Szanyi et al. investigated the NO oxidation over Na-Y
zeolite?> and observed that NO* is formed after exposure to a flow of NO + O: at high O2
pressure via the following reaction:

2NO2 <> N204 <+ NO* + NO*-
Although previous reports suggest the use of Cu-free zeolites to capture NO as NO* at low
temperatures, under lean conditions, and without NO2 addition, the possible role of Cu?* sites
forming NO™ species under NH3-SCR conditions over Cu-CHA is still debatable.
It is well known that the catalyst-free NO oxidation in the gas phase is faster at lower
temperatures and shows a negative activation energy for the NO2 production.?® Recently, it
was reported that NO oxidation was effectively promoted at low temperatures by both H- and
Na-CHA zeolites, showing higher reaction rates than the gas phase reaction.?’?® Lobo et al.
investigated the role of micropores on NO oxidation to NO: in the temperature range of 0—
150 °C using porous materials such as H-CHA to elucidate the effect of pore size on the
reaction.?”?8 |t was confirmed that lower temperature facilitated higher NO oxidation rates
over H-CHA. Their detailed kinetic study showed a negative apparent activation barrier for
NO oxidation caused by the physical confinement effects of the micropores. A subsequent
theoretical study compared NO oxidation pathways in the gas phase with that in the cage of
CHA. The enthalpic stabilization of the transition states (TS) caused by the confinement effect
resulted in a lower free energy.?®
Based on these reports, it was hypothesized that room-temperature oxidation of NO in H-
CHA generates adsorbed NO™ species as an intermediate via NO2 disproportionation. In the
present study, in situ IR spectral measurements were conducted to investigate the produced
NxOy intermediates during NO oxidation at low temperatures over H-CHA. The outlet gas was
simultaneously monitored. In the initial stage of the process, more specifically at 27 °C, NO*,
NOs-, and N204 species were formed over H-CHA. The reduction of the formed NO* species
with NHs was further investigated, demonstrating that the NO* species formed were
successfully reduced by NHsz even at 27 °C. Theoretical investigations revealed that the
Brgnsted acid site (BAS) in H-CHA serves as the active site to convert N2O4 intermediates to
NO* and NOs™ species with a low activation barrier. Although the proposed reaction that
occurs at low temperature over H-CHA zeolite is not catalytic and not directly applicable to
steady state NH3-SCR, understanding the detailed mechanism of this process would be of

great importance for real-world applications because most of the emissions from the engine



are emitted during the cold start period (i.e., the period before the catalysts are functional3:31)
and BAS are always present even in the Cu-zeolites. In addition, effective use of this process,
together with other non-catalytic approaches such as a passive NOx adsorber system3?,

would enable to reduce NOx emissions during the cold start period.

2. Experimental and theoretical methodology

2.1 Insitu IR

The proton-type CHA zeolite (H-CHA) was obtained by calcining the CHA zeolite (Tosoh,
NH4*-type, SiO2/Al203 = 12.8) at 600 °C for 3 h in air. The Cu-CHA catalysts were prepared
by stirring NHas-type CHA in an aqueous copper acetate solution at room temperature for 3 h,
followed by washing with water, drying at 100 °C for 12 h, and calcining at 600 °C for 3 h.
The Cu/Al ratio (0.42) of the zeolites was determined by X-ray fluorescence spectroscopy
(Shimadzu, EDX-700HS). In situ IR spectra were collected in transmission mode using a
JASCO FT/IR-4200 spectrometer equipped with a triglycine sulfate (TGS) detector. A quartz
IR cell was placed in the spectrometer and connected to a conventional flow reaction system
(total flow: 100 mL min-t). The sample was pelletized into a 40 mg self-supported disk and
placed in a quartz IR cell with CaF2 windows. IR spectra were recorded in the transmission
mode by accumulating 20 scans at a resolution of 4 cm™. The reference spectrum of the
sample disk was collected under a He flow at the temperature of the measurement. The gas
line from the IR cell was directly connected to a homemade gas cell equipped with CaF2
windows to monitor the generated gases (NO and NO2) using a JASCO FT/IR-4600
spectrometer (equipped with a TGS detector). To monitor the outlet gases including Nz, H20,
and NHs, a mass spectrometer (BELMass, MicrotracBEL Corp.) was utilized. The sample
disk was pretreated with 10% Oz at 500 °C prior to exposure to a flow of 0.1% NO + 10% O:

at 27 °C. The IR measurement and exposure started simultaneously.

