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Abstract−NOx, a generic term for the nitrogen oxides generated from combustion in the presence of nitrogen, is a
serious threat to human health. This study examined the removal of NOx using ammonia (NH3) and ozone produced
using a silent discharge method. The effects of temperature and residence time on NOx removal with NH3 injection in
a double reactor system were investigated. An increase in temperature resulted in higher levels of O3 decomposition,
whereas the maximum particle formation in the form of ammonium nitrate (NH4NO3) was achieved when both reac-
tors were kept at 180 oC. NH3 and O3 injection in large quantities and NO in smaller amounts with a residence time of
10.2 s resulted in the maximum particulate formation. In contrast, when an excess of NH3 was supplied, it resulted in
N2O formation due to the formation of NH2 radicals generated from a reaction of NO2 with NH3. In addition, 100%
NO removal was achieved regardless of the residence time. Kinetic simulations indicated the possibility of moisture
being the limiting reactant.
Keywords: Ozone, NOx Removal, Flue Gas, Ammonium Nitrate, Ammonia

INTRODUCTION

With the increasing demand for, and consumption of, fossil fuels,
nitrogen oxides (NOx) from stationary flue gas emissions pose a
serious threat to human health, the ecosystem and the atmosphere
[1,2]. Approximately 90% of the total NOx emission from station-
ary sources is from vehicle exhaust and other stationary combus-
tion sources (industries) [3]. NOx is the major pollutant responsible
for the generation of acid rain/acid mist and triggers photochemi-
cal reactions when combined with hydrocarbons, resulting in the
generation of haze and smog. Therefore, it is important to develop
NOx removal technology to remediate environmental pollution.

Several NOx emission control technologies have been developed
to counter this problem, including NOx storage reduction systems
for lean burn engines [4], selective catalytic reduction (SCR) for large
scale combustion facilities [5], and three-way catalysts for gasoline
fueled vehicles [6]. Among all the NOx reduction technologies, the
conversion of NO to N2 and O2 appears to be the most desirable
process, but the high temperature requirements and presence of
O2 inhibiting conversion are major difficulties [7]. Pulsed corona
or E-beam has attracted recent attention as a denitrification process.

Non-thermal plasma is regarded as one of the most viable processes
among the potential technologies [8].

Several studies have examined the non-thermal plasma process
for denitrification (removal of NOx) from flue gases and stationary
combustion sources, such as diesel power generators, incinerators,
and boilers [9-12]. Tsukamoto et al. [13] examined NOx and SO2

removal at a thermal power plant using pulsed power (non-ther-
mal plasma) and reported that 90% of NO and SO2 was removed
from the flue gases at the repetition rate of seven pulses/sec and a
flow rate of 0.8 l/min. Lin et al. [14] examined NOx removal by
plasma-assisted radical injection and NaOH scrubbing. The results
revealed a de-NOx efficiency of 81.2%. Mizuno et al. [15] examined
the NOx removal process using non equilibrium pulse discharged
plasma in a simulated flue gas. NOx reduction from 800 ppm to
300 ppm was observed as a result. Chae [16] reported the mecha-
nism of the use of non-thermal plasma for the treatment of flue gases
coming out of diesel exhaust. He deduced that the use of non-ther-
mal induced plasma is a key process for the oxidation of NO to NO2

and the catalyst system with plasma can achieve high conversion
at low temperatures. Furthermore, high particulate removal was
observed in the case of plasma.

Many studies have applied hybrid technology to remove NOx

from flue gas streams [17-21]. Yamamoto et al. [17] investigated
the removal of NOx and SOx simultaneously from flue gas coming
out of a glass melting furnace by a semi-dry chemical process and
ozone injection combined. They observed the effective oxidation
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of NO to NO2 with the injection of O3 in the spray region, whereas
the removal efficiency of NO and NO2 was 90% and 50%, respec-
tively. In addition, they achieved 84% removal efficiency for SO2.
Onda et al. [20] performed numerical analysis on the removal of
NOx using an ammonia-assisted pulsed-discharge. They determined
that the removal efficiencies for NO increase with increasing elec-
tric energy consumption rate in the case of ammonia injection. In
contrast, the NOx removal efficiency declined when excess ammo-
nia was supplied because of the formation of N2O, a relatively sta-
ble compound. Cha et al. [22] examined NOx removal from 300 hp
marine diesel engine exhaust by combining two techniques: selec-
tive catalytic reduction using ammonia and the removal of NOx

using non-thermal plasma in a low temperature range of 100-200 oC.
They observed a four-fold increase from 20% to 80% in the de-NOx

efficiency at 100 oC compared to SCR alone. In addition, a more than
45% decrease in particulate matter (PM) and a significant alteration in
the size distribution of PM after the plasma process were detected.

