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bstract

The photo-oxidation of gaseous nitrogen oxide (NOx) by a low-pressure Hg lamp (UV254+185 nm) irradiation was studied. Nitric oxide gas (NO)
as rapidly converted to nitrogen dioxide (NO2) to form nitric acid (HNO3) by continuous reactions with ozone and hydroxyl radicals which are
roduced by UV254+185 nm irradiation. Because HNO3 is water-soluble, it can easily be removed by water spray. It was found that high removal

fficiency of NOx was recorded at the reaction conditions of humidity above 40% and the reaction temperature below 100 ◦C. NOx removal
fficiency increases with lower inlet concentration and longer residence time. The conversion of NO2 to HNO3 by UV254+185 nm irradiation was
asier than that of NO, which indicates that the pre-oxidation of NO to NO2 might be effective for enhancing the amount of NOx removal.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nitrogen oxides (NO and NO2) are emitted from automobile
xhausts and the combustion of coals and thermal power plants,
nd cause many environmental problems. NOx are, for example,
esponsible for the formation of acid rains and the photochemical
ollution results in diseases of the human respiratory system.

The selective catalytic reduction (SCR) process has been
idely used to remove NOx in emission sources such as power
lants, waste incinerators, and industrial boilers [1,2]. Recently,
on-thermal plasma processing has received much attention
s an alternative NOx removal facility [3–9]. Several attempts
ave been conducted to use pulsed corona [3–5], electron beam
6], and barrier discharge [7,8] based, non-thermal plasma
echniques for simultaneous removal of SO2 and NOx from com-
ustion flue gas. However, SCR and the non-thermal plasma
rocess have their own inherent drawbacks. The SCR process

equires an expensive catalyst and ammonia. Other problems
ncountered include secondary pollution by the reducing agent,
ouling and loss of expensive catalyst [10]. The major issues
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n the application of the non-thermal process are the forma-
ion of a variety of undesirable byproducts, the difficulties in
cale-up to the industrial level, a danger in maintenance such
s electrical shock, etc. Therefore, these methods may not be
uitable for reduction of NOx from the ambient environment
r some industrial facilities where the emissions are at low
evel concentrations below 100 ppm. Photocatalytic oxidation
PCO) also has been applied to remove NOx of ambient level
11–13]. Devahasdin et al. studied PCO of nitric oxide (NO)
ver TiO2 catalyst at source levels (5–60 ppm) and reported
hat the PCO process could remove NO via a series of oxida-
ion by the OH radical: NO → HNO2 → NO2 → HNO3 [12].

ang et al. proposed a process capable of removing NOx,
O2 and mercury simultaneously by adding ozone in the flue
as. In the study, he reported that NO could be converted
nto the water-soluble NO2

− or NO3
− by only ozone injection

14].
The present paper deals with photo-oxidation by the direct

ltraviolet (UV) irradiation method to remove NOx in the pol-
uted gas stream. We used an UV lamp to emit wavelengths of

54- and 185-nm (UV254+185 nm), which are capable of simul-
aneously producing ozone (O3) and hydroxyl (OH) radicals in
he air. Therefore, it is expected that NOx can be more effec-
ively removed to nitric acid (HNO3) due to the oxidation with

mailto:kimyun@hanmail.net
dx.doi.org/10.1016/j.jphotochem.2007.12.004
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3 and OH radicals than the PCO process. The formed HNO3
an be easily removed with conventional air pollution control
evices such as wet scrubber. This study investigated the charac-
eristics of NOx removal under a variety of operation parameter
onditions.

. Experimental

A schematic diagram of the lab-scale, experimental setup is
hown in Fig. 1. The system consisted of a NOx gas feeding unit,
V photo-reactor, and NOx analyzer. Simulated gas was fed into

he reactor using mass flow controllers. We chose NO gas as the
arget pollutant, because it is the typical form discovered in most
Ox emission sources.
NO2 gas was used to compare the photo-oxidation charac-

eristics with NO gas. NO and NO2 gases were supplied by
igh-pressured cylinders. Water vapor was obtained by passing
ried air through a bottle containing deionized water at room
emperature. The relative humidity from the gas stream was mea-
ured in front of the photo-reactor using a humidity measuring
nstrument (Testo 623, Testo Co. Ltd.).

