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Rate of Heterogeneous Photocatalytic Oxidation of NOZ‘ in Cloud Water
Droplets. Estimated for Hypothetical Environmental Conditions
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Rates of heterogeneous photooxidation of NO,” were measured
in aqueous suspension of Ti02 (anatase), Ti02 (rutile), and ZnO
under illumination. The reaction proceeds in zero order with
respect to NOZ‘ concentration. The rates were estimated for
cloud water droplets in hypothetical environmental conditions.

The rate amounts to 11% h-! for cloud water content of 0.2 g m‘3.

Nitric acid is one of major components of acid rain water. Nitric acid is
derived from nitrogen oxides in atmospheric air by some oxidation process. NO,~
is formed in the dissolution of NO and NO, into water, 2NO, + H,0 = NO,” + NO3~ +
2H* and NO + NO, + Hy0 = 2NO,” + 2H*. However, the concentration of nitrous acid
in natural rain water is much lower than that of nitric acid.1) NOZ‘ may possibly
be oxidized to NO3~ in water droplets in the atmosphere. But the rate of oxida-
tion of NO,™ by O, in water is, as is well known, very low without any catalyst at
ambient temperature.

Airborne particulate substances contain various metal oxides. Ibusuki has
emphasized importance of heterogeneous reactions of air pollutants in atmospheric
air.z) Martin evaluated the rate of oxidation of SO, in aqueous suspension of

carbonaceous particles under hypothetical environmental conditions3) on the basis

4) Some metal oxides contained in

of the experimental results by Brodzinsky et al.
airborne particulates are active in heterogeneous photocatalytic reactions. For
example, these particulate substances obtained from some urban areas contain 1 to
4% of semiconductor particles, such as ZnO, PbO, TiO,, and Fe203.5) A few papers
reported heterogeneous photocatalytic reactions of air pollutants.6) We also
indicated in previous papers that NO in gas phase and NO,™ in water are photocata-
lytically oxidized in the presence of semiconductor particles under illumina-
tion.7) This communication briefly describes the rates of photocatalytic oxida-
tion of NO,” experimentally obtained in water and an evaluation of the rate in
cloud water droplets under hypothetical environmental conditions. There has been
no report with respect to estimation of photocatalytic contribution to air pollu-
tion reactions under environmental conditions.

A Pyrex reactor, equipped with a quartz window (44 mm diameter), was employed
for the experiments. The reactor contained 200 ml of NaNO, solution with 0.2 g of
catalyst powder kept in suspension by a magnetic stirrer. The aqueous suspensions
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were maintained at 20 °C by circulation of
water in a glass tube (8 mm i. d.) in-
stalled in the reactor from a constant

temperature bath. The reactor was illu-

minated by a 400 W high-pressure mercury
lamp (Toshiba H400). The mercury lamp,
jacketed with an optical glass tube,
emitted photons of wave length longer than
ca. 300 nm. A gas mixture of purified N,
(80%) and 0, (20%) was introduced to the
reactor, bubbled through the aqueous sus-

pension. Photon intensity was measured by

a chemical actinometer of iron (III)
oxalate., Two milliliter aliquots of the
aqueous suspensions were taken from the
reactor during the reaction at appropriate
time intervals. The aliquots were analyzed

after filtration for the concentrations of

Concentration/ 104 mol dm~3

NO,~ and NO3~ by an ionchromatograph (Toyo
Soda). The catalyst powders employed were
TiO, (anatase, 99.99%), TiO, (rutile,
99.99%), and 2Zn0 (99.99%). They were pur-
chased from Furuuchi Kagaku Co. Ltd. TiO,
(rutile) purchased from Wako Junyaku Co.

Ltd. was also examined. The water was 0 50 100 150 200

doubly distilled after deionization. Time/ min

Figure 1 illustrates time courses of
photocatalytic oxidation of wvarious concen- Fig. 1. Time course of heterogene-

trations of NO,” in aqueous suspensions of ous photocatalytic oxidation of var-
ious concentrations of NO,” in the
presence of Ti02(anatase). The sums

of NO,” and NO3~ are shown (—a—-a-).

TiO, (anatase). NO,~ was oxidized to NO3~
quantitatively; the sums of NO,” and NO3“
remained constant during the reaction. The
rates of the reaction are nearly equal for
three different initial concentrations of NOZ‘. The rates remain constant until
NO,” concentration decreases below 0.1 x 1074 mo1 dm'3. These experimental facts
indicate that the reaction proceeds in zero order with respect to NO,” concentra-
tion. The identical features were observed for ZnO and T102 (rutile) from
Furuuchi Kagaku, whereas TiO, (rutile) from Wako Junyaku did not show any photo-
catalytic activity. The rates of oxidation by these catalyst powders are shown in
Table 1.

