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Abstract—Treatment of nitrogen oxides (NO,) by using a hybrid process consisting of ozonization and catalysis was
investigated. The ozonization method may be an dternative for the oxidation of NO to NO,. It was found that nitric
oxide (NO) was easily oxidized to nitrogen dioxide (NO,) in the ozonization chamber without using any hydrocar-
bon additive. In a temperature range of 443 to 503 K, the decomposition of ozone into molecular oxygen was hot sig-
nificant, and one mole of ozone approximately reacted with one mole of NO. A kinetic study revealed that the oxidation
of NO to NO, by ozone was very fast, amost completed in a few tens of milliseconds. When the amount of ozone
added was less than stoichiometric ratio with respect to the initial concentration of NO, negligible NO, and N,O; were
formed. The oxidation of a part of NO to NO, in the ozonization chamber enhanced the selective reduction of NO, to
N, by acatalyst (V,04/TiO,), indicating that the mixture of NO and NO, reacts faster than NO.
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INTRODUCTION

Many recent studies have reported that nonthermd plasmalin-
cuding pulsed corona discharge and diglectric barrier discharge im+
proves the performance of sdective catdytic reduction (SCR) of
nitrogen oxides [Penetrante et d., 1999; Broer and Hammer, 2000;
Hoard, 2001; Mieser et d., 2002]. In this regard, the cataytic re-
duction of amixture of NO and NO, has been recognized to be fagter
than that of NO [Broer and Hammer, 2000; Koebd et d., 2000].
Therefore, the essentia function of the nontherma plasmain this
kind of hybrid processis to increase the fraction of NO, by oxidiz-
ing NO [Pendrante et d., 1999; Hoard, 2001; Yoon & d., 2002;
Mok et d., 2003]. In the previous work, it was found that the oxi-
dation of NO to NO, by nonthermd plasmalargely decreases with
the increase in reaction temperature, and a hydrocarbon additive is
necessary to convert NO into NO, effectively at rdatively high tem-
perauresfrom 373 t0 473K [Mok et d., 2003]. Thiscan be adraw-
back of the nonthermd plasma-catalys's hybrid process.

The other feesble method capeble of oxidizing NO to NO, isto
use ozone generator. Generdly, ozone is produced by a didectric
barrier discharge [Kogdschatz, 2003]. When ozone is used for the
oxidation of NO to NO,, a hydrocarbon additive such as ethylene
and propyleneis not needed, and accordingly the formation of pos-
sble byproducts such as carbon monoxide and formadehyde can
be avoided. At room temperature, the oxidation capebility of ozone
iswell understood [Mok et d., 1998], but a question arises isthe
oxidetion capahility gill maintained at high temperatures or not? Fur-
thermore, it is not dear whether the performance of SCR com-
bined with ozonization is Smilar to that with nontherma plasma.

The present investigation dedls with the ozonization-SCR hybrid
process for the reduction of nitrogen oxides (NO,). For this hybrid
system, a didlectric-packed bed reector was employed for the pro-
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duction of ozone, and acommerddly available mondlithic V,O/TiO,
catalys was used. This catdys showsiits ahility to reduce NO, in
the presence of ammonia (NH,). The NH,-SCR isawdl-established
method, and it is presently considered as the best available technol-
ogy to remave NO, from various pallution sources[Choo et d., 2003;
Pavulescu et d., 1998; Koebd and Elsener, 1998; Leeet d., 2002].
The objectives of this Sudy are to examine the effect of the reac-
tion temperature on the oxidation of NO in the ozonization cham-
ber, and evduate the NO, reduction performance of the hybrid pro-
cess. The oxidation of NO to NO, in the ozonization chamber was
studied both experimentdly and theoretically at temperatures up to
503K. The peformance of the present ozonization-SCR hybrid
process was compared with that of nonthermd plasma-SCR hybrid
process The detailsfor the present investigation are described below.

BACKGROUND

1. Oxidation of NO to NO, by Ozone

In most cases, the mgority of nitrogen oxides contained in practi-
cd exhaugt gasesisNO (more than 90% of NO,), and NO, content
isvery amdl [Koebd et d., 2000]. Some important reactionsrelated
to the ozonization of exhaust gas are summarized below. The rate
congants for the relevant reactions were obtained from National
Indtitute for Standards and Technology (NIST) Chemicd Reactions
Database (Verson 2Q98).

In the present hybrid system congsting of an ozonization cham-
ber and acataytic reactor, the crucid role of ozonization isto oxidize
NO to NO, asfollows:

NO+O;—NO+0O,  k=259x10° exp(-3176/RT) L/mal-s (1)

wheeR is1.987 kcd/mal-K, and T isin K.

