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Abstract

A two-stage process consisting of an ozonizing chamber and an absorber containing a reducing agent solution was proposed to remove nitrogen
oxides (NO,) from exhaust gas. In the ozonizing chamber where the exhaust gas is treated by ozone, NO (the main component of NO, ) was oxidized
to NO,, and in the next step, NO, was reduced to N, by sodium sulfide (Na,S) used as the reducing agent. The NO, removal efficiency obtained by
this two-stage process was higher than 95%. It was found that about three fourth of sodium sulfide was consumed without reacting with NO,, and
accordingly the amount of sodium sulfide required should be four times that of NO, to be removed. The problem regarding the emission of H,S
from Na,S was deeply related to the pH of the reducing agent solution, which could be solved by adjusting the pH using a basic reagent (NaOH).
The concentrations of NO,~ and NO; ™~ in the reducing agent solution after processing were analyzed, which showed that about 25% of the NO,
removed from the exhaust gas was simply dissolved in the reducing agent solution, i.e., about 75% of the NO, removed was reduced to Nj.
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1. Introduction

The great concern over the emission of nitrogen oxides
(NOy) and sulfur dioxide (SO,) from fossil fuel combus-
tion has led to the development of various technologies to
remove them. Several wet desulphurization technologies includ-
ing calcium—gypsum process, magnesium oxide scrubbing, and
double alkali process have been applied to the removal of SO,
[1,2]. For NOy control, catalytic, absorption and adsorption
processes have been developed [2-5], among which selective
catalytic reduction (SCR) is regarded as the best available tech-
nology. When SO; and NO, are treated separately by these
technologies, it leads to increasing the investment and operating
costs. To overcome this problem, there have been many attempts
such as nonthermal plasma technology, electron beam irradia-
tion technology and adsorption technology to remove SO, and
NO; at the same time, but only few commercial applications are
reported [6-8].

The main component of NO, (NO plus NO») in most practi-
cal exhaust gases is NO. Unlike NO having low solubility, NO,
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is highly soluble in water. Thus, if NO is converted into NO»,
it can be further treated by a wet method. The desirable mode
of NO, removal from exhaust gases by a wet method may be
the reduction to N». One feasible method to reduce NO, to N»
is to use a reducing agent such as sodium sulfide (Na,S) [9].
Sodium sulfide can reduce NO; to N, while it is converted into
sodium sulfate (Na;SQO4) that is a nontoxic compound. Sodium
sulfide can also remove SO, effectively, which makes it pos-
sible to treat NO, and SO,, simultaneously. In order to take
advantage of this wet reduction technique, NO in the exhaust
gas should be converted into NO», prior to contacting with the
reducing agent solution. An easily available means to convert
NO into NO; may be the injection of ozone into the exhaust
gas.

Ozone can be efficiently produced by dielectric barrier dis-
charge (DBD) [10]. In the previous study [11], it has been found
that the ozone injected into the exhaust gas reacts fast with NO
in a wide range of temperature before getting decomposed into
O, and O. Moreover, it has been shown that the ozone injec-
tion method is more energy-efficient for the oxidation of NO to
NO; than typical nonthermal plasma process directly applied to
the exhaust gas. Thus, the combination of the ozone injection
method with the wet reduction technique may be a potential way
to remove NO, effectively.
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In this work, the removal of NO, by using the ozone injection
method and the reducing agent was investigated. For the present
system, a DBD device using ac high voltage was employed as
the ozone generator. The performance of the combined process
(ozone injection method plus wet reduction technique) for the
removal of NO, was evaluated using a simulated exhaust gas.
It was also a matter of concern how much the removed NO,, is
reduced to N», which was estimated by measuring the concentra-
tion of total nitrogen species in the reducing agent solution after
processing. Besides, the reducing agent (Na,S) can form hydro-
gen sulfide (H;S), depending on the pH of the reducing agent
solution. To prevent the emission of HyS by adjusting the pH,
sodium hydroxide (NaOH) was used together with the reducing
agent in some experiments.

