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Photochemical Removal of NO by Using 172-nm
Excimer Lamp without Using Any Catalysts
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Photochemical removal of NO by 172-nm Xe2 excimer lamps (50 or 300 mW/cm?) was studied at 1 atm. In a
batch system, NO could completely be converted to N2 and Oz in N2, and N2Os and HNOs in air after about 30
min irradiation using a 300 mW/cm?2 high-power lamp. NO could also be decomposed in a flow system using
the high-power lamp. The conversion of NO in N2 and air (10-20% O2) was 50% and 30-33%, respectively. The
present results provide a new simple photochemical aftertreatment technique of NO in air without using any

catalysts.
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1. Introduction

We have recently initiated development of a
photochemical method as a new promising
removal method of NOx at atmospheric pres-
sure without using expensive catalysts!” An
advantage of photochemical method is that
more selective decomposition of NOx is possi-
ble than NOx removal by using conventional
electric discharge methods. We have recently
studied decomposition of N20 and NO: into N2
and Oz by using a 193-nm ArF excimer laser in
N2 at atmospheric pressure.!?

When ArF excimer laser photolysis was
applied to practical NOx removal process,
there are a lot of severe problems.!'¥ They are
that excimer laser apparatus is expensive,
running cost is high, and the apparatus is big
and heavy including high power sources. An-
other disadvantage is that NO, which is gen-
erally emitted in exhausted gases, can not be
removed. This is because the dissociation en-
ergy of NO(6.496 eV eV) is higher than that of
photon energy of ArF laser (6.43 eV).89

In order to overcome these problems, we
used here low cost and compact Xe2 lamps as a
new VUV right source. Since the photon en-
ergy of 172 nm Xe: excimer lamp (7.21) is
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higher than the dissociation of NO, decompo-
sition of NO 1is energetically possible. In the
present study, we have attempted NO removal
by using 172-nm Xe: excimer lamps. For the
practical application of the photochemical
process, not only a closed batch system but also
a flow system was applied to NO removal in Nz
and air.

2. Apparatus

Fig. 1 shows a photolysis chamber having
an inside volume of 185 cm? used in this study.
Light from an unfocused 172-nm Xe:z lamp
(USHIO, UER20H172: 50 or 300 mW/cm?,
155-200 nm range) was used to remove NO at
a room temperature. The low-power Xez lamp
was a commercial product, whereas the
high-power one was a trial product of USHIO
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Fig. 1. DeNO chamber by using 172-nm Xe:z excimer
lamp.
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Inc. The size of a low-power Xez lamp was ¢
= 30 mm and length = 200 mm, whereas that of
a high-power Xe2 lamp was ¢ = 70 mm and
length = 240 mm.

Experiments were carried out not only in a
closed batch system but also a flow system.
The total pressure was kept at atmospheric
pressure and the NO concentration diluted in
pure N or air (5—20% O2) was 100 or 200 ppm
(v/v). In the batch system, desired gas mix-
tures were introduced through mass flow con-
trollers and valves (A) and (B) in Fig. 1 were
closed. Then, the lamp was irradiated from the
right side. In the flow system, stop valves (A),
(B), and (C) were open during experiments and
the flow rates of each gas were controlled by
mass flow controllers. It was kept at 1 /min in
the present experiments. The total pressure
was controlled by using valve (B).

In the batch experiments, before and after
photo-irradiation, outlet gases were analyzed
by wusing HORIBA gas analysis system
(FG122-LS) equipped with an FTIR spec-
trometer and ANELVA gas analysis system
(M-200GA-DTS) equipped with a quadrupole
mass spectrometer. On the other hand, outlet
gases were analyzed on line by using the FTIR
spectrometer in the flow experiments. The low
sensitive mass spectrometer was used for the
determination of N2/Oz ratios of buffer gases,
whereas the high sensitive FTIR system was
used for the detection of NOx and Os. The light
path length and volume of analyzing chamber
in FTIR was 2.4 m and 300 cm?, respectively.
The spectra were measured in the 900-5000
cm’! region with an optical resolution of 4 cm™.
The reliable calibration curves of NOx (NO,
NOg, and N:0) in FTIR measurements were
supplied by HORIBA Inc. The detection limits
of NO, NOg, and N2O were, 1, 1, and ~0.5 ppm
in our FTIR spectrometers, respectively. The
concentration of Os was evaluated by reference
to its standard spectral data supplied by HO-
RIBA Inc. We determined the residual amount
of NO, [NOJ/INOlo, and the formation ratios of
NOg, N20O, N3, and Oz defined as [NO2]J/[NOJo,
[NzOJ/[NOlo, [N:zl/[NOlo, and [O:20/[NOJo, re-
spectively, from gas analyses. Here, [NOlo is an
initial concentration of NO. N2 and Oz cannot
be detected by FTIR, because these diatomic
molecules are inactive for IR light. If other
NOx such as NO, NOgz, and N:20 and Os are
produced in the photolysis, all of them can be
detected. Thus, the formation ratios of N2 and
O2 in N2 were determined from N and O bal-
ance before and after photolysis.

