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Photocatalytic Decomposition of Nitrous Oxide on Cu
lon-Containing ZSM-5 Catalyst

The decomposition of nitrogen oxides
(NO, ) is an important reaction in the reduc-
tion of global air pollution. Studies on the
thermal- (/, 2) and photo- (3, 4) decomposi-
tion of nitric oxide (NO) into nitrogen and
oxygen have been reported on Cu ion-con-
taining zeolite catalysts such as Cu/ZSM-5
(I-3) and Cu/SiO, (4). Recently, Giamello
et al. (5) have proposed the interaction of
NO molecule with the Cu ion-exchanged
ZSM-5 at room temperature, resulting in the
reduction/oxidation of Cu ions through the
nitrosylic adducts adsorbed on the Cu ions,
by means of infrared and electron spin reso-
nance spectroscopies.

In addition to the NO decomposition, the
decomposition of nitrous oxide (N,O) over
various metal and oxide catalysts (6—//) has
received much attention for its unique be-
havior as an oxidizing agent compared to
conventional oxidizing agents, such as mo-
lecular oxygen in, for instance, benzene oxi-
dation (/2, /3), and its contributions to the
stratospheric ozone destruction and green-
house effect. However, the difficulty, in the
catalytic removal of nitric oxide from the
exhaust gas of engines, of the conversion of
NO vyielding an appreciable fraction of N,O
in the oxygen-rich condition has been
pointed out. The thermal decomposition of
N,O requires high temperatures above 573
K (I/4) since molecular oxygen is not
evolved because of its tight binding on the
catalyst surface in N,O decomposition be-
low 573 K (9). Photodecomposition of N,O
has been also reported over semiconductors
such as ZnO (/5, 16) and TiO, anchored
onto porous Vycor glass (PVG) (/7). Over
these photocatalysts, trapping of the pho-
toformed electron by N,O molecules to form
N,O~ ions is proposed to be a key process
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in N,O photodecomposition. The N,O ™ ions
have been directly detected by ESR, and its
decomposition into N, and O~ ions has been
reported by Anpo et al. (17). However, no
evolution of gaseous oxygen molecule dur-
ing N,O photodecomposition has been re-
ported except for the decomposition shown
in the study by Tanaka and Blyholder over
ZnO (/106).

In the present article, the authors report
the photocatalytic decomposition of N,O
into N, and O, at 278 K over a Cu ion-
exchanged ZSM-5 catalyst. The mecha-
nism of the N,O photodecomposition is dis-
cussed on the basis of the N,O photodecom-
position rate dependence on the irradiated
light wavelength and on the diffuse re-
flectance spectrum (DRS) of the Cu/ZSM-5
catalyst. The role of the electronic excita-
tion of monovalent Cu ion (Cu™) (3, 4) in
the N,O photodecomposition is empha-
sized.

Na-ZSM-5(Si/Al = 41), prepared by the
procedure proposed by Yoshimura er al.
(18), was ion-exchanged at 353 K for 12 h
in an aqueous Cu(NO,), solution of 0.1 N,
washed with distilled water for several
times, and dried at 383 K for 24 h, followed
by calcination at 773 K for 5 h. The content
of Cu in the Cu-exchanged ZSM-5 zeolite
thus prepared (Cu/ZSM-5) was analyzed to
be 1.74 wt% (145% exchanged) by atomic
absorption spectrometry. The XRD pattern
of the Cu/ZSM-5 was identical to that of the
parent Na-ZSM-5, and no peaks due to CuQO
were detected. These observations imply
that the Cu ions are incorporated within the
ZSM-5 cavities without formation of a large
CuO crystal either in the pore structures
or on the external surface of the zeolite,
consistent with the report on the Cu ion
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FiG. 1. The change of N, yield for the decomposition
of N,O at 278 K on the degassed Cu/ZSM-5 catalyst.

dispersion in a Cu ion-exchanged ZSM-5 ze-
olite by means of the X-ray absorption
(XANES/EXAFS) spectroscopy (/9).

The Cu/ZSM-5 was degassed (<l x 1074
Torr, 1 Torr = 133.3 Pa) at 723 K for 2 h
prior to being used in the reaction. The prod-
ucts were analyzed by gas chromatography.
The reaction of 20 Torr of N,O (99.8% pu-
rity) diluted by 30 Torr of He was carried
out at 278 K in the conventional closed gas-
circulating system with a volume of 163 m]
to which a quartz-made reactor with a bot-
tom of a flat, transparent quartz plate was
installed (20). The powdered Cu/ZSM-5 cat-
alyst was spread on the bottom. The light
was irradiated to the catalyst with a me-
dium-pressure  mercury lamp (H-400P,
Toshiba Co., Ltd.) through a water filter.
Various UV-cut filters (Toshiba, Co., Ltd.)
were used to examine the irradiation wave-
length efficient in the reaction.

The diffuse reflectance spectra (800-240
nm) were observed with a Shimadzu spec-
trophotometer (MPS-2000) at room temper-
ature, using BaSOj as a reference material.
The zeolite was ground carefully as the light
scattering became as uniform as possible.
For the DSR measurements, the ground
sample was placed in a quartz cell with two
planer windows (2 mm separation) and de-
gassed at 723 K.