2.2 Computational methods

Density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP).33-% The Perdew—Burke—Ernzerhof (PBE) functional®® was used
together with the projector augmented wave (PAW) method.3”*® The plane-wave energy
cutoff was set to 500 eV. The Brillouin zone sampling was restricted to the I' point.3® The
dispersion-corrected DFT-D3 (BJ) method was used to describe the van der Waals

interactions.*® Geometry convergence was assumed with a force below 0.05 eV Aon each



atom. The climbing image nudged elastic band (CI-NEB) method was used to determine the
transition state (TS) along with the minimum-energy reaction path.*

The unconfined free-state NO2 was optimized within a large cubic cell (a =b =c =20 A), and
spin-polarized calculations were applied to account for its unpaired electron. The CHA zeolite
was modeled with a 36T unit cell.*?> Chabazite contains a single T site, and one of the lattice
Si in the unit cell was substituted by an Al atom to introduce a charge-compensating proton
(H*Oz) as the Brgnsted acid site (BAS) (Figure 1). Then, full geometry optimizations of the
zeolite framework atoms and guest molecules were performed with fixed lattice parameters
(@a=b=13.74 A, c=14.84 A; a =B =90° y = 120°).

Figure 1. Computational H-CHA zeolite model employed in DFT calculations. The BAS
(represented by H*Oz") was introduced as charge-compensating cation by the isomorphous

substitution of an Al atom for one lattice Si in the unit cell.



3. Results and discussion

3.1 Room temperature NO oxidation monitored by in situ IR spectroscopy

In situ IR spectroscopy was carried out to characterize the generated surface species during
NO oxidation at low temperatures. The collected spectra and time course of the heights of
the selected IR peaks and the NO and NO2 concentrations in the outlet gas are shown in
Figure 2. In the initial stage, a rapid increase in the intensity of the band at 2166 cm™,
assigned to NO* species, was observed.?3-2>4344 Subsequently, five other IR bands
attributed to NO*NO2,2543 N204,242544.45 gadsorbed HNO3 (HNOzad),*3*® and nitrate species
(NO3)?4254344 gppeared at 2220, 1750, 1666, and 1380 cm, respectively. NO3™ species,
which were observed by the IR measurements, were produced by some side-reactions such
as the dissociation of HNOs and N20s4 that give H*-NOs and NO*-NOg3z species,
respectively.*® After 400 s of exposure, the formation of NO*, HNOszad, and N204 was
saturated, and the concentration of NO2 in the outlet gas started to increase in spite of the
unchanged NO concentration. In addition, the NO* peak height decreased after saturation
occurred because of the subsequent formation of NO*NO2 species. In addition to the
proposals in previous reports,?4254748 these results indicate that NO oxidation in the
micropores of H-CHA generates NO2, which is then transformed to NO* and HNOs on the

BAS via the N2O4 intermediate.
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Figure 2. (a) In situ IR spectra of species adsorbed on H-CHA (40 mg) under a flow of 0.1%
NO + 10% Oz at 27 °C (total flow: 100 ml min-t). (b) Time dependence of the IR peak height
for surface species and (c) the concentration of NO and NO: in outlet gas monitored by a gas

cell.