The cylindrical photoreactor contained a UV lamp located in
he center. Irradiation was performed with a low-pressure mer-
ury lamp with a maximum at 254-nm and a smaller (<5%)
mission at 185-nm (G12T5VH, Philips Co. Ltd.). The ultravi-
let output was 30 �W/cm2.

NOx gas in the effluent gas was monitored with a continuous
Ox analyzer (QUINTOX, Kane-May Co. Ltd.) which reads
O, NO2 and NOx (NO + NO2) separately. To quantify the NO
hoto-oxidation products, the effluent gas was passed through an
mpinger with deionized water, and the liquor sample obtained

as analyzed with ion chromatography (DX-100, Dionex). As
V-induced O3 can interfere with the measurement of NOx by

he NOx analyzer, we used an electrical furnace to eliminate such
nterference. The furnace temperature was set to 400 ◦C, which

O

O

O

Fig. 1. Schematic diagram of th
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s capable of decomposing ozone thermally. A preliminary test
howed that there were no changes in concentration observed
hen both NO and NO2 were passed in the furnace.
The UV irradiation experiments were started after inlet and

utlet NO concentration were equalized (1 h). After the UV lamp
as turned on, we investigated the NO and NO2 concentra-

ions in the effluent gas stream. From the measurements of NO
nd NO2, the NOx removal efficiency were calculated by the
ollowing equations, respectively:

Ox removal efficiency (%) = [NO]inlet − [NO + NO2]outlet

[NO]inlet

×100 (1)

. Results and discussion

.1. Photo-oxidation of NO by UV254+185 nm irradiation

Fig. 2 shows that NO in the effluent stream was rapidly dis-
ppeared with the turn-on of UV254+185 nm irradiation, while a
igh concentration of NO2 was observed. Thereafter, NO2 con-
entration was subsequently reduced with increasing irradiation
ime and then remained stable.

When humid air is irradiated with UV254+185 nm, O3 and OH
adicals can be produced in the air stream via photochemical
xidation of water and oxygen molecules, according to the fol-
owing reaction mechanism [15,16]:

2O + hv → H + OH• (2)

2 + hv (< 243 nm) → O(1D) + O(3P) (3)
(1D) + M → O(3P) + M (M = O2 or N2) (4)

(3P) + O2 + M → O3 + M (5)

3 + hv (< 310 nm) → O(1D) + O2 (6)

e experimental apparatus.
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Fig. 2. Time course behavior of NO removal with UV irradiation. Residence
time, 12 s; NO concentration, ca. 42 ppm; relative humidity, ca. 40%; O2 con-
centration, 20%; reaction temperature, 25 ◦C.

Table 1
Generalized NO/NO2 oxidation mechanisms and rate constants

Reactions Rate constants

O3 + NO → NO2 + O2 k = 2.3 × 10−12 exp(−1450/T) cm3 s−1

O + NO + M → NO2 + M k = 5.0 × 10−33 exp(900/T) cm3 s−1

NO + HO2 → NO2 + OH k = 3.7 × 10−12 exp(240/T) cm3 s−1
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and 12 s residence time. Complete conversion of NO was main-
O + OH + M → HNO2 + M k = 7.4 × 10−31 (T/300)−2.4 cm6 s−1

O2 + OH + M → HNO3 + M k = 2.6 × 10−30 (T/300)−2.7 cm6 s−1

(1D) + H2O → 2OH• (7)

The formed O3 and OH radicals can participate in oxidizing
O to HNO3. The generalized reactions relating to NO/NO2
xidation process are listed in Table 1 [5,17]. Therefore, it is
easonable to expect that NO reacts rapidly with O3 to form
O2, and then that NO2 is oxidized to HNO3 in the presence
f OH radicals. Fig. 3 shows the ozone concentration formed
ith and without NO gas feeding. As shown in this figure, the
zone concentration was significantly reduced when the NO was
resented. In addition, the disappeared ozone concentration is

pproximately in accord with the NO feed concentration. This
uggests that most of the fed NO reacts with ozone to form NO2
as.