The NO, formed can be further oxidized to NO; by ozone, and
NO, and NO; can recombine to form N,O;, or can decompose into
NO and NO.;

NO,+O;>NO+0,  k,=843x10' exp(-4.908/RT) L/mol-s (2)
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NO,+NO;—N;O;
NO,+NO,—NO+NO,+0, k,=3.25x10" exp(—2.957/RT) L/mal-s(4)

Here, it should be noted that reection (2) is much dower than reec-
tion (1), and the N,O; produced by reaction (3) decomposes fast
into NO, and NO; by reverse reaction asbelow:

k,=3.86x10° T°? L/mol-s €))

N,O;—>NO,+NO,  k;=1.21x10" exp(— 25.41/RT) s ©)

Thus, the concentrations of either NO; or N,O; are very low.
The ozone added may decompose by the following reactions,
which makesapart of ozone loseits oxidizing ability:

0;— 040  k=4.31x10" exp(-22.201/RT) L/mal-s (6)
0+0,;—20, k,=4.82x10° exp(—4.094/RT) L/mal-s @)

Therates of these reactions are proportiona to the temperature; the
temperature dependence of reaction (6) is egpecidly great. Thus,
the ozone wasted by these reectionsincreases with the reaction tem-
perature.

If the axid digperson and the concentration differencein the rad-
ica direction are neglected, the materid baance of any component
in the ozonization chamber can be expressed as follows, in aman-
ner andogousto a batch reactor:

dc _

Ef =R (8)
where C is the concentration of any component, T isthe resdence
time of the feed gas, and R, is the net reection rate with respect to
generation given by

R, =3 generation reaction — disappearance reaction 9

Asanexample, for NO,, Eg. (8) can bewritten as

A2 i noj 0] +hiN.0
~kINOJ[NO] ~k[NOJ[NOJ (1

Similar equetions can be derived for the other components includ-
ing NO, NO,, N,O;, O, and O;. Note thet the change in O, content
dueto reactions (1), (2), (4), (6) and (7) is negligible. The concen-
tretions of NO, NO,, NO;, N,O,, O and O, a the inlet of the ozon-
izetion chamber are

[NOI=[NOJ,, [NG,|=[NO]o, [NO;]=0, [N,G:] =0, [O]=0, [0 =[O4](11)

To obtain the concentrations of the relevant components a the out-
let of the ozonization chamber, six differentid equetions for NO,
NO,, NO;, N;O;, O and O; including Eqg. (10) should be solved s-
multaneoudy. In this study, they were numericaly solved by a soft-
ware (Chemicd Kinetics Smulator Vierson 1.01, Internationd Busi-
ness Machines Corporation).
2. Catalytic Reduction

SHective cataytic reduction isahighly developed and widespread
technology for the remova of NO,. Usudly this process employs
ammonia or hydrocarbon as reducing agent [Parvulescu e d., 1998,
Koebd and Elsener, 1998, Kim et d., 2001; Lee e d., 2002, Praser-
thdam et d., 2003]. It is generdly acoepted that the catadytic reduc-
tion of nitrogen oxides in the presence of ammonia proceeds as fal-
lows[Parvulescu et d., 1998; Koebd and Elsener, 1998]:

ANO+4NH,+0,— 4N,+6H,0 12)

Snce mog practica exhaust gases condst mainly of NO (more than
90% of tatd NO,), reaction (12) is the mgor one when a catdytic
reactor doneis used. Unfortunately, the rate of this reection largely
decreases with the reection temperature due to its high activaion
energy [Broer and Hammer, 2000]. If the gas contains NO,, the re-
action as b ow rapidly occurs [Broer and Hammer, 2000; Koebel
etd., 2000]

NO+NO,+2NH,— 2N,+3H,0 (13)

Reection (13) isfadter then reection (12) a low temperatures Besides,
the following reaction can d o reduce NO, a low temperatures.

BNO,+8NH,— 7N,+12H,0 (14)

Another reaction that may occur in the combination process is the
formation of ammonium nitrate from NO, and NH, added as the

reducing agent:
2NO,+2NH,—> Ny+H,O+NH,NOL(S) (15)

Thisreaction conveartsNGO, into N, and ammonium nitrate (NH,NO,)
equaly. Ammonium nitrate deposits can lead to deectivation of ca-
ays. According to the previous sudy [Mok et d., 2004], for amono-
lithic V,O/TiO, catdys, the lower threshold temperature a which
ammonium nitrate formation is not olbsarved isaround 443 K, which
indicates that the hybrid process should be operated above this tem-
perature.