As mentioned in the introduction, the role of Cu sites on the formation and adsorption of NO*
in Cu-CHA is still controversial.1”1849 To identify the adsorption site for NO* species, Figure
3 presents the IR spectra of H-CHA (Figure 3a) and Cu-CHA (Figure 3c) at several
temperatures (27-250 °C) after exposure to a flow of NO + O2. Using H-CHA, IR bands
corresponding to NO* and NOs~ species were observed at 2166 cm™ and 1626 cm™,
respectively.1®2350 |n the case of Cu-CHA, IR bands related to NO3~ species adsorbed on
Cu?* cations (Cu?*-NOs~ species) were observed at 1626 cm™, 1600 cm™, and 1570 cm,
respectively, in addition to NO* species at 2160 cm™2.1950-52 The temperature dependence of
the IR peak heights is shown in Figure 3b,d. Over both zeolites, NO* species decreased with
increasing temperature and were hardly observed at temperatures higher than 250 °C,
indicating that a lower temperature favors the formation of NO* species. The comparison of
the IR peak heights between H-CHA and Cu-CHA indicated that the Cu sites in Cu-CHA do
not play a better role in the formation of NO* in the low-temperature region than the BAS in
H-CHA.
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Figure 3. IR spectra of NO* intermediate under a flow of 0.1% NO + 10% O:2 at varying
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3.2 Kinetic study of NO* formation
IR spectra of the adsorbed NxOy species on H-CHA were collected in the low-temperature
region (27-120 °C) under a flow of 0.1% NO + 10% O2. The IR spectra collected over time
at different temperatures are provided in Figure S1. The reaction rates for NO* formation
under a flow of NO + Oz were evaluated using the initial slope of the evolution of the IR peak
area corresponding to NO* species.
The Arrhenius plot (Figure 4a) shows a linear slope in the applied temperature range,
resulting in an apparent activation energy (Ea) of =11 kJ mol-*. This indicates that a lower
temperature kinetically favors the NO* formation over H-CHA. Lobo et al. reported the Ea for
the overall NO2 formation, which is described as follows:?8
2NO + O2 — 2NO:z2 (5)
The reported Ea value for H-CHA is also negative (-37.5 kJ mol?) in the temperature range
of 70-150 °C, which indicates that the oxidation of NO to NO2 over H-CHA is faster at lower
temperatures.
The dependencies of the NO* formation rates on O2 (poz, 0.1-10%, Figure 4b) and NO
pressure (pno, 0.01-1%, Figure 4c) were determined (IR spectra can be found in the Figure
S2). The reaction orders of O2 (0.35) and NO (0.63) for the NO* formation using NO oxidation
over H-CHA were both positive. Lobo et al. reported that the reaction orders of po2 (1.03) and
pno (2.04) for the NO oxidation to NO2 over H-CHA were positive.?® As discussed before, the
potential mechanism for the formation of NO* over H-CHA involves the N204 intermediate,
resulting from the NO2 dimerization (Eq. (6)) and its subsequent decomposition (Eq. (7)).
2NO2 = N204 (6)
N204 + H*Oz— NO*Oz + HNOz3 (7)
These reactions do not include Oz and NO, while the reaction orders of Oz and NO for the
formation of NO* species are positive. This suggests that the NO oxidation to NO: is slower
than the subsequent dimerization into the N204 intermediate as well as its decomposition to
NO* and HNOs. This interpretation is also consistent with the negative Ea value for NO*

formation (Figure 4a).
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Figure 4. (a) Arrhenius plots for NO* formation over H-CHA zeolites in the low-temperature
regime (27-120 °C). The NO* formation rate was obtained from the evolution of its IR peak
area. Log-log plot of the reaction rate of NO* formation at 40 °C vs (b) NO pressure (at 10%
0O2) and (c) Oz pressure (at 0.1% NO).

3.3 Room temperature reduction of NO* with NH3
In the previous sections, it was demonstrated that a lower temperature favors the NO
oxidation and the sequential NO* formation over H-CHA. In this section, the reduction of NO*
species with NH3 was investigated using in situ IR spectroscopy combined with gas phase
analysis by mass spectroscopy (MS). The IR disk of H-CHA was first subjected to a flow of
0.1% NO + 10% O:2 for 15 min, followed by purging with He for 6 min. Then, a flow of 0.1%
NHs was introduced into the in situ IR cell, while monitoring the outlet gas components (N2,
H20, and NH3) by MS. Once the He flow was switched to NHs/He, the IR spectra were
measured (Figure 5a). After being subjected to NHs for 100 s, the IR peak at 2166 cm™
corresponding to NO* species decreased and another IR band at 1455 cm™ related to NH3
adsorbed on the BAS (NH4* on zeolite oxygen, denoted as B-NHz) appeared.>® With further
exposure, NO* species decreased and were rarely observed after 2000 s (Figure S3). Figure
5b shows the evolution of the MS peaks for N2, H20, and NHs in the outlet gas as well as the
consumption rates of NO* species estimated by the numerical differentiation of the evolution
of the IR peak. The IR results show that the NO* consumption rate nearly coincides with the
N2 formation rate.
The initial step in the NO* reduction with NHz is the formation of a nitrosamide (H2NNO)
intermediate®4>°;

NO*Oz + NHz — H2NNO + H*Oz (8)
The H2NNO intermediate is thermally decomposed to N2 and Hz20:

11



H2NNO — N2 + H20 (9)
The more detailed mechanism is discussed in the following theoretical investigation.
The experimental results showed that H-CHA successfully promoted the conversion of NO +

O:2 to the NO* intermediate, which is then reduced by NHs at room temperature to N2.
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3.4 Theoretical investigation into the formation and reduction of NO* over H-CHA