This study investigated the effects of ammonia injection with
respect to temperature and residence time on the removal of NOx

using silent discharge ozone generation in a double reactor system
from a flue gas stream. Two reactors were placed in a series where
the NO and O3 reaction was carried out in the first reactor, and
the second reactor was for NO2 conversion to a solid form. Ammo-
nia was injected between the two reactors to achieve the maxi-
mum conversion of NOx. The effects of temperature and residence
time on NO conversion were investigated. FTIR spectroscopy was
performed to analyze the products after the completion of the reac-
tion. Moreover, the effects of these parameters on particle forma-
tion were discussed.

EXPERIMENTAL

The materials used for the process were N2, O2, NO, and NH3

contained in cylinders, whereas ozone (O3) was generated by an
ozone generator and the quantity produced was monitored using an

ozone monitor. Fig. 1 presents a schematic diagram of the experi-
mental setup which consisted of four cylinders containing NH3,
N2, NO, and O2 along with an ozone generator (OWONE TECH,
Ozone generator, LAB-ll) and an ozone monitor. The ozone was gen-
erated using a silent discharge method. The cylinders were con-
nected to the reactors with stainless steel connecting the lines. The
system consisted of two cylindrical reactors, with 30cm in length and
6cm in diameter. The ammonia line was connected between the two
reactors. The flow rates of all the gases were controlled using mass
flow meters. The reactors were followed by a filter and Fourier trans-
form infrared refractometer (FTIR) to observe the functional groups
in the product gas. Overall, the system is very sophisticated for the
removal of NOx from a flue gas stream on the laboratory scale.

As for the methodology, both the reactors were purged with
nitrogen for 60 minutes before the start of experiment. After purg-
ing, the temperature of the reactors was raised to the required
value. The temperature was measured with a thermocouple attached
to each reactor. After reaching the required temperature, the O3 was
generated in the ozone generator (OWONE TECH, Ozone gener-
ator, LAB-II) using a silent discharge method and was injected along
with other feed gases (NO and N2) into the first reactor, whereas
NH3 was injected into the second reactor. The residence time was
controlled by the change in the flow rate of nitrogen, and the reac-
tion was allowed to continue for 6 hr for the generation of solid
particles. During the reaction, the product gases were allowed to
pass directly to the FTIR attached to the outlet for functional group
analysis. The reactors were purged again for 60 min after the com-
pletion of reaction to decrease the temperature inside the reactor,
and both the reactors were dis-assembled for the collection of solid
particles and weight measurement.

REACTION MECHANISM AND KINETIC 
SIMULATIONS

The ozone generation can be explained by the following mech-

Fig. 1. Schematics of experimental setup.
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anism [23]:

O2+e−→O+O+e−, (1)

O2+e−→O2
+, (2)

O+O2+M→O3+M, (3)

O2+O2→O3+O (4)

The reaction mechanism for determining the kinetics of the pro-
cess can be explained using the following reactions [9,24,25]

NO+O3→NO2+O2 (5)

NO2+O3→NO3+O2, (6)

NO3→NO+O2, (7)

NO2+NO3→N2O5, (8)

2NO2+H2O→HNO2+HNO3, (9)

H2O+N2O5→2HNO3, (10)

2HNO2→NO+NO2+H2O (11)

NO2+OH+N2→HNO3+N2 (12)

NH4NO3 is formed as a result of a reaction between NH3 with
HNO3 [26].

HNO3+NH3→NH4NO3. (13)

The decomposition of NH4NO3 results in the formation of N2O and
H2O [27],

NH4NO3→N2O+2H2O. (14)

When a suitable amount of NH3 is available, the removal of NO2

is achieved with the formation of solid NH4NO3. In contrast, if
ammonia is supplied in an excess of NO2, N2O [20,25], a green-
house gas, is formed with the release of a large amount of NH2 as
a result of the pulse discharge.

H2O+O→2OH (15)

NH3+OH→H2O+NH2 (16)

NH2+NO→H2O+N2 (17)

NH2+NO2→N2O+H2O (18)

Kinetic simulations were carried out based on the above-men-
tioned reaction mechanism to interpret the experimental results.
The reaction mechanism given here is a stiff system because many
reactions need to be considered and the reaction rates are quite
diverse. Therefore, the reactions, whose reaction rates are relatively
high, were selected. In addition, the reactions involving electron,
oxygen atom, and OH radical were excluded because their con-
centrations could not be measured. Table 1 lists the reactions and
corresponding reaction rate constants available in the literature.

Table 1 shows that R09 and R13 would have much higher reac-
tion rates than other reactions. Therefore, it is expected that the for-
mation of NH4NO3 is led mostly by R05, R09, and R13. Furnace
01 was simulated using R05 and R09, whereas Furnace 02 was simu-
lated using R13 only. The fifth-order Runge-Kutta method was used
for numerical integration.