EXPERIMENTAL

1. Experimental Setup

Fig. 1 shows the schemdtic diagram of the present hybrid pro-
cess condging of an ozonization chamber and a cataytic reactor.
A cylindrica glasstubewhoseinner diameter and lengthare 25cm
and 50 cm was used asthe ozonization chamber. The effective vol-
ume of the ozonization chamber is calculated to be about 245 cm?®,
The geas treated by the ozonization chamber is directed to the ca-
aytic reector. For the catelytic reector, acommercid mondlithic V,Oy
TiO, catdyd (20 channels per square inch) was used. The vanadium
content of the catalyst is 5.0 wit%, and its dimendons are 1.8 cmx
1.8 cmx9.7 cm. For the purpose of adjugting the reection tempera
ture to adesired vaue, an ozonization chamber and acaaytic reec-
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Fig. 1. Schematic diagram of the experimental apparatus.
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Fig. 2. Schematic diagram of the ozone generator using didectric
barrier discharge.

tor wereingdled in an oven.

A didectric-packed bed reector as shown in FHg. 2 was employed
as the ozone generator. It congdts of a glass tube (inner diameter:
258 mm; outer diameter: 30.2 mm), a 3/8inch (9.5 mm) danless
ged rod, and 5 mm glass beads (Sgmund Lindner, Germany) thet
arefilled between the glass tube and the sainless sted rod. AC high
voltage is gpplied to the stainless sted rod (discharging eectrode),
and the glass tube and glass beads act as the didectric materid. The
outer surface of the glass tube was wrapped with duminum fail,
and it was grounded. The discharge region thet duminum foil covers
the glasstube is 260 mm. A 1.0 Fcapacitor connected to the ozone
generator isfor measuring the discharge power. The ozone genera-
tor was operated a room temperature. The AC voltage gpplied to
the ozone generator was varied from 10 to 25kV (pesk vaue) to
change the concentration of ozone generated. At a given voltage,
the fluctuation in the concentration of ozone generated was not Sg-
nificant because the temperature variation of the ozone generator
was not large during the operation.

2. Experimental Methods

The main component of the Smulated exhaust gas and the oxy-
gen source for the 0zone generator was ar whose flow rate was con-
trolled by mess flow controllers (MFC) (Modd 1179A, MKS In-
gruments, Inc.). The flow rates of NO (5.0% (viv) bdanced with
N,) and NH; (5.0% (v/v) balanced with N,) were dso controlled
by mass flow controllers, and they were mixed with air and ozone.
A andl amount of NO was gpontaneoudy oxidized to NO, dueto
the oxygen in the air. The concentretion of NO, (NO+NO,) a the
inlet of the ozonization chamber was 300 ppm (parts per million,
volumetric). Ammoniawas used as the reducing agent, and the con-
centration ratio of ammonia to initid NO, was 1.0 throughout the
present work. The content of water vgpor was adjusted to 2% (ViV) by
using its vapor pressure. The totd flow rate of the feed gas stream
prepared as mentioned above was 5 L/min on the basisof room tem-
perature. This flow rate corresponds to 10,000/ of space velocity
in the catalytic reactor on the bad's of room temperature. The res-
idence time in the ozonization chamber is caculated to be about
3 =ec. The expeariments for the oxidation of NO in the ozonization
chamber and the catdytic reduction of NO, were conducted & re-
action temperatures in the range of 443 to 503 K. As mentioned
above, the threshold temperature above which ammonium nitrate
formation is not obsarved is 443K for the present V,O./TiO, cat-
ayg.
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Fig. 3. Voltage and current waveforms.

The concentrations of NO and NO, were andlyzed by means of
achemiluminescence NO-NO,-NO, andyzer (Moded 42C, Thermo
Environmental Ingruments, Inc.). Thiskind of NO-NO,-NO, ana
lyzer has a problem in measuring NO, concentration when ammo-
niais present, and thus, a Fourier Transform Infrared (FTIR) spec-
trometer (Mode 1600, Perkin-Elmer) equipped with a 24 m per-
menently digned long peth gas cdl (Pike Technologies) was utilized
to andyze NO, concentration. The concentration of 0zone was mea
aured at the inlet of the ozonization chamber by using a portable
ges andyzer (Porta Sens 11, Analyticd Technology, Inc.). The high
voltage gpplied to the discharging eectrode of the ozone generator
was measured by a 1,000: 1 high voltage probe (PVYM-4, North
Star Research, Corporation) and adigita oscilloscope (TDS 3032,
Tektronix). For the measurement of the voltage between both ends
of the 1.0 uF capacitor connected to the ozone generator, a10: 1
voltage probe (P6139A, Tektronix) was used.