ig. 3. Ozone concentration formed from UV irradiation with and without NO
eeding.

t
w
w

F
1
t

ig. 4. Mass balance calculated from NO oxidation products analysis. Resi-
ence time, 12 s; NO concentration, ca. 42 ppm; relative humidity, ca. 40%; O2

oncentration, 20%; reaction temperature, 25 ◦C.

The NO oxidation products in the effluent gas liquor sample
ere investigated, and mass balance was established as shown

n Fig. 4. The result showed that no nitrogen ions were observed
xcept for NO3

− ion and NO3
− selectivity reached nearly 60%,

hich means that the disappeared NO with UV irradiation was
ainly converted to HNO3. Based on the observation, NOx

emoval efficiency presented in Fig. 2 implies NO3
− selectiv-

ty. In a previous study, we reported the high NO3
− selectivity

btained from NO photo-oxidation [18].
Investigating the transient behavior of PCO of NO, Deva-

asdin et al. [12] reported only 35% NO conversion rate at a
esidence time of 12 s and inlet NO concentration of 40 ppm,
hile the final product from NO conversion was mostly NO2. It

hould be noted that there was 100% conversion of NO to NO2
y UV254+185 nm irradiation at the same residence time and inlet
oncentration. In addition, the conversion from NO to HNO3
as much higher than that of PCO.

.2. Relative humidity effect

The effect of relative humidity (RH) on NO conversion and
Ox removal is shown in Fig. 5. The water concentration ranged

rom approximately 0 to 80%. The other parameters were kept
onstant at the base conditions of 42 ppm inlet NO concentration
ained constantly at all tested RH levels, but total NOx removal
as dependent on RH as seen as Fig. 5. When no water vapor
as fed into the reactor, NOx removal efficiency was as low as

ig. 5. Effect of relative humidity on the total NOx removal. Residence time,
2 s; NO concentration, ca. 42 ppm; O2 concentration, 20%; reaction tempera-
ure, 25 ◦C.
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Fig. 7. Effect of residence time. Relative humidity, ca. 40%; O2 concentration,
20%; reaction temperature, 25 ◦C. (�) NOx removal efficiency from ca. 10 ppm
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0%. In that condition, a large amount of ozone was formed with
V irradiation, but little OH radicals. Therefore, the low NOx

emoval efficiency with the low RH was probably caused by the
ack of OH radicals capable of oxidizing NO2. However, the
otal NOx removal rate significantly increased with increasing
H in addition of water vapor from 0 to 40%, and remained con-

tant at RH above 40%. Because water vapor is essential to form
H radical in the air, increasing RH enhances the NOx removal.
eanwhile, the constant NOx removal efficiency at humidity

evels above 40% RH was probably due to the limitations on the
V light available to form OH radicals.

.3. Inlet concentration effect/residence time effect

The effect of NO inlet concentration on NO conversion and
he total NOx removal is shown in Fig. 6. The results indicated
hat NO conversion was 100% over the full tested NO concen-
ration range, implying that ozone production was enough to
xidize NO completely in the NO concentration range tested
n this study. However, NOx removal efficiency decreased with
ncreasing inlet concentration. The total NOx removal efficiency
as above 90% at inlet concentration below 20 ppm but was
radually reduced to 37% at 60 ppm. The reduction in total NOx

emoval efficiency was due to the increased NO2 level at higher
O inlet concentration for the same amount of OH radicals.
Fig. 7 indicates the effect of residence time. The NO con-

ersion remained as high as 100% regardless of the change
n residence time. However, the total NOx removal efficiency
ncreased steadily as the residence time increased from 7.3 to
8.5 s, at both 10 and 43 ppm, indicating that reaction rate of
O2 and OH radicals is strongly dependent on the residence

ime. It was worthy to note that lower concentration led to higher
emoval at the same residence time. Therefore, lower inlet NO
oncentration and longer residence time are favorable to enhance
Ox removal.
.4. Reaction temperature effect