RESULTS AND DISCUSSION

1. Effects of Temperature
Fig. 2 shows the effect of the reactor temperature on O3 decom-

position and corresponding FTIR spectra. An increasing trend in
O3 decomposition (Fig. 2(a)) was observed with increasing tem-
perature. The effect has been translated to FTIR spectra, as shown
in Fig. 2(b); the lowest peak in terms of absorbance corresponds to
the highest temperature (200 oC), whereas the highest can be seen
corresponding to the lowest temperature (120 oC).

Fig. 3 presents the effects of temperature on particle formation,
while Fig. 4 shows the effects of temperature on O3 and NH3 con-
sumption. Three combinations (180 oC-150 oC, 180 oC-180 oC, and

Table 1. Reaction rate constants of the reactions considered
Reaction
number Reaction equation Reaction rate constant

(cm3/molecules/s*)
Reaction rate

constant at 180 oC
Furnace 01

R05 NO+O3→NO2+O2 1.4E-12exp(−1310/T) 7.774×10−14

R06 NO2+O3→NO3+O2 1.4E-13exp(−2470/T) 6.010×10−16

R07 NO3→NO+O2 -
R08 NO2+NO3→N2O5 k0=3.6E-30(T/300)−4.1[N2]

k
∞

=1.9E-12(T/300)0.2

FC=0.35

4.244×10−13

R09 2NO2+H2O→HNO2+HNO3 3.61×10−17T1.489exp(−2121/T) 3.019×10−15

R10 H2O+N2O5→2HNO3 9.51×10−17(T/298 K)3.354exp(−7900 K/T) 1.041×10−23

R11 2HNO2→NO+NO2+H2O 1.32×10−24T3.36exp(−6764/T) 3.656×10−22

Furnace 02
R13 HNO3+NH3→NH4NO3 1.05E-7 1.050×10−70

R14 NH4NO3→N2O+2H2O 8.1×1016T−1.44exp(−135/T)
*Except R9 whose rate constant has the unit of cm6/molecules2/s
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180 oC-200 oC) for the temperatures of the first and second reac-
tors were investigated to determine the optimal particle formation
conditions with an NO and NH3 concentration of 35 ppm and 66
ppm, respectively. The maximum particle formation was observed
when the temperature for both reactors was kept at 180 oC. There-

fore, 180 oC was considered the optimal temperature because it
gives the maximum consumption of NH3 and optimal O3 decom-
position for the maximum NO removal and NH4NO3 formation,
as shown in Fig. 3 and Fig. 4. Higher conversion to NH4NO3 cor-
responds to the higher consumption of O3 for NO to NO2 conver-
sion and then NO2 to NH4NO3 with a higher consumption of am-
monia. The process can be further explained by the following reac-
tion [20]:

(19)

The NO in the above equation is neutralized with the injection of
ammonia, resulting in the conversion of NH4NO3. On the other
hand, a part of NOx was also removed and reduced by NH2 and
N radicals formed by NH3.
2. Effect of Residence Time

Fig. 5 shows the effects of residence time on O3, NH3 consump-
tion. The maximum consumption of O3 and NH3 was observed at
a residence time of 21.9s and 10.2s, respectively. Moreover, O3 con-
sumption increased with increasing residence time but NH3 re-
mained relatively constant after 10.2 s. Therefore, 10.2 s was consid-
ered to be the optimal point in terms of ammonia consumption for
the conversion of NO to NO2. Moreover, the optimal point in terms

NO        NO2        HNO3        NH4NO3
O OH NH3

Fig. 2. (a) Effect of Temperature on O3 decomposition, (b) FTIR at
different temperatures.

Fig. 4. O3 and NH3 consumption rates at different times.

Fig. 3. Effect of temperature on NH4NO3 formation.

Fig. 5. Effect of residence time on consumption of O3 and NH3.
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of residence time could only be decided after particle generation,
discussed later in this section. In contrast, NO removal remained
at 100%, irrespective of the residence time, as shown in Fig. S1. O3

and NH3 consumption is the major factor involved in the conver-
sion of NOx explained in the next sections.

The IR peaks in Fig. 6 show the effects of residence time on NO
consumption and NOx generation. The peaks represent 100% NO
removal, irrespective of the residence time. In contrast, the high-
est peaks for N2O and NO2 were observed at a residence time of
5.1 s. The effect corresponds to the excess of NH3 [20] in the reac-
tor and insufficient time for the reaction to be completed explained
in Eq. (15)-(18). On the other hand, the generation of N2O and
NO2 was reduced along with less HNO3 generation, suggesting more
production of solid particles in the system. The residence time of
21.9 s resulted in more NO2 generation with more N2 injection.

The O3 concentration plays a vital role in the generation of NOx.

