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Experimental studies on photocatalytic oxidation of nitric oxides
using titanium dioxide
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Abstract: In order to remove nitric oxides (NO) from flue
gas, experimental studies on the photocatalytic oxidation
(PCO) of NO are carried out in an efficient laboratory-scale
reactor. Nano-sized TiO, particles loading on quartz sand are
prepared and used as the photocatalyst. Effects of several key
operating parameters on NO conversion are investigated,
including operating temperature, NO inlet concentration,
oxygen percentage, relative humidity and residence time. The
results illustrate that the NO inlet concentration, the oxygen
percentage and the relative humidity play an important role in
the oxidation of NO. A lower NO inlet concentration and a
higher oxygen percentage result in a higher NO conversion
efficiency. When the relative humidity is 8%, the maximum
value of NO conversion efficiency is achieved. In addition,
the operating temperature and the residence time have a little
effect on the conversion efficiency of NO.
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O, discharged from thermal power plants is harmful
N to humans, animals, plants and building materials
through the acid deposition and photochemical smog''™ .
The existing NO, control methods and DeNO, technologies
have several shortcomings, such as low removal efficiency
and high costs. The main reason is that NO (approximate-
ly 90% to 95% of NO,) has low solubility and reactivi-
ty"”. Therefore, it is necessary to develop environmentally
friendly and economical technologies to treat NO .
Photocatalytic oxidation (PCO) is a newly developed
technology which has the advantages of mild reaction
conditions,
and fewer
(TiO,) is the most attractive photocatalyst,
promising for decomposing pollutants from air and water.

simple equipment, low energy consumption

1

secondary pollutants” . Titanium dioxide

which is
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Ibusuki et al. '™ investigated the PCO of nitrogen oxides

with the use of the TiO, photocatalyst in 1994. Devahas-
din et al. " studied the transient behavior of the PCO of
NO. Mahalakshmi et al. """ reported the gas phase photo-
catalytic applications with TiO, and beta zeolite. Photo-
catalytic paints and mortar panels were studied at some
cities in Europe'""
of TiO, is the most active for photocatalytic reactions

In the present paper, the reaction mechanism for the
PCO of NO is discussed, and TiO, loading on quartz sand
is applied to treat NO_ by the PCO. This paper focuses on
some key factors influencing the conversion of NO, in-
cluding operating temperature, NO inlet concentration,
oxygen percentage, relative humidity and residence time.

. It was reported that the anatase form
(2

1 Reaction Mechanism

TiO, is a kind of semiconductor with a wide band-gap
energy of 3.2 eV. Fig.1 shows the mechanism for photo-
catalytic reaction at the valence band and the conduction
band of TiO,. In order to make a valence band electron be
promoted to the conduction band by illumination, the
wavelength of light A should meet the following condition:

hw=h-=>E,

where h is the Planck constant (4. 14 x 10" eV - s); »
is the frequency of light; c is the velocity of light (2. 996
x10° m/s); E . is the band-gap energy of solid-state TiO,
(3.2 eV). Substituting the corresponding values into the
above formula, we can obtain that A <387 nm. There-
fore, the TiO,-based photocatalyst should be activated by
a UV light source.

Conduction band

hy

E,=3.2 eV

Valence band

Fig.1 Mechanism for photocatalytic reaction at valence band
and conduction band of TiO,
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From the above discussions, we can find that an elec-
tron-hole pair is generated when TiO, is subjected to the
ultraviolet photon radiation (A <387 nm). The reaction
mechanism of PCO is as follows:

TiO, + w—TiO,(e” +h")

The resulting electron-hole pair can take part in most of
the oxidation and reduction chemical reactions. As a re-
sult, radical - OH and O, are further generated from the
reactions between the electron-hole pair and materials ad-
sorbed on the surface of TiO,, such as water and oxygen
molecules. A possible reaction route of hole and electron
is inferred as follows!" ™

Reactions of h*

HO+h*—+-OH+H"
OH +h"— - OH

Reactions of e~

0, +e”—0,
O, +H,0—-HO, - +OH"
2HO, - —0, +H,0,
HO, - +H,0+¢ —H,0, + OH"
H,0,+¢e"— - OH+OH"

These intermediate products possess strong oxidization.
Radical - OH and O, can oxidize NO to NO,. Then,
partial NO, will be further oxidized to nitric acid. Negishi
et al. """ reported that the formation of HNO, was postula-
ted as the final product in the PCO of NO,.