3. Power Measurement Method

Fig. 3 shows an example of the voltage and current waveforms.
As observed, the current waveform is very spiky and untidy since
a number of microdischarges are crested and extinguished in the
ozone generator. Thus, the generd power measurement method,
i.e, multiplying voltage by current, is not applicable to this kind of
system. In this study, the dectric power dissipated in the ozone gen-
erator (discharge power) was messured as follows [Manley, 1943,
Kogdschetz, 1988]. A 1.0 pF capaditor wias connected in serieswith
the ozone generator as shown in Fg. 2. Since the ozone generator
using diglectric barrier discharge can dectricaly be trested asaca
pecitor, the charge stored in the capacitor (1.0 uF) is equd to that
in the ozone generator. The charge stored in the 1.0 YF capacitor is
the product of capacitance and voltage, which can directly be reed
by the voltage across the capacitor. In other words, the charge ored
in the capaditor is equa to 10°° timesthe valtage. The voltage-charge
plot corresponding to FHg. 3, so-cdled, Lissgousfigure is presented
in Fig. 4, where the area of the pardldogram conforms to the dis-
charge energy per one cycle. The average discharge power can be
obtained by multiplying the discharge energy per one cyde by AC
frequency (i.e 60HZ). A methematicd formulais avalable for cd-
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Fig. 4. Charge-voltage plot (Lissajousfigure).
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Fig. 5. Concentration profilesof NO and NO, asa function of ozone
concentration at different reaction temperatures.

culaing the area of the pardldogram [Manley, 1943; Kogelschatz,
1988]. For the Lissgjous figure in FHg. 4, the discharge energy per
cycle was found to be 0.24 Jcycdle. Hence the average discharge
power is0.24 Jcydex60 Hz=14.4 W.

RESULTS AND DISCUSSION

1. Ozonization Chamber

The concentration profiles of NO and NO, as afunction of azone
concentration a different temperatures are shown in Fig. 5. The oxi-
dation of NO to NO, is determined by the amount of ozone added
to the smulated exhaugt gas. As can be seenin Fig. 5, the concen+
tration of NO decreasad in proportion to the increese in the con-

centration of ozone For this experiment, the concentration of ozone
was changed up to 275 ppm, corresponding to the initid concen-
tration of NO. Neverthdess a smal amount of NO was left unoxi-
dized. Asreection (1), NO reacts with ozone in one to one stoichio-
metry, but at the same time, 0zone decomposesinto oxygen accord-
ing to reactions (6) and (7). Since the rates of these ozone decon-
position reactions increase with temperature, more NO was | eft un-
oxidized when the temperature was higher. In Fig. 5, the concen-
trations of NO and NO, calculated by Egs. (8) to (11) are dso pres-
ented. Although the cdculated results dightly underestimeted the
experimentd data, the generd trends of the caculated resullts agreed
well. According to the kinetic sudy, the oxidation of NO to NO,
by ozone was very fagt, dmost completed in afew tens of millisec-
onds, which means that an ozonizetion chamber with very amall
volume can be usd.
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Fig. 6. Calculated concentrations of NO, NO,, NO;, N,Os, and O,
asafunction of reaction temperature (initial ozone concen-
tration: 275 ppm (a), and 300 ppm (b)).
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As can be understood by reactions (2) to (5), NO; and N,O; are
the ultimate fate of some of theinitid NO in the ozonization cham-
ber. Fg. 6(8) shows the calculated results for the concentrations of
NO, NO,, NO;, N,O;, and O, asafunction of reaction temperature
whentheinitia concentrations of both NO and ozone were 275 ppm,
and the residence time was 3 sec. As can be seen, NO,; and N,O;
were dmog zero in the entire temperature range. Below 400K, dl
of theinitid NO was depleted, but a higher temperatures a amdl
amount of NO was left unoxidized. Fg. 6(b) presents the cacu-
lated concentrations of NO, NO,, NO,, N,O;, and O; when excess
ozone (300 ppm) was used. In case of N,O, the concentration in-
creased with the reaction temperature, showing a maximum around
350 K. When the reaction temperature was further devated, the con-
centration of N, Oy decreased, and vanished a about 400 K. Onthe
other hand, the concentration of NO, was dmost zero regardless of
the reaction temperature. The decrease in the concentration of NO,
in the range of 300 to 350K isrdated to the formation of N,O; by
reections (2) and (3) wheress that in the range of 440 to 500K is
dueto low NO oxidetion resulting from the decompostion of ozone.