The following gases were used without
further purification: N2(Taiyo Nissan Inc.: pu-

rity >99.9998 %), O2(Nippon Sanso Inc.: purity
>99.99995 %), and NO(Taiyo Nissan
Inc.: 2.02 % in N2). NO was diluted in N2 or
N2/O2 mixtures before use.

3. Results and discussion

3.1 NO removal in a batch system

Fig. 2 shows the dependence of residual
amount of NO and the formation ratios of
products in N2 on the irradiation time of lamp
(50 mW/cm2). NO can be decomposed into N
and Og without emissions of high concentra-
tions of NOz and N20O. When 193-nm ArF ex-
cimer laser was irradiated to NO, it could not
be decomposed because photon energy (6.43
eV) is lower than the dissociation energy of NO
(6.496 eV).89

NO + Av (193 nm)
— N(S) + O(GP) — 0.08 eV (1)

However, the photon energy of 172-nm excimer
lamp (7.21 eV) is higher than that of the dis-
sociation energy of NO, it can be decomposed
via process (2) and finally converted to N2 and
(02,689

NO + Av (172 nm)
— N(@(:S) + O(P) + 0.71 eV (2

Fig. 3 shows the dependence of residual
amount of NO and the formation ratios of
products in N2 on the concentration of NO from
94 to 1065 ppm after 10 min photo-irradiation
(50 mW/cm? lamp). The residual amount of NO
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Fig. 2. Dependence of residual amount of NO and

the formation ratios of products on the ir-
radiation time of 172-nm excimer lamp (50
mW/cm?) at a NO concentration of 100 ppm
in N3 at a total pressure of 1 atm.
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Dependence of residual amount of NO and
the formation ratios of products in Nz on
the concentration after 10 min pho-
to-irradiation of a low-power excmer lamp
(50 mW/cm?2),

increases from 19 to 37% with increasing the
NO concentration from 94 to 1065 ppm. The
formation ratio of NO: is nearly constant
(~10%) and that of N:O slightly decreases
from 3 to 1% in the same NO concentration
range. This result shows that NO conversion
decreases only by a factor of two, even though
NO concentration increases by a factor of
about 10 in the 94-1065 ppm range.

Figs. 4a and 4b show FTIR spectra of NO
(200 ppm) in air (10% Og) before and after 30
min photo-irradiation by using a high-power
excimer lamp (300 mW/cm?). Before, pho-
to-irradiation, weak NO and NO: peaks are
observed. After 10 min photo-irradiation, the
intensity of NO peak decreases, whereas that
of NO2 increases (not shown in Fig. 4). After 30
min photo-irradiation, NO and NO: peaks
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Fig. 4. FTIR spectra of NO (200 ppm) in air (10% O2)
before and after 30 min photo-irradiation by
using a high-power excimer lamp (300

mW/cm?2).

disappear, and besides strong Oz peaks, N2Os
and HNOs peaks appear. On the basis of these
findings, 172-nm photolysis processes of NO in
air can be separated to two stages. Since ab-
sorption coefficient of Oz at 172 nm is larger
than that of NO by a factor of 9,67 and con-
centration of Oz is higher than that of NO by a
factor of 500, direct photolysis of NO (2) will be
insignificant for NO removal in the presence of
02(10%).

At the first stage of NO photolysis in air, NO
is converted to NOs through reactions (3) and
(4) at thermal energy.10.1)

NO+O+M— NO:+M
(1.0 x 1031 ¢cm® molecule2 s'! for M=Ns) (3)

2NO + Oz — 2NO:2

(1.93 x 103 cm® molecule?) 4)
Without addition of NO, a high concentration
(about 2%) of Os is produced in air under
172-nm photo-irradiation. Oz is produced via
famous VUV photolysis of Oz followed by the
three-body reaction.10.11)

Oz+ Av(172 nm) - O + O
(4.6 < 10'1° cm2 molecule™) (5)
O0+02+M - 0Os+M

(5.6 x 1034 cm® molecule2 s'! for M=Ns) (6)

At short irradiation times, the concentrations
of NO and NO: are high, whereas the concen-
tration of Os is low. Under these conditions, O3
is completely consumed through the following
processes. 10.11)

NO: + Av (172 nm) — NO + OGP,!D,1S) (7)

NO + O3 — NOz + Og

(1.8 x 10" ¢cm? molecule! s'1) ©)
These cyclic reactions, which are famous reac-
tions as destruction of ozone layer in the upper
atmosphere,'? occur significantly. In this case,
O3 can not be observed.