2 Experimental
2.1 Photocatalyst preparation

First, 3 g nano-sized TiO, with a crystal phase of ana-
tase and a mean diameter of 10 nm (Nanjing High Tech-
nology Nano Material Co., Ltd.) is mixed with de-ion-
ized water to prepare a slurry with the use of a magnetic
stirrer (DF-]I, China). Secondly, 117 g quartz sand
with a mean diameter of 3 to 4 mm, which has high UV
light transmittance, is immersed in the resulting slurry for
1 h with an ultrasonic generator ( GL-600SD, China),
which is used to excite ultrasonic wave (15 kHz) to well
coat TiO, on the support. Finally, the coated support is
put into an oven (160 C) for drying to obtain the photo-
catalyst sample we need.

2.2 Experimental setup

The schematic experimental setup is shown in Fig. 2.
The experiments for studying the conversion of NO by
PCO are carried out in a laboratory-scale reactor with an
inner diameter of 47 mm and a length of 600 mm. The
artificial flue gases, N, gas, O, gas and NO gas from the
cylinders are mixed to obtain the desired concentration
and the photocatalyst is set into the reactor. The influent
mixture gas is heated to the desired operating temperature

by an electric heater while being fed into the reactor
which is then irradiated with a UV lamp of 15 W ( Nan-
jing Huagiang Electronics Co., Ltd.). The temperature
of the reactor is adjusted by a temperature controller. The
concentration of the remaining NO is measured by a gas
analyzer (DELTA65, Germany). A washing bottle con-
taining an aqueous sodium hydroxide solution is used to
absorb the untreated NO, .

3—water saturator

1—flowmeter;

2—gas mixer;
4—temperature controller; 5—gas inlet; 6—UV lamp
7—gas outlet; 8—photocatalyst; 9—electric heater

10—gas analyzer; 11—gas washing bottle

Fig.2 Schematic diagram of the experimental setup

3 Results and Discussion

3.1 Blank test

The blank test is conducted first on the condition that
the reactor is illuminated by the UV lamp without the
photocatalyst. Fig. 3 gives the conversion efficiency of
NO. In this case, the total gas flow rate is 1. 06 L/min;
the concentration of NO at the gas inlet is 620 mg/Nm”’;
the volume fraction of oxygen is 6% ; the relative hu-
midity is 8% ;
125 C.

and the temperature of the reactor is

6.5
6.4
6.3

6.2 ™

Conversion of NO/%
g

6.1

6.0 1 1 1 | 1
10 20 30 40 50 60

Time/min

Fig.3 NO conversion efficiency with the illumination of UV
lamp only

It can be found that the NO conversion efficiency is
close to 6. 25% with the illumination of the UV lamp on-
ly. The main reason is that some photodegradation reac-
tions may occur under this condition. Therefore, it is
concluded that the presence of the UV lamp causes the
oxidation of a small amount of NO.
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In the next experiments, the effects of several oper-
ating parameters such as operating temperature, NO in-
let concentration, oxygen percentage, relative humidi-

ty and residence time on the NO conversion efficiency

are studied. Detailed experimental parameters are given
in Tab. 1.

Tab.1 Experimental parameters

. NO inlet concentration/
Operating temperature/ C

Oxygen percentage/ %

Relative humidity/%  Residence time/min

(mg - Nm ™)
40, 80, 120, 160, 200 620 6 8 1
400, 600, 800, 1 000, 1 200
125 ’ ’ ’ ’ ’ 6 8 1
1 400, 1 600, 1 800, 2 000
125 620 2,4,6,8,10 8 1
125 620 6 2,4,6,8,10,12 1
125 620 6 8 0.5,1,1.5,2,2.5
3.2 Effect of operating temperature S
Fig. 4 shows the NO conversion efficiency profile under
different operating temperatures. The total gas flow rate is g 40 +
1.06 L/min; the concentration of NO at the gas inlet is E
620 mg/Nm’; the volume fraction of oxygen is 6% ; and ;
the relative humidity is 8% . Za0r
>
60 - 3
—_— I I 1 I |
. 400 800 1200 1600 2 000
g 40 - No inlet concentration/(mg - Nm ~3)
z
= Fig.5 Effect of NO inlet concentration on NO conversion effi-
£ 20 ciency
<
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Temperature in reactor/°C

Fig.4 Effect of operating temperature on NO conversion effi-
ciency

The experimental results show that the conversion effi-
ciency of NO changes a little when the operating tempera-
tures range from 40 to 200 C. In this experiment ( see
Fig.4), the NO conversion efficiency is around 50% .