Electrochemical measurements were conducted with TiO, thin film coated elec-
trodes prepared from the TiO, (anatase) powder used in the present photocatalytic
reactions. The experimental results suggested that NOZ' would be oxidized by some
oxygen-containing active species such as HO,~ and °*OH, which would be produced in
oxidation of H,0 by positive holes formed in the valence band of semiconductor



Chemistry Letters, 1987 1399

particles by illumination. The concentration of N02' would be relatively much
higher than that of HOZ' or °*OH. Hence, the reaction will proceed in zero order
with respect to the concentration of NO,”. O, will scavenge the electrons in the
conduction band of semiconductor particles. The details of the electrochemical
and the kinetic studies as well as the difference of the photocatalytic activities
of two rutiles will be discussed elsewhere.s)

The rate does not depend upon the amount of catalyst powders over 0.15 g.
Thus the incident photons to the reactor would be totally absorbed by the catalyst
powders. We confirmed by using a set of color filters that the oxidation of NO,~
in TiO, (anatase) and ZnO suspension proceeds with band-gap irradiation (wave
length shorter than 400 nm for TiO, (anatase)). Photon intensity was approximate-
ly 5.8 x1016 quanta cm~2 571 for wave length shorter than 525 nm under the
experimental conditions.g) One can thus estimate the photon intensity effective
for the excitaion of TiO, (the wave length shorter than 400 nm) on the basis of
emission spectra of a high-pressure mercury lamp.10) The value was ca. 2.3 x 1016
quanta cm™2 s'1, close to the solar radiation of the wave length shorter than 400
nm outside the troposphereﬂ1) By assuming that two electrons are involved in the
reaction, the quantum efficiency of 0.7% is obtained for TiO, (anatase). The
identical procedure gives the quantum efficiency of 0.4% for ZnO.

One can evaluate the rate of photocatalytic oxidation of NO,” in cloud water
droplets by photoactive semiconductor particles under hypothetical environmental
conditions. The following conditions are assumed. The concentration of photo-
active particles is x (g m'3) suspended in environmental air. The particles are
spherical with uniform diameter 2r (cm) and specific denstiy d (g cm'3). The
cross sectional area s (cm2 m'3) is thus 3x/4rd for the absorption of solar
radiation per unit atmospheric air. The rate of oxidation of NO,” is v (mol cm™2
s’1) per unit cross sectional area of catalyst for irradiation. All these parti-
cles would be contained in cloud water droplets as condensation nucleus in envir-
onmental conditions. The concentration of NO,™ in cloud water is ¢ (mol 1'1), and
the cloud water content is gq (g m'3). Thus the rate of oxidation of NO,7, R
(¢ b7y, is

R = (sv)(3600)(100)/cq(10‘3) = (2.7 x 108)(xv/rd)(1/cq).

The following values are assumed for the parameters in reference to environmental
measurement data reported in 1iteratures.1'5) The total concentration of airborne
suspended substance is 1 x 10-4 g m‘3, in which 0.2% of TiO, and 1% of ZnO are
contained. The diameter of particles is 0.5 x 10=6 m (r = 0.25 x 10-4 cm), and c
=1 x 1074 nol dm~3. v is calculated from the rates of NO, ™ photooxidation (Fig.
1 and so on) divided by the area of the quartz window of the reactor. For exam-
ple, v is obtained for TiO,(anatase) by using the following values; the rate of
NO,~ photooxidation as obtained from the slopes of the straight lines of Fig. 1,
0.59 x 10'6 mol dm'3 min‘1, the volume of the reactor 0.2 dm3, the radius of the
quartz window 2.2 cm.

v = (0.59 x 1079)(0.2)/(60)(3.14)(2.2)%2 = 1.29 x 10710 no1 s~ cm~2.
R is thus numerically calculated for TiO, (anatase) and ZnO with g as a parameter
and tabulated in Table 1. The sum of the rates due to TiO, and ZnO amounts to 11%
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Table 1. Estimated rates of heterogeneous photocatalytic oxidation of NO,” in
cloud water droplets by semiconductor particles contained in hypothetical airborne
particulate substance

Concen- Rate per cross Cloud water Estimated
Density, tration, sectional area, content, rate,
da/ g cm™3 x/ g m=3 v/ mol cm~2 s~! g/ g m~3 R/ & h™!
TiO, (anatase) 3.8 0.2 x 107°%  1.29 x 10710 0.2 3.7
0.5 1.5
1.0 0.7
TiO, (rutile) 0.96 x 10710
Zno 5.6 1.0 x 107° 0.79 x 10710 0.2 7.6
0.5 3.0
1.0 1.5

Diameter of the particle: 0.5 x 104 cm.
Concentration of NO,7: 1 x 10~% mo1l 171,

for cloud water content 0.2 g m=3. Although the conditions are hypothetical, the

values are still remarkably high for oxidation of NOZ'. More detailed investiga-
tions with natural airborne dusts, soil, or fly ash are needed for the determina-
tion of actual contribution of this reaction to the acid rain formation.
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