In the second stage, the concentration of O3
becomes sufficiently high, so that extra Os is
accumulated in the photolysis chamber. In
such a case, O3z concentration is higher than
that required for (8) and the reaction of excess
O3 with NO:z leading to N20s5 via NOs takes
place.lofll)

NO2 + O3 — NOs + O¢
(3.5 x 1017 cm? molecule’! s'1)

€))
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Fig. 5. FTIR spectra and dependence of residual amount of NO and the concentrations of products on the irradiation
time of 172-nm excimer lamp (300 mW/cm?) at a NO concentration of 200 ppm in Nz, and air (10 or 20% O2) at a
total pressure of 1 atm in a flow system.
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NO2+ NOs + N2 — N20s5 + Ng
(3.6 x 1039 cm® molecule? s1)

(10)

Then, N2Os peaks are observed.

In the photolysis chamber, there is a small
amount of residual H20 (~90 ppm), as observed
weak OH peaks from residual H:O in FTIR
spectra (e.g. Fig. 4). N20s has a high reactivity
with H20 leading to HNOs,10.1)

N:205 + HoO — 2HNOs3
(2.5 x 1022 cm® molecule! s1)

(11)

Therefore, HNOs peaks are also observed af-
ter 30 min photo-irradiation. The observation
of N2Os and HNOs is consistent in our recent
study on NOz under 172-nm photolysis, where
the same products were obtained as dominant
final products.®

3.2 NO removal in a flow system

Figs. ba—5c¢ show FTIR spectra and the de-
pendence of residual amount of NO and con-
centrations of NO2 and N20 on the irradiation
time of lamp in a flow system in the Oz con-
centration range of 0—20%. In the FTIR spec-
tra, not only NO but also NO:z was observed
due to reaction (4) before photo-irradiation.
The relative intensity of NO: to that of NO in
air (10, 20% O2) was higher than that in Ne.
The Xez lamp was switched on at 1 min and
switched off at 15 min. After photo-irradiation
NO peaks decrease, whereas NOz peaks be-
come strong. A weak N20 peak is also observed.
In N3, about 50% of NO was converted to NOq,
N20, N2, and O2. On the other hand, about 33
and 30% of NO were converted to NOg, N2O, No,
and Oz in air at Oz concentrations of 10
and 20%, respectively. In both cases, dominant
products are NO: resulting from reactions (3)
and (4). These results show that NO can be
converted to NOz. However, all Os is consumed
via NO cycle reactions (7) and (8). Therefore,
excess O3, which can produce N20s and HNOs3
via subsequent reactions (9)—(11), are absent in
these experimental conditions. In the flow
system, NO is continuously supplied and de-
stroy Os efficiently through reaction (8), the
conversion of NO to N2Os and HNOs3 are sup-
pressed greatly.

4. Conclusions

In summary, NO removal process by using
172-nm excimer lamp has been studied to de-
velop a new photochemical removal process
without using any catalysts. It was found that
NO could be converted to N2 and Oz in Nz and

N20s5 and HNOs in air in the batch system af
ter 30 min photo-irradiation wusing the
high-power 300 mW/cm? lamp. In a flow stem,
about 50% of NO in N2 and 30-33% of NO in
air could be converted to NOs. In air, a high
concentration of Os was produced due to an
efficient 172-nm photolysis of O2. However, NO
destroys Os very efficiently. Therefore, it was
difficult to convert NOz to N2Os and HNOs3 in
air even the concentration of NO was kept at a
low level (200 ppm). N2Os can be easily re-
moved as HNOs by the addition of H2O. There
is an efficient catalyst, which can reduce HNO3
to N2. Thus, if NO can be converted to N20s
and finally to HNO3 by using Os, this tech-
nique becomes more useful method for NO
removal in air. In order to overcome this prob-
lem, further improvement of deNO apparatus,
proving rapid conversion of NO to N2Os and
HNOs, will be required.
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