To better understand the formation of NO* species and their reactivity toward the production
of N2, DFT calculations were conducted to unravel the detailed reaction mechanism. The H-
CHA zeolite was simulated using a periodic 36T cell (Figure 1). The reaction of two NO:2
molecules over the BAS in H-CHA to produce NO* species was first investigated. As
discussed in previous studies,*”®¢57 in many instances, NO2 participates in chemical
reactions via its dimer form (N2O4 species) rather than the NO2 monomer. NO2 dimers exist
in different forms, such as symmetric N20s, cis-ONO-NOz, and trans-ONO-NO:z2.
Computational results on gas-phase*’ and zeolite-confined systems®*°® suggested that
trans-ONO-NO: acts as the precursor for the ionic separation and subsequent production of
NO* and NOs ion pairs. Herein, the trans-ONO-NO: adsorbed on the BAS was also
considered for evaluating the production of NO* species over H-CHA (Figure 6). Comparing
the unconfined trans-ONO-NO: in the gas phase (Figure 6a) with the confined version in an
isostructural siliceous CHA (Figure 6b), the N(1)-O(1) bond length of trans-ONO-NO2 in H-
CHA (Figure 6c) is elongated from approximately 1.61 A to 1.80 A, suggesting a pre-
activation of trans-ONO-NO:2 for ionic separation upon the adsorption on the BAS. The
following reaction steps for NO* production are illustrated in Figure 7. H*Oz -trans-ONO-NO:
reacts via TS1 with an activation barrier of 15 kJ mol, which produces NO* accompanied
by a proton transfer from the BAS to NOs-, yielding a HNOs moiety (NO* Oz -HNO3). The
zeolite BAS is essential for promoting the ionic separation of trans-ONO-NO2 to produce NO*
species because the presence of the Brgnsted proton (H*) stabilizes anionic NOs".

The effect of the H-CHA BAS was further assessed by comparing the reaction pathways of
trans-ONO-NO2 — NO* + NOs™ in the unconfined gas phase and BAS-free siliceous CHA
(Figure 8 and Table 1). For the unconfined gas-phase trans-ONO-NO:2 (Figure 8a), the ionic
separation to form NO* and NOs™ ion pairs is realized with the gradual elongation of the N(1)—
O(1) bond from 1.61 to approximately 4.39 A, which requires an activation energy as high as
140 kJ molL. Similarly, the reaction of trans-ONO-NO2 — NO* + NOs~ over the proton-free
siliceous CHA zeolite (Figure 8b) occurs with N(1)-O(1) bond elongation from 1.60 to 6.31 A.
This requires a high activation barrier of 155 kJ mol~* with an endothermicity of 127 kJ mol.
In contrast, the BAS promoted the dissociation of trans-ONO-NO2 over H-CHA (Figure 8c),
which has an activation barrier of only 15 kJ mol? to produce NO* and a HNOs moiety
(protonated NOz). In this process, the N(1)-O(1) bond is elongated from 1.80 to 2.35 A. A
proton is simultaneously transferred from the BAS to the terminal oxygen (O(2)) in trans-
ONO-NO:2 (lengthening the distance O.—H from 1.00 to 1.57 A and shortening that of O(2)—
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H from 1.67 to 1.04 A). The further isolation of the HNOs moiety in NO*O, -HNOs at a N(1)—
O(1) distance of 4.94 A is disfavored by 42 kJ mol-, exhibiting an activation energy of 63 kJ
mol-1, which is much lower than that for siliceous CHA. The ionic separation of trans-ONO-
NO:2 to form NO* and NOs™ in the unconfined state or in siliceous CHA is restricted by strong
electrostatic interactions, whereas the BAS in H-CHA can promote this process by the
protonation of the anionic NOs~ to compensate for the energy requirement of NO* formation.
Comparing the results of trans-ONO-NO2 — NO* + NO3™ (Table 1) clearly reveals that the
formation of NO* species is significantly enhanced by the presence of the BAS.

The reactivity of the NO* species was then evaluated by considering its reaction with NH3
(Figure 9). The NO* present at O; sites reacts with the adsorbed NHs via TS2 with a low
activation barrier energy of only 6 kJ mol, which produces H2NNO and a Brgnsted proton
that is donated back to the zeolite oxygen site to regenerate the BAS. H2NNO can
subsequently decompose to N2 and H20, and the thermodynamic estimation indicates that
this process is strongly exothermic (—219 kJ mol1). It was previously suggested that the
conversion of H2NNO to N2 and H20 occurs via multiple proton transfers catalyzed by the
BAS.1520,54.55,58-60 A vyiprational analysis conducted to estimate the frequency of the NO*
species located on the negative O™ site gave a stretching vibration frequency at 2054 cm,
which reasonably agrees with the experimental values determined for H-CHA and Cu-CHA
(2166 cm™ and 2160 cm™, respectively) as well as that of a previous report.5!