Zhao et al. "' carried out experiments to evaluate the
effect of operating temperature on NO conversion effi-
ciency. Their results also show that the operating temper-
ature has less effect on the conversion efficiency of NO.

3.3 Effect of NO inlet concentration

The effect of NO inlet concentration is shown in Fig.
5. The total gas flow rate is 1.06 L/min; the volume
fraction of oxygen is 6% ; the relative humidity is 8% ;
and the operating temperature is 125 C.

It is found that the NO inlet concentration has a re-
markable effect on the conversion efficiency of NO.
Higher initial concentration leads to a lower oxidation ef-
ficiency. The NO conversion efficiency declines from
56.8% to 24.8% when the NO inlet concentration in-
creases from 400 to 2 000 mg/Nm’.

3.4 Effect of oxygen percentage

The effect of oxygen percentage is shown in Fig. 6.

Conversion of NO/%
n
S
T

0 ] 1 Il 1 ]
2 4 6 8 10
Oxygen percentage/ %

Fig. 6
ciency

Effect of oxygen percentage on NO conversion effi-

The total gas flow rate is 1. 06 L/min; the concentration
of NO at the gas inlet is 620 mg/Nm’; the relative hu-
midity is 8% ; and the operating temperature is 125 C.

The experimental results show that the percentage of
oxygen plays an important role on the NO conversion effi-
ciency. In general, the NO conversion efficiency increa-
ses with the oxygen percentage increasing. When the vol-
ume fraction of oxygen is 8%, the value of NO conver-
sion efficiency is close to 55% .

The oxygen is very important in this system as it takes
part in the corresponding reactions as an electron accep-
tor, which can effectively prevent the recombination be-
tween 1" and e """, Furthermore, the resulting O, can
also promote the oxidation of NO. In conclusion, the
presence of oxygen is beneficial for the PCO of NO.
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3.5 Effect of relative humidity

The effect of relative humidity on the NO conversion
efficiency is also investigated. Water vapor generated by
a water saturator is sent to the air pipe to meet the corre-
sponding requirements of the experiments.

Fig. 7 shows the effect of relative humidity. The total
gas flow rate is 1. 06 L/min; the concentration of NO at
the gas inlet is 620 mg/Nm’; the volume fraction of oxy-
gen is 6% ; and the operating temperature is 125 C.

60

20

Conversion of NO/%

Relative humidity/ %
Fig.7 Effect of relative humidity on NO conversion efficiency

When the relative humidity is below 8%, the NO con-
version efficiency increases with the value of the relative
humidity increasing. Then, the maximum value of the
NO conversion efficiency is achieved when the relative
humidity is 8%, but the NO conversion efficiency de-
creases when the relative humidity is above 8% .

Water molecules are also important materials in the
PCO system as H,O can react with both 4" and ¢ . More
OH radical and O, ,
which contributes to the oxidation of NO. However, too

water molecules result in more -

many water molecules will lead to competition adsorp-
tion, causing a declining NO conversion efficiency.

3.6 Effect of residence time

The effect of residence time is shown in Fig. 8. The to-
tal gas flow rates are 0.53, 1.06, 1.59, 2.12 and
2. 65 L/min, respectively; the concentration of NO at the
gas inlet is 620 mg/Nm’; the volume fraction of oxygen
is 6% ; the relative humidity is 8% ; and the operating
temperature is 125 C.

The experimental results show that the effect of resi-
dence time on NO conversion efficiency is rather modest.
The NO conversion efficiency fluctuates around 50. 5%
when the residence time ranges from 0.5 to 2. 5 min.

It is reported that the PCO reactions are completed in a
very short time (107 s)"™  Therefore, the residence
time of artificial flue gas in the reactor is enough for the
completion of the PCO of NO. As a result, the NO con-
version efficiency changes a little at different residence
times.
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Fig.8 Effect of residence time on NO conversion efficiency

4 Conclusion

Experimental studies on the photocatalytic oxidation of
NO are carried out in a laboratory-scale reactor. Nano-
sized TiO, particles (anatase) loading on quartz sand are
used the as photocatalyst. The NO conversion efficiencies
are measured at different operating temperatures, NO inlet

concentrations, oxygen percentages, relative humidities

and residence times. It is concluded that: A lower NO in-
let concentration and a higher oxygen percentage will re-
sult in higher NO conversion efficiency; when the relative
humidity is 8%, the maximum value of NO conversion
efficiency is achieved; the operating temperature and resi-
dence time have a little effect on the conversion efficiency
of NO.
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