2. Experimental

The schematic diagram of the semi-batch type experimen-
tal apparatus consisting of a DBD device to generate ozone,
an ozonizing chamber to mix the exhaust gas and ozone, and
an absorber is shown in Fig. 1. Ozone produced in the DBD
device was continuously fed to the ozonizing chamber to con-
vert NO into NO», and then the exhaust gas modified in the
ozonizing chamber was directed to the absorber containing an
aqueous sodium sulfide solution where NO; was reduced to
N». A cylindrical glass tube whose inner diameter and length
are 2.5 cm and 50 cm was used as the ozonizing chamber. The
effective volume of the ozonizing chamber was calculated to
be 245cm?. The DBD device employed as the ozone gen-
erator was described in detail in the preceding study [11].
The voltage applied to the DBD device was varied from 15
to 26 kV (peak value) to change the amount of ozone gener-
ated. The DBD device was operated at room temperature. The
feed gas to generate ozone molecules in the DBD device was
air.

The simulated exhaust gas was prepared by mixing air and
small amount of concentrated NO gas (5.0% (v/v) balanced with
N>). The flow rate of the concentrated NO gas was controlled by
a mass flow controller (MFC, Model 1179A, MKS Instruments
Inc., USA). In the simulated exhaust gas, a small portion (about
4-6%) of NO was naturally oxidized to NO; due to the presence
of oxygen. The inlet concentrations of NO, (NO+NO,) was
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Fig. 1. Schematic diagram of the experimental apparatus.

adjusted to 300 ppm (parts per million, volumetric; 1 ppm cor-
responds to 4.1 x 107> mol/m> at 25 °C and 1.0 atm). The flow
rate of the simulated exhaust gas prepared as mentioned above
was 8.33 x 1073 m3/s (5 L/min) on the basis of room temper-
ature. The residence time of the exhaust gas in the ozonizing
chamber was 2.9s.

The amount of NO converted into NO, was changed by the
amount of ozone produced in the DBD device, i.e., the higher
ac voltage applied to the DBD device was, the more ozone
was produced, thereby converting more NO into NO; in the
ozonizing chamber placed before the absorber. Sodium sulfide
was purchased from Mallinckrodt Laboratory Chemicals (USA)
in a hydrated form (Na;S-9H>0). The products of the reac-
tion between the reducing agent and NO, are N> and sodium
sulfate (NapSQy4). Sodium sulfate is a nontoxic water-soluble
compound. The reducing agent was dissolved in 600 mL dis-
tilled water, and the aqueous reducing agent solution prepared
was poured into the absorber. The initial concentration of the
reducing agent in the absorber was 0.6% (w/w). When the simu-
lated exhaust gas was passing through the absorber, the reducing
agent solution was well mixed by a magnetic stirrer. So as to esti-
mate the distribution ratio of the amount of NO, reduced to N»
to that simply dissolved, the concentrations of NO, ™ and NO3 ™
in the reducing agent solution were analyzed.

The NO and NO» concentrations were analyzed by a chemi-
luminescence NO-NO,-NO, analyzer (Model 42C, Thermo
Environmental Instruments Inc., USA). For the measurement
of the concentration of ozone, a portable gas analyzer (Porta
Sens II, Analytical Technology Inc., USA) was used. The con-
centration of hydrogen sulfide was measured by a chemical
detector (Product number 4HM, Gastec Co., Japan). The con-
centrations of NO> ™~ and NO3™ in the reducing agent solution
after processing were analyzed by brucine colorimetric method
and diazotization colorimetric method, respectively [12].

3. Results and discussion
3.1.1. Oxidation of NO by ozone

The experiments on the oxidation of NO to NO; were con-
ducted using the ozone injection method. In most practical
exhaust gases, NO forms the majority of NO,. When ozone is
injected into the ozonizing chamber, NO in the exhaust gas is
oxidized to NO, by the following reaction:

NO 4+ O3 — NO, +0, €))

Fig. 2 shows the concentrations of NO and NO; obtained by
varying the concentration of ozone added to the exhaust gas. The
solid lines in Fig. 2 are the concentrations of NO and NO; cal-
culated by the mathematical model developed in the preceding
study [11]. The oxidation of NO to NO; is chiefly dependent on
the amount of ozone added to the exhaust gas. As can be seen,
the concentration of NO decreased in proportion to the increase
in the concentration of ozone added, producing NO,. The results
in Fig. 2 strongly suggest that the present ozonizing method can
successfully be used for the oxidation of NO to NO».
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