Fig. 7 presents the effects of the O3 and NO concentration on gas
consumption. The maximum NH3 consumption was observed at
300 ppm of O3 injection; hence, this was considered to be the opti-
mal O3 concentration for the process as more NH3 consumption
corresponds to more NH4NO3 generation, as explained in Eq. (19).
On the other hand, the excess ammonia can result in more N2O
generation due to the formation of a NH2 radical produced as a
result of electron collision [20] when NH3 reacts with NO2, as shown
in Eqs. (15) and (16). Therefore, it is imperative to perform a stoi-
chiometric calculation before the start of the experiment to inject
the required amount of gases. The effect can be observed in Fig.
8(a) and 8(b). The maximum N2O generation can be seen when
66 ppm and 300 ppm of NH3 and ozone, respectively, were sup-
plied. Moreover, more NH3 and O3 consumption resulted in more
particle formation, which is easy to collect, whereas more genera-
tion of HNO3 was observed at low NH3 concentrations. High NH3

consumption was observed in the case of 35 ppm of NO, whereas
very little change in O3 consumption was noted throughout the
process. Therefore, 35 ppm of NO can be considered the optimal
amount to be provided in the process for maximum particle for-
mation (Fig. S2). The lower peaks of NO2 can be seen with 35 ppm
of NO and a higher peak trend was observed with increasing NO
concentration.

Fig. 6. Effect of residence time on chemical species distribution.

Fig. 7. Effect of injected O3 and NO concentrations on gas con-
sumption in 10.2 s (DC NO: different concentration of NO,
DC O3: different concentration of O3).

Fig. 8. Effect of injected (a) NH3 and (b) O3 concentrations in 10.2 s.
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Fig. 9 shows the effects of residence time on particle (NH4NO3)
formation. The maximum amount of particle formation (4.38 mg)
was observed with a residence time of 10.2 s. The effects were due
to the larger amount of NH3 (66 ppm) and O3 (300 ppm) injec-
tion and the lower amount of NO (35 ppm) at the injection point
of the second reactor. The higher particle formation was attributed
to the NH3 injection, resulting in the reaction between NH3 and
HNO3 promoting the oxidation removal process, as shown in Eq.
(19). The NH3, O3, and NO concentration was chosen based on
the IR peaks. The selected concentrations result in the generation
of less NOx and more solid particles (NH4NO3), which can be
removed easily from the reactor.
3. Kinetic Simulations

Initially, the model was run with excess moisture because there
is no information on the moisture content. R05 and R09 ended
very quickly (t<0.01 s) owing to the depletion of O3. The amount
of HNO3 produced was half that of O3 introduced to the reactor,
which is consistent with the stoichiometry of R05 and R09. The
amount of NH4NO3 produced in Furnace 02 was the same as that
of HNO3 introduced into the furnace.

On the other hand, the amount of NH4NO3 collected from Fur-
nace 02 during the experiments was a factor of 10,000 smaller than
the model prediction. This suggests that the furnace may have been
under oxygen-poor conditions. Therefore, the supply of moisture
into the reactor may be a way to promote the conversion of NO to
NH4NO3. More study will be needed to examine the effects of mois-
ture in the future. Another issue is the effects of oxydizing radicals,
such as O and OH, which could not be quantified in this study
because of the lack of measurement. This should be another topic
of future study.

CONCLUSION

The NH3-induced removal of NOx using silent discharge ozone
generation with respect to temperature and residence time in a dou-
ble reactor system was investigated and the following conclusions
were made:

- Ozone (O3) decomposition increased with increasing tem-

perature, while maximum particle formation was obtained with
the temperature combination of 180 oC-180 oC. The effect was at-
tributed to the maximum consumption of ammonia in this tem-
perature range.

- The consumption of O3 increased with increasing residence
time, whereas the consumption of NH3 was relatively constant
with increasing residence time.

- NO removal was 100%, irrespective of the residence time.
- The residence time of 10.2s, NH3 injection of 66ppm, O3 injec-

tion of 100 ppm, and NO injection of 35 ppm resulted in the max-
imum particle formation, which is easy to collect and safer for the
environment.

- Ammonium nitrate (NH4NO3) was formed after NH3 injec-
tion due to the reaction between NH3 and HNO3, promoting the
oxidation removal process. The process was also promoted by the
formation of NH2 radicals formed due to the electron collision dis-
sociation of NH3. Both processes improved the NOx removal per-
formance.

- The formation of N2O occurred as a result of a NH2 radical
reaction with NO2 formed due to electron collision with ammonia
when an excess of NH3 and shorter residence time was supplied.

- Kinetic simulations indicated that moisture might have been
the limiting reactant for the formation of NH4NO3. More study will
be needed to quantify the effects of moisture and oxidizing radicals.
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Fig. S1. Effect of residence time on NO removal. Fig. S2. Effect of injected NO concentration on NO removal in 10.2s.
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