Fg. 7 compares the NO oxidation results obtained by the pres-
ent ozonization chamber with those by a nonthermal plasma pro-
cess (didectric-packed bed reactor) [Mok et d., 2003]. To compare
the results on an identica basis, the concentrations of NO were plot-
ted againgt energy density. The energy dendty was defined as the
ratio of discharge power to gas flow rate. The discharge power is
the dectric power disspated in the plasma reactor or in the ozone
generator. At atemperaure as high as 443K, the rate of NO oxi-
dation in the plasma reactor was very dow in the absence of ethyl-
ene additive. When 750 ppm of ethylene was added to the feed gas,
the rate of NO oxidation wes greetly enhanced. But, it isimportant
to condder the formetion of byproducts from ethylene[Mok et 4.,
2003]. On the other hand, the ozonization method was ableto oxidize
mogt of theinitid NO without using ethylene. Theresultsin Fig. 7
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Fig. 7. Comparison of the present ozonization chamber with the
didectric barrier discharge reactor in terms of NO oxida-
tion performance (reaction temperature: 473 K).
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ozonization chamber (8), and at the outlet of the hybrid pro-
cess (b) (reaction temperature: 473 K).

srongly suggest thet ozonization method can successfully be used
for the oxidation of NO.
2. Ozonization-Catalysis Hybrid Process

Fig.8(@ and (b) shows the typicd concentration variations of
NO and NO, a the outlet of the ozonization chamber, and a the
outlet of the hybrid process when the reaction temperature was 473
K. As the ozone concentration increased, the concentration of NO
at the outlet of the ozonization chamber decreased while the con-
centration of NO, increased. This result indicates that the ozoniza-
tion method should be combined with another process in order to
reduce NO, level. In Fig. 8(b), the concentration profiles of NO and
NO, at the outlet of the hybrid process are dso presented by con-
tragt. The foremogt digtinction is thet the concentrations of both NO
and NO, were maintained very low when the feed ges wasfird tregt-
ed by ozone before being directed to the cataytic reactor.

Fig. 9 presents the effect of ozone concentration on the reduc-
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Fig. 9. Effect of ozone concentration on the catalytic reduction of
NO, at different reaction temperatures.
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Fig. 10. Comparison of the NO, reduction efficiency between the
present hybrid process and the nonthermal plasma-catal-
ysshybrid process (reaction temperature: 473 K).

tion of NO, at different reaction temperaturesin the range of 443 to
503 K. When ozone was not added, the NO, reduction efficiencies
a 443, 473 and 50 K were 55, 64 and 68%, respectively. However,
the catdytic reduction of NO, was condderably improved with the
increese in the concentration of ozone up to aout 150 ppm, and
then decreased, implying thet reaction (13) dgnificantly contrib-
uted to the reduction of NO,. From this reault, it can be sad that
the oxidation of apart of NO with the hep of the ozonization meth-
od may be ussful to improve the performance of the cataytic re-
duction sysem.

A comparison between the nontherma plasma-catalyst process
and the present hybrid processwas made asin Hg. 10. So asto com-
pare the results on an identica basis, the data for the NO, reduction
efficiencies were presented with respect to the energy dendity applied
to the nonthermd plasma reector and ozone generaor. In case of
the nontherma plasma-catalyst process [Mok et d., 2003], both
ethylene and anmonia were used because the rate of NO oxida-
tion was very dow without ethylene. As can be seen, the nonther-
md plasma-catalys process showed better NO, reduction perfor-
mance than the present hybrid process. In terms of gas composi-
tion, the only difference between these two processss is the pres-
ence of ethylene. The better NO, reduction performance of the plas-
ma-cataytic process may be attributed to the presence of ethylene.

CONCLUSIONS

Reduction of nitrogen oxides using an azonization-cataysis hybrid
process was invedtigated. Nitric oxide (NO) was found to be eedly
oxidized to nitrogen dioxide (NO,) in the czonization chamber. In
atemperature range of 443 to 503 K, ozone reected with NO in gp-
proximately one to one stoichiometry, and the decompostion of
ozoneinto molecular oxygen was not Sgnificant. The kinetic study
reveded thet the oxidation of NO to NO, by ozone wes very fed,

and negligible NO, and N,O, were formed when the amount of ozone
added was less than goichiometric raio. As aresult of the oxida
tion of NO to NQ, in the ozonization chamber, the reduction of NO,
on a monalithic V,O4/TiO, cadys was improved without giving
rise to a problem regarding byproducts formation. The observed
increase in the NO, reduction efficiency by the use of ozonization
method was about 10% in the range of 443 to 503 K.
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