The combined results of in situ IR spectroscopy and DFT calculations suggest the following
mechanism for the low-temperature NO oxidation and sequential NHs reduction (Figure 10).
First, NO oxidation occurs to form NO2 at a relatively slow reaction rate. Then, two NO2
molecules react over the BAS forming trans-ONO-NO:2 to produce NO* and HNOs species (2
NO2 — N204 + H'Oz— NO*Oz + HNO3). The formed NO*Oz species showed high reactivity
toward the NHs reduction to afford H2NNO, which subsequently decomposes to N2 and H20
(NO*Oz + NH3 — H*Oz + H2NNO — H*Oz + N2 + H20). The formed HNOs further reacts
with NHs to form NH4NO3 that can decompose at higher temperature.** The presence of the
BAS in H-CHA was essential for promoting these reactions. In addition, our findings confirm
the high potential of the BAS in both H-CHA and Cu-CHA for the promotion of low-
temperature SCR reactions although the catalytic applicability of the present system has not

yet been verified.
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gas phase, (b) siliceous CHA zeolite, and (c) H-CHA. The corresponding plots of CI-NEB
calculations to determine the minimum-energy reaction paths are presented at the bottom.
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Table 1. Summarized reaction barrier (AE*) and energy change (AE) for the reaction of trans-
ONO-NO2 — NO* + NOs3™ in the unconfined gas phase, siliceous CHA, and H-CHA.
Model AE* AE

Unconfined gas phase 140 140
Siliceous CHA 155 127
H-CHA 15 2
H
H N-H N&
Hth N/ H Wy
TS2 \
o=n* | _— 5 bn‘H - 5 H'é)*uH
6:) AE =6 AE =-219
si-O~a s AE =-63 si-O~a- s si-%~a- s
NO'O,NH: H'O,“H.NNO H'O,H20"Nz
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Figure 9. Reaction of NO* with NHs to produce N2 and H20 over H-CHA. The optimized
structures of the corresponding intermediates and transition state are displayed at the bottom,
and only atoms around the reaction site are shown for clarity. Energies and atomic distances
are indicated in kJ mol* and A, respectively.

ONO + O, Slow 2N02°"”e”£“°“N204A97=35No+oz- + HNO,
H+O - AEI= 6
Z

/~ NH;
N, + H,0 25==2"9 H_NNO + H*O,

Figure 10. Proposed mechanism of NO oxidation and the following reduction by NHs over the

zeolite BAS in the low temperature region. (Unit: kJ mol?)
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4. Conclusions

The formation of the NO* intermediate under lean NOx conditions and its reactivity with NH3
in H-CHA at room-temperature were studied by in situ IR spectroscopy and DFT calculations.
In the initial oxidation regime, a rapid increase in NO* species was observed at 27 °C under
a flow of NO + O2, while NO2 generated by NO oxidation was rarely observed in the outlet
gas due to its transformation to NO* and HNOs species via N204 intermediates. Kinetic
studies of the NO* formation showed a negative Ea value (-11 kJ mol?) and a positive
dependence on pno and poz (0.63 and 0.35, respectively). Upon exposure to NHsz, NO*
species were reduced at 27 °C to N2. DFT calculations indicated the ability of the BAS in H-
CHA to pre-activate N204 species and promote the formation of NO* and HNO3 species with
a low activation barrier (15 kJ mol?). The reaction of NO* with NHs at O;~ sites was also
theoretically investigated. The formation of the H2NNO intermediate proceeded with an
activation barrier of 6 kJ mol, and it subsequently decomposed to N2 and H20, which was
a strongly exothermic process (—219 kJ mol?). The current study revealed that the BAS in
CHA zeolite acts as an active site for room-temperature SCR, promoting the NO oxidation
and the subsequent reduction process. Although the main catalytically active component in
the current diesel emission control system is Cu in the Cu-zeolites, protonic sites as BAS
also exist because the commercial Cu-CHA catalysts normally have an ion exchange level
of ~60%.%253 In addition, most of the emissions are released during the cold start period
(typically below 100 °C), and therefore, understanding and controlling the behaviors of both
protonic sites and Cu sites in the low-temperature regime would be of vital importance. Our
present study suggests that although the proposed process is not catalytic, effective use of
protonic sites of the zeolite catalysts, possibly combined with other non-catalytic methods

such as a passive NOx adsorber system, could suppress NOx emissions at low temperature.
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