The effect of reaction temperature on NO conversion and
Ox removal was investigated, as shown in Fig. 8. The NO con-

ig. 6. Effect of inlet NO concentration on total NOx removal. Residence time,
2 s; relative humidity, ca. 40%; O2 concentration, 20%; reaction temperature,
5 ◦C.

t
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b
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F
t

O gas; (©) NO2 concentration from ca. 10 ppm NO gas; (�) NOx removal
fficiency from ca. 43 ppm NO gas; (�) NO2 concentration from ca. 43 ppm
O gas.

ersion was 100% regardless of reaction temperature variation,
hereas the NOx removal efficiency increased with increasing

eaction temperature until below 100 ◦C, but decreased again
ith temperature increase above 100 ◦C.
The increase in the NOx removal with increasing reaction

emperature up to 100 ◦C was probably due to the increased
ollision frequency between the reactants and reactive species.
eanwhile, the increase in gas temperature accelerates the

elocity of gas in the reactor, which suggests a reduced residence
ime at the same flow rate. In this experiment, the residence time
f 12 s at 25 ◦C corresponds to the approximately 9.3 s at 100 ◦C.

Therefore, the reduction tendency of the removal efficiency
t above 100 ◦C was probably due to a reduced residence time.
evertheless, the result is comparable to the result shown in the

esidence time effect of Fig. 7. Fig. 7 shows that the NOx removal
fficiency was approximately 49% at a residence time of 9.3 s
nd 25 ◦C. However, in Fig. 8, when the temperature was 100 ◦C,
he removal efficiency was 64%, even at the same residence
ime. This was attributed to the increased collision frequency

etween the reactants and reactive species, which retarded the
ecrease in NOx removal as a result of the shorten residence
ime.

ig. 8. Removal efficiency of reaction temperature. Residence time, 12 s; rela-
ive humidity, ca. 40%; O2 concentration, 20%; NO concentration, ca. 40 ppm.
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ig. 9. Comparison of removal efficiencies of NO and NO2 by the UV irradia-
ion. Residence time, 12 s; relative humidity, ca. 40%; O2 concentration; 20%,
eaction temperature, 25 ◦C.

.5. Comparison of photo-oxidation of NO and NO2 with
V254+185 nm irradiation

Photo-oxidations of NO and NO2 by UV254+185 nm irradiation
ere compared at the same experimental conditions. As shown

n Fig. 9, NOx removal efficiency in NO2 photo-oxidation was
uch higher than that of NO. In addition, NOx removal from NO

ecreased rapidly with increasing inlet concentration, whereas
or NO2, high removal efficiency was obtained even at an inlet
oncentration of 100 ppm.

In NO photo-oxidation, NO consumes ozone rapidly, produc-
ng NO2. Therefore, the decrease of ozone in the reactor may
ave caused a reduction of OH radicals by inhibiting their for-
ation according to the mechanism described in Eqs. (5) and

6). In contrast, since NO2 has low reactivity with ozone, fur-
her OH radicals can be formed in the reactor. Therefore, NO2
ould be effectively oxidized to HNO3 through the attack of the
bundantly formed OH radicals.
. Conclusions

Treatment process for low concentration NOx using the short-
avelength UV254+185 nm irradiation was presented. Ozone and

[

[

otobiology A: Chemistry 197 (2008) 50–54

ydroxyl radical produced by UV254+185 nm irradiation effec-
ively converted NO to the water-soluble and easily removable
itric acid by water spray. NOx removal efficiency was high at
he humidity above 40% and reaction temperature below 100 ◦C.
t was clear that lower inlet concentration and longer residence
ime were favorable for NO removal. Conversion of NO2 to
NO3 by UV254+185 nm irradiation was easier than that of NO,

ndicating that pre-oxidation of NO to NO2 may be effective for
nhancing NOx removal.
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