Figure | shows the change in the nitrogen
yield for the N,O decomposition at 278 K on
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the Cu/ZSM-5 powder degassed at 723 K.
During the reaction in the dark, little nitro-
gen was formed. When the Cu/ZSM-5 was
irradiated by the light of the Hg lamp
through a water filter, the N, formation was
initiated immediately and increased with ir-
radiation time. As soon as the irradiation
ceased, the N, formation immediately
stopped also. The initial N>,O decomposition
activity was reproduced when the catalyst
was again irradiated. This response of the
N,O decomposition activity to the irradia-
tion strongly indicates that the photoinduced
N,Odecomposition occurs onthe Cu/ZSM-35
powder. About two nitrogen molecules per
Cu atom of the catalyst formed after 450 min,
obviously indicating that the photoinduced
N,Odecomposition onthe Cu/ZSM-5occurs
catalytically at 278 K.

The N,/O, ratio in the photocatalytic de-
composition product was in the range from
4 to 5 at the initial stage of the reaction
(<200 min) and gradually decreased to 3
with an increase in reaction time. The N,/
O, ratio observed is larger than that in the
stoichiometry of 2 (N,O — N, + {0,, N,/
O, = 2), but smaller than the ratio found for
the N,O thermal decomposition on the Cu/
ZSM-5 catalyst at 473 K (2/).

When the Cu/ZSM-5 was irradiated
through UV-cut filters, UV-34, UV-32, and
UV-30 (22), no N,O decomposition was oc-
curring. With the UV-28 filter, however, the
N-O decomposition proceeded with the rate
of 15% of that without the UV-cut filter. This
implies that the light of wavelength shorter
than 300 nm was effective for the N,O pho-
todecomposition on the Cu/ZSM-5.

The Cu/ZSM-5 degassed at 723 K showed
a strong absorption band at around 240-400
nm with the absorption maximum at
270-280 nm on its diffuse reflectance spec-
trum (Fig. 2b). This absorption band corre-
sponds to the (3d')'S, — (3d%4s")'D, elec-
tronic transition of Cu™ ions in zeolite
cavities (23) of the absorption band 322-227
nm. Therefore, it is suggested that the exci-
tation of the Cu™ ions causes the N,O photo-
decomposition.
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F1G. 2. The diffuse reflectance spectra of Cu/ZSM-5
catalyst (a) after treatment with O, (100 Torr) at 673 K
and degassed at room temperature, (b) after degassing
at 723 K for 2 h, (c) (b) plus irradiation at 278 K for
6 min in the presence of N,O (20 Torr).

The absorption around 700 nm (Fig. 2a),
assigned to the d-d transition of octahe-
drally coordinated Cu®* ions (24, 25), disap-
peared by the degassing at 723 K of the Cu/
ZSM-5 (Fig. 2b). This disappearance is at-
tributable to the partial reduction of the
Cu’" ions to low valence copper such as
Cu™ and/or Cu® as well as to the desorption
of water (or OH groups and/or lattice O*")
from the Cu®* sites. The Cu/ZSM-5 treated
by hydrogen (50 Torr) at 603 K followed by
degassing at the same temperature gave a
different diffuse reflectance spectrum from
that obtained on the simply degassed Cu/
ZSM-5. Therefore, it is plausible that the
oxidation state of the copper in ZSM-5 after
degassing at 723 K is not metallic Cu® but
Cu~. The Cu*" ions in the ZSM-5 should be
reduced to the Cu” ion during evacuation
by releasing the oxygen molecule according
to the mechanism suggested by Jacobs er
al. (26).

Itis, thus, interpreted that the N,O photo-
decomposition on the Cu/ZSM-5 cata-
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lyst results from the electronic excitation of
Cu” ions formed by degassing at 723 K,
(3d'")' S, — (3d°4s')'D,. An electron trans-
fer from the excited Cu™ to the anti-bonding
molecular orbital of N,O must trigger the
decomposition of the N,O into a nitrogen
and an adsorbed oxygen atom, O(a). A simi-
lar role of the excited Cu” ions has been
proposed for the NO photodecomposition
on Cu/ZSM-5 catalyst (3, 4). The N,O pho-
todecomposition on Cu/ZSM-5 seems to
proceed faster than the NO photodecompo-
sition on the similar catalyst reported in pre-
vious paper (3), which might correspond to
the quantum yield (for N, formation) of N,O
molecule higher than that of NO molecule
observed in Hg photosensitized decomposi-
tion (27, 28).

The formation of the molecular oxygen in
the N,O photocatalytic decomposition on
Cu/ZSM-5 suggests that the recombination
of the O(a), resulting in the desorption of
oxygen molecules, is preferable under pho-
toirradiation condition. The recovery of the
octahedrally coordinated Cu’’ ion was
scarcely detected on the diffuse reflectance
spectrum of the Cu/ZSM-5 irradiated in the
presence of 20 Torr N,O (Fig. 2¢). There-
fore, it is concluded that the Cu™ ion is re-
formed after the N,O decomposition in-
duced by the electronically excited Cu” ions
and is enrolled in the photocatalysis. Fur-
ther kinetic investigations are necessary to
clarify the details of N,O photodecomposi-
tion on Cu/ZSM-5.
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